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Abstract

Larval lepidopterans (hereafter, caterpillars) protect themselves from natural enemies with a
diverse suite of defenses which are employed before, during, or after encounters with enemies. Some
strategies help caterpillars avoid detection, while others function to repel or escape attackers. Post-
attack strategies attempt to remove or destroy the eggs or larvae of parasitoids. In this review we
focus on some of the best documented chemical, physiological, morphological, and behavioral
characters which protect caterpillars from predators, parasitoids, and pathogens.
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Introduction

Aptly expressed by Bernays (1997), “feeding by
lepidopteran larvae is dangerous.” The list of
challenges faced by the larval stages (caterpillars)
of butterflies and moths (Lepidoptera) is extensive,
and includes both top-down and bottom-up pressures
which vary temporally, spatially, and ontogenetically
between and within species (Zalucki et al., 2002).
From the moment caterpillars emerge from their eggs
and begin searching for food, they must overcome
abiotic dangers such as wind, rain, temperature, and
constantly  shifting  microenvironments,  while
simultaneously contending with the defenses of their
potential hostplants, which include leaf trichomes,
surface waxes, silica crystals, glands or tissues with
allelochemicals, and feeding-induced plant
responses (Zalucki et al., 2001; Massad et al.,
2011). Meanwhile, evading the dangers from top-
down pressures is equally important for caterpillars,
as they are actively sought out by a plethora of
pathogens, parasitoids, and predators (Baker, 1970;
Scoble, 1995; Hawkins et al., 1997; Karhu and
Neuvonen, 1998; Salazar and Whitman, 2001;
Kalka et al., 2008) (Figs 1, 2).

Caterpillars respond to the defenses of their
food-plants in a variety of ways including modifying
plant tissue to avoid chemical and physical plant
defenses, changing location to feed on less defended
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tissues, and physiologically or chemically
processing defensive chemicals (Bowers, 1988,
1992, 1993; Dussourd and Denno, 1994; Lill and
Marquis, 2003). While the responses of caterpillars
to these bottom-up “attacks” are arguably of equal
importance to the ecology and evolution of
herbivores, this review focuses only on the
responses of caterpillars to the top-down forces
exerted by predators, parasitoids, and to a lesser
extent pathogens (hereafter “enemies”). Despite the
enormous diversity of both vertebrate and
invertebrate species preying upon caterpillars,
parasitoids are probably the most important source
of mortality for most species of phytophagous
insects (Godfray, 1994; Hawkins et al., 1997;
Quicke, 1997). Both guilds of enemies, however,
have the potential to act as strong selective agents
on the evolution of caterpillar defenses that are
effective before, during and after attack by their
enemies. Not surprisingly, natural enemies of
caterpillars have evolved a similar diversity of
behavioral, chemical, and morphological responses
designed to circumvent caterpillar defenses (Loan,
1964; Askew, 1971; Danks, 1975; Damman, 1986;
Herrebout, 1969; Stamp, 1984; Mellini, 1987;
Yeargan and Braman, 1989). Gross (1993)
reviewed insect defense mechanisms against
parasitoids and divided defenses into three broad
categories: 1) characteristics which reduce
encounters with enemies; 2) behavioral and
morphological traits; 3) physiological defenses.

The literature on caterpillar defenses was
large when Gross (1993) provided a review of
countermeasures against parasitism. In the



Fig. 1 Examples of caterpillar predators: a) Anairetes alpinus (Tyrannidae) bringing lepidopteran larvae to its
nestlings; b) wasp (Vespidae); ¢) mantid (Mantidae); d) Paraponera ant (Formicidae) carrying larval lepidopteran;
e) jumping spider (Salticidae); f) stink bug (Pentatomidae) feeding on hesperiid larva killed while still within its
larval shelter.



intervening two decades, this literature has grown
exponentially, along with studies of caterpillar
defenses against other natural enemies. We cannot,
therefore, promise the reader an exhaustive review
of this fascinating topic. Instead we have made
every effort to at least touch upon all known
defenses or defensive categories, but focus the bulk
of our discussion on themes which more directly
impact our own studies. Shifting slightly from
Gross's (1993) defensive mechanisms for all
insects, we have organized our review of caterpillar
defenses on four slightly different categories of
defense within the Lepidoptera: 1) chemical, 2)
physiological, 3) morphological, and 4) behavioral.

Chemical defenses

Secretory glands, regurgitated plant extract, de
novo production of chemical defenses, and
sequestration of toxic compounds are the main
chemical defenses used by caterpillars. While many
excellent descriptive and empirical studies
investigate each of these (Schulze, 1911,
Bourgogne, 1951; Eisner and Meinwald, 1965;
Davis and Nahrstedt, 1979; Weatherstone et al.,
1986; Pasteels et al., 1983; Damman, 1986;
Bowers, 1992, 1993; Dyer, 1995, 2001; Sime, 2002;
Rayor et al., 2007), we will focus here on the most
wide-spread and best-studied strategy:
sequestering secondary plant compounds as a
defense against natural enemies.

The study of chemically mediated trophic
interactions, such as fungus-plant-herbivore, plant-
herbivore-predator, and prey-predator-parasite, has
provided key concepts for the development of
ecological and evolutionary theory. Host plant
chemistry, especially allelochemistry, is known to
play an important role in these interactions (Ehrlich
and Raven, 1964; Jones et al., 1987; Stamp and
Bowers, 1996; Singer and Stireman, 2003; Dyer et
al., 2004; Ode, 2006), particularly in mediating the
interaction of caterpillars with their predators and
parasitoids. One mechanism for this mediation is
caterpillar sequestration of hostplant
allelochemicals, which serves as a defense against
natural enemies (Duffey, 1980; Brower, 1984,
Bowers, 1991; Dyer and Bowers, 1996). Although
this relationship has been described for some
species, the relative efficacy of this defense against
predators (reviewed by Bowers, 1990; Witz, 1990)
or parasitoids (Gross, 1993; Godfray, 1994;
Hawkins, 1994) remains under-investigated (Witz;
1990, Gentry and Dyer, 2002; Stireman and Singer,
2003; Ode, 2006). In particular, there are very few
studies that have examined the importance of
sequestered plant allelochemicals as mediators of
herbivore-parasitoid interactions (but see Singer et
al., 2004). A recent review (Ode, 2006) pointed out
that, while many studies have shown that the
identity of plant species eaten by herbivorous
insects affects the growth and development of
parasitoids, very few (e.g., Barbosa et al., 1986,
1991; Ode et al., 2004) have directly measured
plant chemistry. Furthermore, most of these studies
have been conducted in agroecosystems (Ode,
2006).

There is considerable evidence that specialists
are better able to sequester plant secondary
metabolites, presumably as defenses, than
generalists (Bowers, 1990, 1992, 1993; Dyer, 1995;
Nishida, 2002). Experimental evaluations of putative
caterpillar defenses suggest that both vertebrate
and invertebrate predators are important selective
forces in the evolution of dietary specialization and
the sequestration of plant allelochemicals and that
these sequestered compounds negatively affect
predators (Brower, 1958; Bowers 1980, 1981;
Bernays and Cornelius, 1989; Bowers and Farley,
1990; Dyer and Floyd, 1993; Dyer, 1995, 1997;
Dyer and Bowers, 1996; Stamp and Bowers, 1996;
Theodoratus and Bowers, 1999). Although there are
far fewer studies on the effects of sequestered
compounds on parasitoids, they may be even more
important as selective agents than predators
(Hawkins et al., 1997). The effects of sequestered
compounds on parasitoids are not well understood,
but one view is that the effects on parasitoids will be
similar to that on predators: sequestered
compounds will be toxic to parasitoids and act in a
dose-dependent manner (e.g., Duffey et al., 1986;
Sime, 2002; Singer and Stireman, 2003; Singer et
al., 2004). The other view is that sequestration of
plant compounds turns a host into enemy free
space for parasitoids; sequestering hosts are
protected from predators and thus so is the
parasitoid (Dyer and Gentry, 1999; Dyer, 2001;
Gentry and Dyer, 2002; Lampert et al., 2011;
Reudler et al., 2011). This “safe haven” hypothesis
(Lampert et al.,, 2010) predicts that higher
concentrations of sequestered compounds will be
beneficial to parasitoids that can tolerate the host
compounds. For example, parasitism rates of a
sequestering leaf beetle, Chrysomela lapponica
were higher when the beetles were fed on willow
species with high levels of salicyl glucosides
(Zvereva and Rank, 2003). Several studies (see
section on physiological defenses) suggest that
sequestered host plant compounds may affect the
ability of the host caterpillar to encapsulate
parasitoids. Thus, plant allelochemicals used by
caterpillars to make themselves unpalatable may
not only provide parasitoids with enemy free space,
but may increase the probability of successful
parasitoid attack.

Plant allelochemicals may have both direct and
indirect effects on natural enemies (Gauld and
Gaston, 1994; Ode, 2006). Direct effects occur
when the host is able to sequester the plant
allelochemicals so that predators, pathogens, or
parasitoid larvae are exposed to these sequestered
compounds during development. Indirect effects
occur when the allelochemicals in the caterpillar
hostplant affect the quality of the caterpillar as food
for the parasitoid, thereby impacting the parasitoid’s
growth and development. In sequestering
caterpillars, there may be both direct and indirect
effects because the sequestered compounds may
also affect host quality, either positively or
negatively (Duffey et al., 1986). Comparisons of
related sequestering and  non-sequestering
caterpillar hosts, combined with varying chemical
content of sequestering hosts have supported these
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Fig. 2 Examples of caterpillar parasitoids: a) Cordyceps fungus attacking an ant (Formicidae); b) ectoparasitoid
wasp larvae (Eulophidae) attached to the outside of a caterpillar; ¢) adult parasitoid fly (Tachinidae); d) eggs of
parasitoid fly (Tachinidae) attached to the head capsule of a caterpillar (Hesperiidae); e) parasitoid wasp larvae
(Braconidae) emerging from their caterpillar host (Erebidae) prior to pupation; f) adult parasitoid wasp
(Ichneumonidae) piercing a caterpillar leaf shelter with its ovipositor to find the larvae within.
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hypotheses (Bowers 2003; Ode, 2006; Lampert et
al., 2010, 2011).

There may also be differences in how different
parasitoid taxa, or parasitoids with varying host
ranges, are affected by sequestered
allelochemicals. Barbosa (1988) hypothesized that
specialized parasitoid wasps (braconids and
ichneumonids) can tolerate the associated
chemicals of their hosts but that generalist flies
(tachinids) cannot. Mallampalli et al. (1996)
however, found that the tachinid fly, Compsilura
concinnata, was unaffected when host caterpillars
were fed on condensed tannins or the iridoid
glycoside, catalpol, and thus suggested that
generalist flies may be resistant to allelochemicals.
The study did not look at a host species that
sequestered plant allelochemicals. Interestingly,
Harvey et al. (2005) found that two species of
specialist wasp parasitoids (a braconid and an
ichneumonid) responded differently to host
caterpillars reared on diets differing in iridoid
glycoside content. The braconid was unaffected by
host diet, while the ichneumonid developed more
quickly in hosts reared on diets higher in iridoid
glycosides (Harvey et al., 2005). Although the
caterpillar species in the study sequesters iridoid
glycosides (Suomi et al.,, 2001), levels of iridoids
were not quantified. A few studies suggest that
some parasitoids may be more tolerant of toxins
than previously thought, and in some cases
parasitoids sequester chemicals from their hosts
(Duffey et al.,, 1986; Gauld and Bolton, 1991;
Rossini et al., 2000; Bowers, 2003).

In summary, several different classes of
allelochemicals are sequestered by herbivorous
insects, including alkaloids, amides, cardiac

glycosides, aristolochic acids and iridoid glycosides,
and all of these compounds can be deterrent to
predators (Bowers, 1990; Nishida, 2002). However,
investigations of the importance of these
sequestered compounds for the interaction of
herbivorous insects and their parasitoids are rare
and their results conflicting: 1) A few examples
show that sequestered host plant allelochemicals
negatively affect parasitoid wasps, and suggest that
these chemicals may act as both pre- and post-
oviposition defenses (e.g., Barbosa et al.,, 1991;
Isman and Duffey, 1983; Turlings and Benrey, 1998;
Sime, 2002). 2) Bourchier (1991) and Mallampalli et
al. (1996) found that generalist tachinid larvae were
not directly affected by host associated chemicals
but were affected indirectly by changes in overall
host quality. 3) Some studies suggest that
sequestered allelochemicals may encourage and
facilitate attack by parasitoids (e.g., Sheehan 1991;
Cornell and Hawkins, 1995; Dyer and Gentry, 1999;
Gentry and Dyer, 2002; Zvereva and Rank, 2003;
Smilanich et al., 2009a, b).

Physiological defenses

The insect immune response

Physiological defenses consist of 3 sublevels
and are used primarily to combat pathogens,
parasites, and parasitoids (reviewed by Gillespie et
al.,, 1997; Carton et al.,, 2008; Strand, 2008;
Beckage, 2008). The 3 sublevels include: (1)

11

integument and gut as physical barriers to infection,
(2) coordinated action of several subgroups of
hemocytes when physical barriers are breeched
and, (3) induced synthesis of antimicrobial peptides
and proteins, mostly by the fat body (Gillespie et al.,
1997). This section focuses on the last two
sublevels which compose the insect immune
response, as these have been the best studied over
the past two decades. The immune defense in
insects is considered one of the most effective
defenses against parasitoids and pathogens
(Godfray, 1994; Smilanich et al., 2009a).

Prokaryotic invaders and small eukaryotic cells
(e.g., protists, fungi) are recognized as non-self by
the many recognition protein molecules that create
the humoral response. Antimicrobial and lysozyme
proteins attack these smaller invaders, and in some
cases the cellular action of phagocytosis engulfs
and digests the foreign object (Carton et al., 2008;
Strand, 2008). For larger objects such as parasitoid
eggs, encapsulation is a key defense. The
encapsulation response is carried out by several
groups of specialized cells (e.g., hemocytes). The
encapsulation response is immediate and takes
place inside the host’'s hemolymph. Encapsulation
is generally composed of both the humoral and
cellular response, although they do not always
occur together (Strand, 2008). In Lepidoptera, the
primary circulating hemocytes are plasmatocytes,
granulocytes, oenocytoid, and sperule cells.
Precursors for these cells are produced by the
hematopoeisis organs located in the meso- and
meta-thorax (Lavine and Strand, 2002; Strand,
2008). Immediately following a parasitoid attack,
the recognition proteins of the humoral response
function to recognize non-self objects and activate
the hemocytes. The cellular response continues
with hemocytes attacking the foreign object and
beginning the process of encapsulation, in which
cells adhere to the foreign object and begin to build
layers of cells, which eventually die and harden
onto the surface (Figure 3a, b). In some insects,
when the cells die, they undergo the chemical
process of melanization, which includes the
production of the cytotoxic molecule,
phenoloxidase, and other free radicals such as
quinones. Since phenoloxidase is cytotoxic, it is
usually stored as the precursor, prophenoloxidase.
The parasitoid eggs or larvae are killed through the
asphyxiating effects of the encapsulation process
and through the cytotoxic effects of the
phenoloxidase cascade (Nappi and Christensen,
2005; Carton et al., 2008).

Measuring the immune response

Experiments seeking to understand the
variation in immune parameters use a variety of
methods to measure immunity. A common method
for measuring encapsulation and melanization is
injection or insertion of a synthetic object into the
insect's hemocoel (Lavine and Beckage, 1996;
Klemola et al., 2007). The immune response is
quantified by measuring the color change and/or
cell thickness around the object (Diamond and
Kingsolver, 2011). Other measurements rely on
quantifying the protein activity of the humoral
response by determining the concentration of the



Fig. 3 Physioloical defenses: a) a partially encapsulated tachinid larva (Chetagena sp.) dissected from the
generalist Woolly Bear caterpillar, Grammia incorrupta (Erebidae);b) a partially encapsulated and melanized
sephadex bead used to challenge the immune response of the specialist Buckeye caterpillar, Junonia coenia
(Nymphalidae); c) Grammia incorrupta caterpillar (photo: P. Mason); d) Junonia coenia caterpillar.

enzyme, phenoloxidase, which catalyzes the
melanization cascade, or quantifying the activity of
antibacterial lysozyme activity (Adamo, 2004a). Still
other measures include hemocyte counts (lbrahim
and Kim, 2006), hemolymph protein concentration
(Adamo, 2004a), and gene expression (Freitak et
al., 2009). Studies measuring the response of
multiple immune parameters show that they do not
always respond in the same way (Adamo, 2004b).
Many examples show that the phenoloxidase
activity can be affected differently from the
encapsulation, lysozyme, or hemocyte response
(Bailey and Zuk, 2008; Freitak et al., 2009; Shikano
et al., 2010), indicating different adaptations
depending upon the identity of the attacker. For
example, not only will a bacterial infection induce a
specific component of the immune response that is
different from a parasitoid infection, but the
response will also be specific to the type of invading
bacteria (Riddell et al., 2009).

Host plants and the immune response

Host plant diet is a major source of variation in
the immune response (Smilanich et al., 2009b;
Diamond and Kingsolver, 2011). The effects of host
plants on immune responses can depend on plant
chemistry, herbivore health, both herbivore and
plant genotype, and the specific immune parameter
being measured (i.e., PO activity, encapsulation of
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inert object, lysozyme activity, etc.). Certain plant
secondary metabolites can alter the effectiveness
of immune responses. For example, ingestion of
diets containing carotenoids enhances immune
function due to their free-radical scavenging
properties (de Roode et al., 2008; Babin et al.,
2010). In contrast, ingestion of other secondary
metabolites (e.g., iridoid glycosides) can negatively
affect the immune response (Haviola et al., 2007;
Smilanich et al., 2009b). Macronutrients can also
affect the immune response. Protein and
carbohydrates not only boost immune parameters
(Lee et al., 2008; Srygley et al., 2009; Cotter et al.,
2011), as does plant/diet quality (Yang et al., 2008;
Bukovinszky et al., 2009; Diamond and Kingsolver,
2011), but also is preferred by immune challenged
herbivores (Lee et al., 2006; Povey et al., 2009). In
most cases high plant quality (i.e., low secondary
metabolite concentration and high nitrogen content)
translates to increased immunity (but see Klemola
et al., 2007).

Counter adaptations to the immune response

Since the immune response is one of the most
effective defenses against parasitic enemies
(Smilanich et al., 2009a; Godfray, 1994), it is
evolutionarily fitting that these enemies will have
evolved counter adaptations to cope with or
suppress the immune response. Indeed, the best



Fig. 4 Morphological defenses of caterpillars: a) detail of stinging spines (Saturniidae); b & d) saddle-back moth
Acharia caterpillars (Limachodidae) with stinging spines; c) Menander (Riodinidae) with thickened exoskeleton
and body shape allowing it to retract and protect head and legs; e) Megalopyge (Megalopygidae) caterpillar with
long hairs covering urticating spines; f) tiger moth caterpillar (Erebidae) with dense hairs; g) Olcelostera
caterpillar (Apatelodidae) with short hairs which cause intense skin irritation.
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example of a counter adaptation to the insect
immune response is exhibited by hymenopteran
parasitoids in the families, Braconidae and
Ichneumonidae (Strand, 2009). Species in these
two families harbor polydnaviruses, which have
become integrated into the wasp’s genome and are
passed vertically through the germ line to offspring
(Strand, 2009). The virus replicates in the
reproductive tract of the female wasp and is
injected into the host during oviposition (Beckage,
2008). Once inside the host's hemocel, the virus
infects immune functioning cells, enzymes, and
tissues such as hemocytes, phenoloxidase, and fat
body, and thereby suppresses the immune
response (Strand, 2009). Another example of
counter adaptation to the immune response is
found in certain species of tachinid flies. Bailey and
Zuk (2008) found a positive correlation between the
phenoloxidase activity of the field cricket,
Teleogryllus oceanicus, and the melanization of the
respiratory funnel in the attacking tachinid fly,
Ormia ochracea. Since the respiratory funnel is the
means by which many tachinid flies receive oxygen,
a stronger funnel that is less likely to break is
beneficial. In this way, these flies may be co-opting
the immune response for their own benefit as the
funnel is strengthened by the encapsulation
process. Other species of tachinids have evolved a

behavioral counter adaptation to the immune
response. The broad generalist tachinid,
Compsilura concinnata, hides from the host

immune response by developing between the
peritrophic membrane and the midgut, where the
immune response has limited access (Carton et al.,
2008). Similarly, other tachinids reside in certain
tissues, such as fat bodies, to avoid the immune
response (Salt, 1968).

Morphological defenses

A wide array of morphological characteristics
may act as defensive mechanisms (reviewed by
Edmunds, 1974; DeVries, 1987; Evans and
Schmidt, 1991; Gross, 1993; Godfray, 1994; Dyer,
1995; Eisner et al., 2007), and these are generally
divided into two categories: A) caterpillar
integumental processes, such as spines or hairs; or
B) caterpillar coloration, such as brightly colored
(aposematic) or visually cryptic. Caterpillar size or
developmental rates may also influence predation
(Evans, 1983; Gaston et al.,, 1991; Montllor and
Bernays, 1993). In many cases, simply being larger
(i.e., later instars) may provide protection through
increased effectiveness of their behavioral or
physical defenses because they are larger relative
to their attacker (lwao and Wellington, 1970;
Schmidt, 1974; Stamp, 1984; Martin et al., 1989).
This topic, however, has recently been reviewed by
Remmel et al. (2011), and we do not further
consider size and developmental rate here.

Integumental structures

Possessing tough or thickened exoskeletons
may prevent attack from some enemies (Malicky,
1970; Schmidt, 1974; Breckage and Riddiford,
1978), and may be widespread among caterpillars
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forming associations with ants (Pierce et al., 2002).
In some taxa, for example, the neotropical genus
Menander (Riodinidae), this is accompanied by a
dorso-ventrally flattened, tank-like body form
(DeVries, 1997) which allows caterpillars to press
themselves tightly to the leaf surface and protect
exposed appendages which might otherwise be
vulnerable to attack (Fig. 4c). A variety of
integumental structures may also function in
defense (Epstein et al., 1994; Eisner et al., 2007),
but here we focus on spines and hairs, two
structures found in taxa across the lepidopteran
phylogeny and for which the effectiveness has been
studied in a variety of systems (Dyer, 1995, 1997;
Lindstedt et al., 2008; Murphy et al., 2010).

Urticating or stinging spines (multicellular
processes with poison glands) and hairs (hollow
trichogens with poison glandsassociated with the
tormogen) are familiar defenses to anyone who has
worked with caterpillars in the field (Figs 4a-b, d-e)
They are found in at least six families of
Lepidoptera (Kephart, 1914; Foot, 1922; Bishopp
1923; Valle et al., 1954; Jones and Miller, 1959;
Beard, 1963; Wirtz, 1984; Gibbons et al., 1990;
Deml and Dettner, 2003; Bohrer et al., 2007), yet
there are surprisingly few studies examining their
effectiveness against predators (Murphy et al.,
2010). The effectiveness of hairs (Figs 4 e-g),
which may have irritating properties (Beard, 1963;
Wagner, 2009), are less obvious, and
generalizations such as, "hairs are a good defense
against invertebrate predators,"” are predictably,
unreliable. Predators vary in their propensities to
reject prey based on defensive structures, and each
predator is influenced by a different assemblage of
caterpillar defenses (both physical and otherwise).
However, while individual caterpillar-enemy
interactions are highly variable, and largely
unknown, one study comparing the effectiveness of
defenses against different predators provides us
with some basic generalizations. An experimental
comparison of caterpillar predation by ants
(Formicidae), wasps (Vespidae), and bugs
(Hemiptera) showed that the effectiveness of
morphological defenses depended on the
predatory guild (Dyer, 1997). Large size, for
example, was an effective defense against the two
solitary predators (bugs and wasps) but not
against ants. Ants, which are able to recruit other
individuals, are often able to subdue larger prey
items. Thick coverings of hairs (Figs 4e-f) are
important deterrents for bug predators as they
inhibit insertion of proboscis (Dyer, 1997; Bowers,
1993), and are likely also effective against any
predators which have mouthparts specialized for
sucking. Interestingly, an alternative function of
hairs may be warning the caterpillar of an
advancing predator or parasitoid before it actually
has a chance to catch the caterpillar (Tautz and
Markl, 1978; Castellanos et al., 2011), with some
species bearing setae apparently modified
specifically for such a purpose (Rota & Wagner,
2008). Hairs are not as effective against other
predators, such as birds and wasps, which are
often able to remove hairs (Bowers, 1993) or to
simply digest them in the crop.



Fig. 5 Coloration as a defense in caterpillars: a) Papilio caterpillar (Papilionidae) resembling a bird dropping; b)
an Adelpha caterpillar's (Nymphalidae) resemblance to moss is enhanced by distinctive resting posture; c)
Corades caterpillar (Nymphalidae) with color patterns matching the leaves of its hostplant; d) Urbanus caterpillar
(Hesperiidae) with yellow “eye-spots” on its head; e) Hemeroplanes ornatus caterpillar (Sphingidae) with thorax
lifted and inflated to expose paired “eye-spots,” increasing its resemblance to a snake’s head; f) caterpillar
(Geometridae) increasing its resemblance to lichen with a partially curled resting posture; g) caterpillar
(Megalopygidae) with long, fleshy protuberances giving it the appearance of a tarantula spider.
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Coloration

Caterpillar coloration as a defense strategy
generally falls into three categories; (1) bright
warning coloration (Figs 4d, 7a), (2) cryptic
patterning matching their substrate (Figs 5c, 6a, c-
d, g), (3) mimicry of inedible objects (Figs 5b, f), or
resemblance to organisms considered dangerous
to their predators (Figs 5e, g). Some species exhibit
ontogenetic shifts between different color strategies
(Grant, 2007; Sandre et al., 2007), or may change
which portion of their plant they are cryptic on
between instars (Greeney et al., 2010b, 2010c,
2011) or even seasons (Greene, 1989). One
example pointed out by Wagner (2005) is Papilio
troilus (Papilionidae), which mimics a bird dropping
for several instars and then resembles a snake
once it is reaches later instars.

Aposematic coloration

Aposematic (warning) coloration (e.g., Figs 4d,
7a) may be important for visual predators, such as
wasps, birds, and mantids, but is likely less
important for ants or other species which are more
chemically oriented. When predators are deterred
by brightly colored prey, it provides support for the
long-standing belief that aposematism is an
adaptive explanation for bright colors and striking
patterns (Cott, 1940; Ruxton and Sherrat, 2006).
However, there are many visually oriented
predators, such as reduviids and pentatomids
(Johnson, 1983), and some parasitoids, that are not
deterred by brightly colored prey (Dyer, 1997;
Gentry and Dyer, 2002). A correlation between
palatability and coloration is widely assumed to
exist in the animal kingdom (e.g., Cott, 1940;
Edmunds, 1974; Harborne, 1988), and coloration
has even been used as an indicator of palatability
(Sillén-Tullberg, 1988). However, as more predation
studies accumulate, it appears that this correlation
is often overstated.

Crypsis

Many species of caterpillars are patterned to
closely match the portion of the plant where they
feed or rest, allowing them to blend into the
background and avoid detection (DeVries, 1987;
Greene, 1989; Stamp and Wilkens, 1993; Allen,
1997) (Figs 5c, 6a). Often in conjunction with
cryptic  coloration, many caterpillars are
“behaviorally cryptic,” and assume resting or
feeding postures which mimic a portion of the
hostplant or the damage caused to it by the
caterpillar itself (Figs 6a, c-d, g). Such behavior is
especially well developed and effective within the
Geometridae (McFarland, 1988, Wagner, 2005),
which can either freeze and mimic straight twigs, or
can contort and twist to drastically alter the outline
of their bodies (Figs 6a, d, g).

Mimicry

In a very similar manner to crypsis, some
caterpillars resemble “unpalatable” items that are
common in the habitat such as bird feces (Fig. 5a),
lichen (Fig. 5f), moss (Fig. 5b), or detritus (DeVries,
1987; Lederhouse, 1990; Wagner, 2005). This
strategy is particularly widespread and effective in
later instars of caterpillars in the neotropical genus
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Adelpha (Nymphalidae), most of which appear as
little more than a piece of moss while resting on the
dorsal surface of the leaf (Moss, 1927, 1933; Aiello
1984; Willmott, 2003) (Fig. 5b). Many species of
papilionids are excellent mimics of bird droppings
and, like the Adelpha caterpillars, behaviorally
enhance the resemblance by resting prominently on
the dorsal surfaces of leaves where bits of moss or
bird feces might naturally occur (DeVries, 1987;
Allen, 1997; Wagner, 2005) (Fig. 5a). Resemblance
to unpalatable items is taken a step further by some
species of papilionids (or by later instars of the
same), whereby large eyespots on the thorax and
the accompanying behavior of rearing up onto their
prologs to resemble a predatory snake (DeVries,
1987; Wagner, 2005), a resemblance enhanced in
some species by the eversion of their snake-
tongue-like osmeteria (see Eversible glands). With
regards to realism, however, this performance is far
surpassed by several genera of sphingid
caterpillars which do the same, simultaneously
expanding parts of the abdomen and all or portions
of the thorax to form the shape of a snake’s head
(Moss, 1920; Curio, 1965; Hogue, 1982) (Fig. 5e).
Realism, however, may not be very important in the
evolution and maintenance of eye-spots in
caterpillars, which is a widespread phenomenon.
Janzen et al. (2010) speculate that even markings
that have the vaguest resemblance to eyes (Fig.
5d) would be selected for if they triggered innate
startle-flee responses in visually oriented predators.

Although eye-spots as anti-predator
adaptations have been examined in various
contexts, in both adult and larval Lepidoptera
(Blest, 1957; Shirota, 1980; Stevens et al., 2007,
2008; Kodandaramalah et al., 2009), studies
gathering further empirical data to test the
robustness of this hypothesis would surely prove
rewarding. The extremely convincing patterns and
behaviors of many of the species mentioned above
leave little doubt that eye-spots are an effective
defense against some predators. From extensive
personal experience (HFG) observing caterpillar
coloration, behavior, and habits, as well as avian
foraging tactics, however, the validity of even the
tiniest spots on > 1 cm, immobile pupae being
perceived as “dangerous” eyes to vertebrate
predators, seems weak, despite the arguably sound
evolutionary  theory supporting the overall
argument.

Behavioral defenses

Behavioral defense strategies are ubiquitous,
diverse, and often spectacular in their complexity
and ingenuity (Awan, 1985; Damman, 1986;
DeVries, 1991c; Hunter, 2000; Machado and
Freitas, 2001; Aiello and Solis, 2003; Reader and
Hochuli, 2003; Castellanos and Barbosa, 2006;
Grant, 2006; Lill and Marquis, 2007; Greeney,
2009). In a fascinating twist of the caterpillar-enemy
interaction story, some endobiont microgastrine
wasp parasitoids (Braconidae) actually usurp
caterpillar behavioral defenses, causing their host
to respond protectively to their own enemies
including both hyper-parasitoids and predators
(Brodeur and Vet, 1994; Tanaka and Ohsaki, 2006;



Fig. 6 Behavioral defenses of caterpillars: a) caterpillar (Geometridae) with coloration and resting position which
make it resemble the tendrils of its hostplant; b) Oleria (Nymphalidae) caterpillar in the process of severing the
petiole of a hostplant leaf, preparing to drop with it to the ground to feed; c) caterpillar (Notodontidae) hanging
from a leaf edge with coloration and posture resembling a damaged portion of the hostplant; d) caterpillar
(Geometridae) in a resting position which mimics a leaf tendril of its host plant; e) partially severed leaf petiole
secured with silk to prevent it from falling from the plant and allowing the Urbanus caterpillar (Hesperiidae) to
hide on the wilted leaf and escape some crawling predators; f) caterpillar (Choreutidae) resting inside a silken
shelter spun across the bottom of a leaf, resting to the right of an “escape” hole in the leaf, through which it will
crawl if threatened; g) caterpillar (Geometridae) assuming a resting position which enhances its resemblance to
a piece of dead leaf.
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Grosman et al., 2008; Harvey et al., 2008a; Tanaka
and Ohsaki, 2009). For reviews of this topic see
Harvey et al. (2008b; 2011). Most species exhibit
several defensive behaviors, as exemplified by
Urbanus esmeraldus (Hesperiidae) caterpillars,
which build architecturally complex shelters, alter
plant tissue position and coloration to make their
resting places more cryptic, throw fecal pellets
away from their bodies, as well as bite and
regurgitate upon potential threats (Moraes et al., in
press). With most species still lacking even basic
descriptions of their life history strategies, there are
undoubtedly numerous tactics still to be discovered.
Here we provide an overview of a few of the best
studied and widely utilized behavioral defenses. For
a discussion of resting or feeding postures or other
behaviors which enhance crypsis see Coloration.

Of the four behavioral defense categories
considered by Gross (1993), three are commonly
exhibited by caterpillars. The applicable categories
considered by Gross (1993) were: 1) evasive; 2)
aggressive; 3) associative (i.e., myrmecophily,
group feeding). We are not aware of any cases of
parental care within the order, Gross’s (1993) fourth
category. With only slight modification of Gross’s
(1993) organization of insect defenses, with regards
to caterpillars we have organized our discussion of
behavioral defenses into two categories A)
behaviors which presumably reduce encounters
and attacks from enemies and B) behaviors
exhibited upon encountering or being attacked by
an enemy. Both categories include many variations,
combinations, and modifications of innumerable
potential life history strategies and behaviors, the
expression or employment of which may shift
during larval ontogeny (Stamp, 1984; Cornell et al.,
1987; Allen, 1990). We discuss some of the most
commonly observed variations of these categories
below.

Avoiding detection and capture

Here we consider three taxonomically wide-
spread behaviors that fall within the suite of life
history strategies designed to evade detection and
attack by enemies: a) associative behaviors with
con- or heterospecifics; b) behaviors designed to
disassociate caterpillars with cues wused by
predators for prey location; and c) shelter building.

Association with other individuals or organisms

A working definition of gregarious behavior in
larval Lepidoptera is feeding or moving, at some
point in their development, in tight groups of at least
three individuals (Fitzgerald and Costa, 1999).
Gregarious caterpillar feeding behavior is exhibited
by species in many families of Lepidoptera (Hogue.
1972; DeVries, 1987, 1997; Allen, 1990; Clark and
Faeth, 1997; Fordyce and Agrawal, 2001) (Figs 7a-
d, 8a, ¢) and, in some, has been shown to be an
effective defense against a variety of enemies
(Myers and Smith, 1978; Lawrence, 1990; Parry et
al., 1998; McClure and Despland, 2011). Groups
may be formed by siblings from a single clutch or
conspecific individuals of differing instars from
several clutches, and such groups may feed
exposed (DeVries, 1987, 1997; Fordyce and
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Agrawal, 2001) or within large silken shelters (see
Natural or engineered shelters). Gregariousness
may also serve to augment the effectiveness of
chemical or behavioral defenses such as osmeteria
(Fig. 7d), vomiting (Fig. 8c), head thrashing (Fig.
8a), or spine waving (Fig. 7c¢) (Hays and Vinson,
1971; Hogue, 1972; Prop, 1960; Stamp, 1982;
Tulberg and Hunter, 1996), and in aposematic
caterpillars may augment the warning signal
(Aldrich and Blum, 1978; Pasteels et al., 1983;
Beatty et al., 2005) (Figs 7a, c). Additionally, though
to the best of our knowledge this has not been
studied, aggregations and group behaviors may

also serve a camouflaging function (see
Coloration). In the case of some Actinote
(Nymphalidae) caterpillars  (Fig. 7b), the

combination of tight aggregative behavior and
distinctive feeding damage of early instars might
function to give the otherwise exposed group the
appearance of old leaf damage or disease. In other
cases, such as the early instars of Daedalma
(Nymphalidae) (Fig. 8a), the simultaneous head-
rearing of linearly aggregated caterpillars may give
the appearance of a larger, spine-defended
caterpillar.

A second, and perhaps more widely studied
associative behavior of caterpillars, is living in
association with ants (DeVries, 1990, 1991b;
Fiedler, 1991; Pierce et al., 2002). The exact nature
of these interactions varies from species to species,
but is most commonly mutualistic, whereby
caterpillars provide secreted nutritional rewards to
their associates, who remain nearby and protect the
caterpillar from enemies (DeVries, 1991a; Pierce et
al., 2002; Pierce and Easteal, 1986; Travasos and
Pierce, 2000) (Figs 7e-g). In the Riodinidae and
Lycaenidae, many species have evolved
specialized caterpillar organs to elicit protective
behaviors from their attendant ants using vibrations
or sounds (DeVries 1988, 1990, 1991b) or volatile
alarm pheromones (Fiedler 1991; Fiedler et al.,
1996). Another extreme is exhibited by some
species whose caterpillars chemically mimic their
associative ant species and are actually carried into
the ant nest and fed and cared for by their hosts
(Henning, 1983; Elmes et al, 1991). The
associative benefits may vary between different ant
species (Wagner, 1993), but may also be
maintained by additional fitness benefits such as
faster growth (Pierce et al., 1987; Wagner and del
Rio, 1997). Some associations are obligate, in other
cases these protective associations appear to be
predominantly facultative, at all or several portions
of the larval cycle (Pierce et al., 2002). The majority
of species known or suspected to form associations
with ants, however, have yet to be studied
(DeVries, 1997; DeVries and Penz, 2000).

Avoiding encounters in space and time

Other life history strategies which help
caterpillars avoid encounters with enemies include
feeding from hidden positions such as under leaves
or in leaf shelters (see below) and temporal or
spatial alterations of feeding activity, location, or
even food plant (Rothschild et al., 1979; Heinrich,
1979; DeVries, 1987; Stireman and Singer, 2003).



Fig. 7 Protective associations of caterpillars with other individuals and organisms; a) aposematic caterpillars
(Apatelodidae) increasing the magnitude of their warning signal by resting together on the dorsal surface of a
leaf; b) young Actinote caterpillars (Nymphalidae) resting in a tight group and surrounded by feeding damage
which makes them less apparent to visually oriented predators; c) aposematic Hamadryas (Nymphalidae)
caterpillars improving the effectiveness of head scoli thrashing by resting in a group; d) Papilio caterpillars
(Papilionidae) resting in groups, resembling damaged plant tissue and increasing the effectiveness of their
chemical defenses (osmeteria); e) Synargis caterpillar (Riodinidae) protected by large Ectatomma ant
(Formicidae); f) Ectatomma ant receiving edible secretions from specialized caterpillar gland (Riodinidae); g)
Nymphidium caterpillar (Riodinidae) attended by Azteca ants.
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Many species of caterpillars partially sever or
“trench” a portion of their food plant (e.g., leaf vein
or petiole), isolating the portion of the plant where
they are feeding and resting, a behavior which may
facilitate the ingestion of chemically defended
plants by cutting off the supply of toxins (Dussourd,
1999; Clarke and Zalucki, 2000; Chambers et al.,
2007). This behavior also frequently facilitates the
manipulation of plant tissues into larval shelters
(see below) or adds to the crypsis or isolation of the
caterpillars’ resting or feeding location (e.g.,
Greeney and Warren, 2004, 2009; Ide, 2004,
Moraes et al., in press), and consequently reduces
encounters by predators (Freitas and Oliveira,
1992, 1996; Djemai et al., 2004; Oliveira and
Freitas, 2004). Recently, Walla and Greeney (in
press) described the behavior of a nymphalid
caterpillar which takes this behavior one step
further, completely severing the petiole prior to
feeding (Fig. 6b) and falling with the leaf to the
ground below the plant, presumably avoiding
encounters with enemies searching on (or using
cues from) their food plant. Similarly, some
caterpillars remain on the hostplant but sever
leaves which they have previously fed upon,
removing physical or chemical cues which may be
used by enemies to locate them (Heinrich, 1979;
Cornelius, 1993).

Shelters

Many species of caterpillars construct shelters
in part or entirely out of hostplant tissue (Figs 6 f,
9c, f) (DeVries, 1987; Stehr, 1987; Scoble, 1995;
Greeney and Jones 2003; Wagner, 2005). Shelter
architecture varies from loosely curled leaves to
intricately cut and folded patterns or even large,
silken shelters built by many individuals and
enveloping many hostplant leaves (Stamp 1982,
1984; Fitzgerald and Willer, 1983; Fitzgerald et al.,
1991; Fitzgerald and Clark, 1994; Fitzgerald 1995;
Greeney, 2009; Ide, 2004; Weiss et al., 2003).
Although here we focus on shelter construction as a
defensive tactic, shelters are also thought to serve
a variety of additional functions such as preventing
dislodgement and desiccation, or increasing host
tissue quality (Damman, 1987; Hunter and Willmer,
1989; Sagers, 1992; Loeffler 1993, 1996; Larsson
et al., 1997). In fact, shelter-building lepidopterans
are well known to suffer from heavier parasitism
than non-shelter building caterpillars in the same
community (Hawkins and Sheehan, 1994; Dyer and
Gentry, 1999; Gentry and Dyer, 2002). Though it
has been proposed that this is due to the enemy-
free space provided for parasitoids by caterpillars
protected from predators (Gentry and Dyer, 2002),
very few empirical data are available to test these
ideas and, as shelters appear to vary in their
effectiveness at ameliorating predation of
caterpillars by ants and wasps (Raveret-Richter,
1988; Eubanks et al., 1997; Jones et al., 2002;
Weiss et al., 2004; Abarca and Boege, 2011), the
degree to which shelter-dwelling caterpillars provide
safe hosts for parasitoids deserves further
investigation. Furthermore, shelter-building is a
time-consuming endeavor (Fitzgerald et al., 1991;
Berenbaum et al., 1993, Fitzgerald and Clark, 1994;
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Lind et al., 2001) and the process of construction
may make caterpillars more visible and susceptible
to predation (Bergelson and Lawton, 1988; Loader
and Damman, 1991). The physiological costs of
shelter-building, however, are unclear (Damman,
1987; Hunter and Willmer, 1989; Loeffler, 1996; Lill
et al., 2007, Abarca and Boege, 2011). In summary,
the complex interactions of top-down and bottom-
up forces potentially shaping shelter construction
and use, such as food plant species or tissue
choice, development time and energy expenditure,
and exposure to or protection from different natural
enemies, provide a rich and intriguing field of
investigation for students of life history evolution
(Clancey and Price, 1987; Dussourd and Denno,
1994; Williams, 1999; Lill and Marquis, 2001;
Kursar et al., 2006; Dussourd, 2009; Greeney et al.,
2010d; Abarca and Boege, 2011).

While not strictly a “shelter,” many species of
caterpillars, particularly within the Nymphalidae,
construct and rest on frass-chains (Figs 9a-b)
(Muyshondt, 1973a, b, c, 1974, 1976; Casagrande
and Mielke, 1985). These structures are built by
silking frass pellets into a narrow chain protruding
from the leaf (Aiello, 1984), and appear to deter
crawling predators (Freitas, 1999; Freitas and
Oliveira, 1992; Machado and Freitas, 2001). In a
similar fashion, some caterpillars rest on the tips of
plant tendrils or thin, isolated portions of leaf tissue
that remain after feeding (Benson et al., 1976;
Bentley and Benson, 1988; Greeney et al., 2010a).
Many frass-chain builders do both, and leave a vein
or narrow portion of the leaf intact while feeding,
and then further extend this by silking frass onto its
end (Freitas et al., 2000; Greeney et al., 2010a).
Some caterpillars create strings of hanging frass
near their resting or feeding location, and Aiello and
Solis (2003) suggested that these provide
“landmarks” within their complex shelter, facilitating
the location of escape routes. Unlike the many
shelter-dwellers which expel frass away from the
shelter (see below), many species leave fecal
pellets strewn throughout their webs or allow large
quantities to build up within their shelters. As
volatiles from caterpillar frass may act as chemical
or visual cues to natural enemies (Agelopoulos et
al., 1995; Stamp and Wilkens, 1993; Ravert-Richter,
2000; Weiss 2003, 2006; Stireman et al., 2006),
resting on, or surrounding the body with feces
seems counterintuitive, and there are likely a variety
of explanations which have yet to be explored.

In contrast to the above, many species of
Lepidoptera whose caterpillars build shelters also
actively eject their frass from their shelters (Figs 9d-
e) (Frohawk, 1892, 1913; Scoble, 1995; Caveney et
al., 1998; Weiss, 2003). Although few empirical
studies have been performed, at least in the case of
the hesperiid Epargyreus clarus, frass ejection
behavior seems an effective defense against
predation by wasps, which attacked significantly
more caterpillars that were in close proximity to
frass (Weiss, 2003). Similarly, the presence of frass
on the ground below caterpillars of the hesperiid
Urbanus esmeraldus induced ants to climb nearby
stems, and expulsion of frass away from the base
of the food plant presumably decreases caterpillar
vulnerability to ant predation (Moraes et al., in press).



Fig. 8 Behavioral defenses of caterpillars upon encountering an enemy: a) Daedalma caterpillars (Nymphalidae)
resting gregariously on a skeletonized leaf vein and rearing their heads, perhaps to increase the resemblance of
the group to a larger, spine-defended caterpillar; b) Pyrrhopyge caterpillar (Hesperiidae) blocking the entrance to
its shelter with its head and attempting to bite approaching enemies; c) Actinote caterpillars (Nymphalidae)
feeding as a group, rearing and regurgitating simultaneously; d) Epargyreus caterpillar (Hesperiidae) rearing out
of its shelter, exposing warningly colored legs and pro-thorax, while everting its cervical gland and attempting to
bite; e) Papilio caterpillar (Papilionidae) secreting defensive chemicals through its osmeterium; f) Eryphanis
caterpillar (Nymphalidae) rearing its head while everting its cervical gland and thrashing its long, spiny caudal
tails over its back to knock away potential enemies; g) detail of Eryphanis caterpillar with cervical gland everted
(reddish cylinder below head).
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Upon encounter with an enemy

Upon detection or contact with a potential
enemy or after parasitoid oviposition, caterpillars
show a wide array of behavioral defenses designed
to aggressively repel or remove attackers (or
parasitoid eggs/larvae), or to escape capture
(Heads and Lawton, 1985; Cornell et al., 1987;
Gross, 1993; Gauld and Gaston, 1994; Godfray,
1994; Freitas and Oliveira, 1996; Gentry and Dyer,
2002; Oliveira and Freitas, 2004; Sendoya et al.,
2009). Aggressive behaviors include hiting,
thrashing and twisting, vomiting, and tail or scoli
thrashing (Danks 1975; Myers and Smith, 1978;
DeVries, 1987; Stamp and Bowers, 1990; Rhainds
et al, 2011; Greeney et al., 2011). Evasive
responses include thrashing or twisting, cessation
of movement, and dropping from the foodplant
(Dyer, 1995, 1997; Gentry and Dyer, 2002).
Responses may also include the eversion of
osmeteria or secretion of noxious chemicals (see
Eversible Glands).

The function of these behaviors varies between
specific prey-enemy interactions. For example,
thrashing or rolling may function as an escape
mechanisim, an aggressive counterattack, or both.
With some enemies, violent movements may
increase handling time and help to avoid contact
with ovipositors or mandibles (Hopper, 1986;
Schmidt, 1974). Particularly within shelter building
species, the same movements may function to
move the caterpillars into inaccessible areas of the
shelter to avoid probing ovipositors or grasping
structures (Salt, 1938; Powell, 1973). Against some
parasitoids, which require immobility of the host for
opposition (Tobias, 1967), violent movements may
be especially effective, allowing caterpillars to
escape before paralysis can set in (Gross and
Price, 1988). Species with integumental spines or
hairs may increase the effectiveness of these
defenses by waving them about and striking
potential enemies.

Aggressive behaviors

Biting

The powerful mandibles (Figs 8b, d) of many
caterpillars can be effective weapons against small
enemies, even resulting in the severing of enemy
appendages (Salt, 1938; Brubaker, 1968;
Herrebout, 1969; Danks, 1975; Martin et al., 1989;
Allen, 1990; Potting et al., 1999). Many caterpillars
combine a head-flick with biting (Danks, 1975;
Gross, 1993). Hesperiid caterpillars, while resting in
their shelters, will often block the entrance with their
head capsule, attempting to bite any object which
approaches (Fig. 8b).

Regurgitating

When handled, or when contacted by a
potential enemy, many species of lepidopteran
larvae regurgitate a drop of fluid (Fig. 8¢c) (Common
and Bellas, 1977; Peterson et al., 1987; Smedley et
al., 1993; Rhainds et al., 2011). Although the toxic
properties of regurgitates and their degree of
effectiveness against enemies is largely unexplored
for most species, most or all have repellent or
deleterious effects on potential attackers, and are
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likely toxic to some degree (Hays and Vinson,
1971; Eisner et al., 1980; Blum et al., 1981; Brower
1984, Stamp, 1984, Peterson et al., 1987; Freitas
and Oliveira, 1992; Salazar and Whitman, 2001;
Gentry and Dyer 2002; Oliveira and Freitas, 2004).
In at least one case, larval regurgitate was used to
dislodge parasitoid eggs attached to the
exoskeleton (Brubaker, 1968).

Eversible glands

While actually a chemical defense, the
defensive response of some papilionid caterpillars
is eversion of a forked, tube-like gland on the
prothorax (osmeterium) (Fig. 8e) (Schulze, 1911;
Scoble, 1995). Secretory cells on this gland
produce odiferous chemical repellents (Eisner and
Meinwald, 1969), the smell of which has been
likened by some authors to “fresh vomit” (Wagner,
2005), though its effect on other natural enemies
has been little investigated. Similarly, the
caterpillars of many families possess an eversible
secretory gland, or cervical gland, (usually ventral)
between the head and prothorax (Figs 8d, f-g)
(Scoble, 1995; DeVries 1997). We observe these
glands in many of the species we have studied
throughout the Americas (Greeney and Warren,
2009; Greeney et al.,, 2009, 2011), though few
studies have investigated their function or
effectiveness against enemies (Weatherstone et al.,
1986; Marti and Rogers, 1988).

Evasive behaviors

Thrashing and twisting

Anyone who has collected caterpillars in the
field is familiar with this behavior, though its
effectiveness is rarely investigated (Dyer and
Gentry, 1999; Gentry and Dyer, 2002). The severity
and manner of violent movement varies between
species, with some violently curling and uncurling,
rapidly twisting, or even undulating their entire body
in a wave-like motion which causes the caterpillar
to flip about the substrate (Wagner, 2005). Other
species may lift only the anterior or posterior
segments and thrash the elevated portion back and
forth, using either head scoli or caudal tails to strike
or dislodge enemies (Fig. 8f) (DeVries, 1987;
Greeney and Gerardo, 2001, Greeney et al., 2009,
2010a, 2011). In some cases thrashing, though
likely a predominantly evasive response, may
function to aggressively dislodge or injure attackers
(Myers and Smith, 1978; Stamp, 1982; Heinz and
Parella, 1989), and the sudden spasmodic
movements of silk moth caterpillars (Saturniidae),
often serve to bring their urticating spines into
contact with the enemy before they drop from the
hostplant (see Dropping).

A less dramatic, but similar, evasive maneuver
is “head flicking” whereby caterpillars twitch their
heads in response to potentially dangerous stimuli
(Myers and Campbell, 1976; Myers and Smith,
1978). Such movements presumably deter
oviposition by parasitoids, or may startle and
confuse potential predators. Some species of
shelter-dwelling hesperiid caterpillars rapidly flick
their head up and down, striking the upper and
lower surfaces of their shelters to produce a rattling



Fig. 9 Engineered caterpillar refuges and associated behaviors: a) young Adelpha caterpillar (Nymphalidae)
resting on a “frass-chain” built by extending a skeletonized leaf vein with silk and fecal pellets; b) Memphis
caterpillar (Nymphalidae) resting on a “frass-chain” and cryptically patterned to match damaged leaf tissue
created by its feeding near the base of the chain; c) complex caterpillar leaf shelter (Hesperiidae) built by cutting,
perforating, and tying leaves together with silk; d) detail of terminal segments of Saliana caterpillar (Hesperiidae)
shown just after expelling a frass pellet away from its shelter and showing the “anal comb” which facilitates this
process; e) same caterpillar as in previous, just prior to expelling frass; f) Myscelus caterpillar (Hesperiidae) in
the process of using silk ties to manipulate an excised portion of hostplant leaf into a shelter.
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sound, while others thrash their head back and
forth, scraping their mandibles across the leaf
surface to create a rasping sound (pers. observ.). In
these cases, as the caterpillar is hidden from view
while doing this, the noises produced may function
to startle potential predators or perhaps cause
sound or vibrational interference for enemies using
substrate-borne vibrations for locating caterpillars.
Though some sphingid caterpillars produce hissing
or squeaking noises when disturbed (Wagner,
2005), apart from the substrate-borne calls of ant-
attended caterpillars (see Associations), sound
production by caterpillars is relatively unstudied.

Dropping

For externally feeding species, violent
movements such as those described above
frequently lead to dropping from the plant, quickly
removing them from the presence of the enemy
(Powell, 1973; Gross, 1993; Castellanos et al.,
2011). Dropping is likely an effective defense,
whether accomplished by simply releasing the
substrate or through thrashing, and was suggested
by Gross (1993) to be the most common defense
found across insect taxa, and our personal
observations in the field suggest this claim may be
true for caterpillars as well. In Lepidoptera,
dropping is frequently accompanied by the spinning
of a silk “life-line” which allows the caterpillar to
later climb back up to the host plant (Sugiura and
Yamazaki, 2006). In response to dropping, at least
some parasitoids have evolved a remarkable
countermeasure, whereby they find the silk support
line and glide gracefully down it to the doomed
caterpillar (Yeargan and Braman, 1986, 1989).

In contrast to the active defenses described
above, some caterpillars react to contact by
remaining motionless and retracting any exposed
appendages (Benson, 1950; Loan, 1964,
Herrebout, 1969; DeVries, 1997), a behavior which
may increase susceptibility to parasitism but which
may nonetheless be selected for by visually
oriented predators (Rotheray, 1981), and
vulnerability may also be reduced in species with
protective  morphologies (see  Morphological
Defenses).

Future research on caterpillar defenses

Caterpillar  defenses  include chemical,
physiological, morphological, and behavioral
characters that function against a variety of natural
enemies (also reviewed by Eisner, 1970; Edmunds,
1974; Godfray, 1994; Dyer 1995, Gentry and Dyer,
2002; Beckage 2008). In this review, we were able
to only touch upon a few of the large number of
strategies used by larval Lepidoptera. It is likely that
there are thousands of undocumented defensive
strategies and that most known strategies are used
by many more species than has been reported.
Wagner (2005) aptly describes the abundance and
redundancy of defenses by observing that most
species “stack strategy upon strategy, ruse upon
ruse, in order to win the battle between predator
and prey.” In fact, based on the pervasiveness of
such statements in the literature, and our own
cumulative field experience of over half a century,
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we venture to say that all caterpillars have multiple
tricks up their sleeve. These may be applied in
concert, or their use may vary ontogenetically,
temporally, or in response to different enemies.
Thus, while the literature on caterpillar defenses is
extensive, the number of unstudied species,
defenses, and interactions ensures that sweeping
ecological and evolutionary generalizations made
today are, at best, premature. Although the gaps
are many, below we suggest a few areas of
investigation which might be particularly rewarding.

There are several problems that currently
present difficulties for synthesis: 1) Defenses are
typically thought to be equally effective against the
entire suite of natural enemies (or the differences in
defensive efficacies for various mechanisms are
ignored), 2) The utility of any category of defense
against parasitoids and pathogens has scarcely
been tested in natural systems (Price et al., 1980;
Gauld and Gaston, 1994), and 3) gross
generalizations about defenses persist (e.g.,
aposematic coloration is always assumed to be
indicative of toxicity or invulnerability to predation;
Bowers, 1993; Dyer, 1995). These problems have
been partly addressed by studies examining
multiple species (Dyer 1995, 1997; Gentry and
Dyer, 2002; Smilanich et al., 2009a, b), but even
these barely touch upon the sample of interactions
needed to address broader questions.

To address these problems and gaps in are
knowledge of the ecology and evolution of
caterpillar defenses, there are several genres of
hypotheses about defenses that can help guide
research in ecology and evolution, including: 1)
hypotheses about the effectiveness and the
evolution of a suite of defenses against specific
predatory guilds or against single species, 2)
hypotheses about effectiveness and the evolution
of specific defenses against a suite of predatory
guilds or against multiple species, 3) hypotheses
about the genetics underlying specific defenses or
suites of defenses, 4) hypotheses about the effects
of variation in caterpillar defenses on community
dynamics or ecosystem processes, and 5)
hypotheses about the role of multitrophic
interactions, caterpillar defenses, and plant
chemistry in the evolution of diet breadth in the
Lepidoptera.

These problems have been acknowledged by
various authors and our suggested hypotheses
have been tested by some studies, but it is
surprising that there have been few attempts to
characterize important components of lepidopteran
larval defenses, either by conducting multiple-
species experiments or through literature reviews
(Witz, 1990; Dyer and Floyd 1993; Gross, 1993;
Godfray, 1994; Dyer, 1995, 1997; Gentry and Dyer,
2002; Smilanich et al., 2009a, Remmel et al., 2011;
Rhainds et al.,, 2011). While multiple-species
approaches are generally not as thorough as
experiments on focal taxa, they allow for different
generalizations on insect defenses which can
ultimately provide a framework for both basic and
applied research questions with specific systems.
For example, Bernays and Cornelius (1989)
demonstrated that a number of species of leaf
rollers were extremely palatable to ants; their



generalization that trade-offs could exist between
chemical defense and concealment from predation
provides guidelines for more focused studies on
sister taxa with and without these defenses or for
molecular ecology approaches to understanding
variation in chemical defense within and between
clades.

We conclude by reiterating the obvious: the
basic natural history of most caterpillars is still
unknown, especially in the tropics (DeVries, 1987,
1997; Hespenheide, 2011). Thus, with ever-
increasing rates of habitat loss (e.g., Henderson et
al., 1991) and the current academic devaluation of
descriptive taxonomic and natural history research
(Greene, 1994; Noss, 1996; Futuyma, 1998;
Dayton, 2003), many fascinating interactions
between caterpillars and their enemies will forever
remain unknown. If we hope to address some of the
ecological and evolutionary questions mentioned in
the preceding paragraphs, future research on
caterpillars must include additional documentation
of life-history traits such as behavior, diet,
morphology, and defense strategies. The
deflowering of our world (Janzen, 1974) continues,
and in the trophic collapse that follows the loss of
plant diversity, we are also losing caterpillars and
their enemies, and all of the beautiful interactions
that unite them.

Acknowledgements

For sharing their knowledge of caterpillar
biology we thank our many collaborators with
Caterpillars and Parasitoids of the Eastern Andes
(CAPEA), especially the “gusaneros,” W Simbafia
and L Salgaje as well as the gusaneros and
paraecologists in Costa Rica, H Garcia Lopez and
G Vega Chavarria. Our work on caterpillars in the
United States, Costa Rica, and Ecuador is
supported by the Earthwatch Foundation and NSF
grants DEB 1020509, DEB 0614883, and DEB
1145609. HFG is supported by an Encyclopedia of
Life Rubenstein Fellowship and a research grant
from the Population Biology Foundation. HFG also
acknowledges the encouragement and support of
the PBNHS, Matt Kaplan, John Moore, and Field
Guides, Inc. We also thank Harvey JA (Department
of Terrestrial Ecology, Wageningen, The
Netherlands) and an anonymous reviewer for
suggested improvements.

References

Abarca M, Boege K. Fitness costs and benefits of
shelter building and leaf trenching behaviour in
a pyralid caterpillar. Ecol. Ent. 26: 564-573,
2011.

Adamo SA. Estimating disease resistance in insects:
phenoloxidase and lysozyme-like activity and
disease resistance in the cricket Gryllus
texensis. J. Insect Physiol. 50: 209-216, 2004a.

Adamo SA. How should behavioural ecologists
interpret measurements of immunity? Anim.
Behav. 68: 1443-1449, 2004b.

Agelopoulos NG, Dicke M, Posthumus MA. Role of
volatile infochemicals emitted by feces of
larvae in host-searching behavior of parasitoid
Cotesia rubecula (Hymenoptera: Braconidae):

25

a behavioral and chemical study. J. Chem.
Ecol. 21: 1789-1811, 1995.

Aiello A. Adelpha (Nymphalidae): deception on the
wing. Psyche 91: 1-45, 1984.

Aiello A, Solis MA. Defense
Pyralidae and Choreutidae:
and escape holes, with
cocoons, camouflage, and
Lep. Soc. 57: 168-175, 2003.

Aldrich JR, Blum MS. Aposematic aggregation of a
bug (Hemiptera: Coreidae): the defensive
display and formation of aggregations.
Biotropica 10: 58-61, 1978.

Allen GR. Influence of host behavior and host size
on the success of oviposition of Cotesia urubae
and Dolichogenidea eucalypti (Hymenoptera:
Braconidae). J. Insect Behav. 3: 733-749,
1990.

Askew RR. Parasitic insects. Heinemann, London,
UK, 1971.

Awan MS. Anti-predator ploys of Heliothis punctiger
(Lepidoptera: Noctuidae) caterpillars agains
the predator Oechalia schellenbergii
(Hemiptera: Pentatomidae). Austr. J. Zool. 33:
885-890, 1985.

Babin A, Biard C, Moret Y. Dietary supplementation
with carotenoids improves immunity without
increasing its cost in a crustacean. Am. Nat.
176: 234-241, 2010.

Bailey NW, Zuk M. Changes in immune effort of
male field crickets infested with mobile
parasitoid larvae. J. Insect Physiol. 54: 96-104,
2008.

Baker RR. Bird predation as a selective on the
immature stages of the cabbage butterflies
Pieris rapae and P. brassicae. J. Zool. 162: 43-
59, 1970.

Barbosa P. Some thoughts on the evolution of host
range. Ecology 69: 912-915, 1988.

Barbosa P, Gross P, Kemper J. Influence of plant
allelochemicals on the tobacco hornworm and
its parasitoid, Cotesia congregata. Ecology 72:
1567-1575, 1991.

Barbosa P, Saunders JA, Kemper J, Trumbule R,
Olechno J, Martinat P. Plant allelochemicals
and insect parasitoids effects of nicotine on
Cotesia-congregata  (Say) (Hymenoptera,
Braconidae) and Hyposoter annulipes
(Cresson) (Hymenoptera, Ichneumonidae). J.
Chem. Ecol. 12: 1319-1328, 1986.

Beard RL. Insect toxins and venoms. Ann. Rev.
Ent. 8: 1-18, 1963.

Beatty CD, Roderick SB, Sherratt TN. The evolution
of aggregation in profitable and unprofitable
prey. Anim. Behav. 70: 199-208, 2005.

Beckage NE. Insect Immunology. Academic Press,
Oxford, UK, 2008.

Benson RB. An introduction to the natural history of
British sawflies (Hymenoptera Symphyta).
Trans. Soc. Brit. Ent. 10: 45-142, 1950.

Benson WW, Brown KS Jr, Gilbert LE. Coevolution
of plants and herbivores: passion flower
butterflies. Evolution 29: 659-680, 1976.

Bentley BL, Benson, WW. The influence of ant
foraging patterns on the behavior of
herbivores. In: Trager JC (ed), Advances in

mechanisms in
fecal stalactites
remarks about
aposematism. J.



myrmecology, Brill EJ, New York, New York,
USA, pp 297-306, 1988.

Berenbaum MR, Green ES, Zangerl AR. Web costs
and web defense in the parsnip webworm
(Lepidoptera: Oecophoridae). Environ. Ent. 22:
791-795, 1993.

Bergelson JM, Lawton JH. Does foliage damage
influence predation on the insect herbivores of
birch? Ecology 69: 434-445, 1988.

Bernays EA. Feeding by lepidopteran larvae is
dangerous. Ecol. Ent. 22: 121-123, 1997.

Bernays EA, Cornelius ML. Generalist caterpillar
prey are more palatable than specialists for the
generalist predator Iridomyrmex humilis.
Oecologia 79: 427-430, 1989.

Bishopp FC. The puss caterpillar and the effects of
its sting on man. US Dept. Agr. Dept. Circ. No.
288, 1923.

Blest AD. The function of eyespot patterns in the
Lepidoptera. Behavior 11: 209-256, 1957.

Blum MS, River L, Plowman T. Fate of cocaine in
the lymantriid Eloria noyesi, a predator of
Erythroxylum coca. Phytochemistry 20: 2499-
2500, 1981.

Bohrer CB, Junior JR, Fernandes D, Sordi R,
Guimaraes JA, Assreuy J, et al. Kallirein-kinin
system activation by Lonomia abliqua
Caterpillar bristles: involvement in edema and
hypotension responses to envenomation.
Toxicon 49: 633-669, 2007.

Bourchier RS. Growth and development of
Compsilura concinnata (Meigan) (Diptera,
Tachinidae) parasitizing gypsy-moth larvae
feeding on tannin diets. Can. Ent. 123: 1047-
1055, 1991.

Bowers MD. Unpalatability as a defensive strategy
of  Euphydryas phaeton (Lepidoptera:
Nymphalidae). Evolution 34: 586-600, 1980.

Bowers MD. Unpalatability as a defense strategy of
western checkerspot butterflies (Euphydryas).
Evolution 35: 367-375, 1981.

Bowers MD. Plant allelochemistry and mimicry. In:
Barbosa P (ed), Novel aspects of insect-plant
interactions, John Wiley & Sons, New York,
New York, USA, pp 273-311, 1988.

Bowers MD. Recycling plant natural products for
insect defense. In: Evans DL, Schmidt JO
(eds), Insect defenses, SUNY Press, Albany,
New York, USA, pp 353-386, 1990.

Bowers MD. 1991. Iridoid glycosides. Rosenthal
GA, Berenbaum MR (eds), Herbivores: their
interactions with secondary plant metabolites,
Academic Press, New York, New York, USA,
pp 297-326, 1991.

Bowers MD. The evolution of unpalatability and the
cost of chemical defense in insects. In:
Roitberg BD, Isman MB. (eds), Insect chemical
ecology: an evolutionary approach, Chapman
& Hall, New York, New York, pp 216-244,
1992.

Bowers MD. Aposematic caterpillars: life-styles of
the warningly colored and unpalatable. In:
Stamp NE, Casey TM (eds), Caterpillars:
ecological and evolutionary constraints on
foraging, Chapman & Hall, New York, New
York, pp 331-371, 1993.

26

Bowers MD. Hostplant suitability and defensive
chemistry of the Catalpa sphinx, Ceratomia
catalpae. J. Chem. Ecol. 29: 2359-2367,
2003.

Bowers MD, Farley S. The behaviour of gray jays
Perisoreus canadensis) toward palatable and
unpalatable Lepidoptera. Anim. Behav. 39:
699-705, 1990.

Breckage NE, Riddiford LM. Developmental
interactions between the tobacco hornworm
Manduca sexta and its braconid parasite
Apanteles congregatus. Ent. Exp. Appl. 23:
139-151, 1978.

Brodeur J, Vet LEM. Usurpation of host behaviour
by a parasitic wasp. Anim. Behav. 48: 187-192,
1994.

Brower LP. Bird predation and foodplant specificity
in closely related procryptic insects. Am. Nat.
92: 183-187, 1958.

Brower LP. Chemical defence in butterflies. In:
Vane-Wright RI, Ackery PR (eds), The biology
of Butterflies, Academic Press, Oxford, UK, pp
109-134, 1984

Brubaker RW. Seasonal occurrence of Voria ruralis,
A parasite of the cabbage looper, in Arizona,
and its behavior and development in laboratory
culture. J. Econ. Ent. 61: 306-309, 1968.

Bukovinszky T, Poelman EH, Gols R, Prekatsakis
G, Vet LEM, Harvey JA, et al. Consequences
of constitutive and induced variation in plant
nutritional quality for immune defence of a
herbivore against parasitism. Oecologia 160:
299-308, 2009.

Carton Y, Poirie M, Nappi AJ. Insect immune
resistance to parasitoids. Insect Sci. 15: 67-87,
2008

Casagrande MM. Mielke OHH. Estagios imaturos
de Agrias claudina claudianus Staudinger
(Lepidoptera, Nymphalidae, Charaxinae). Rev.
Bras. Ent. 29: 139-142, 1985.

Castellanos |, Barbosa P. Evaluation of predation
risk by a caterpillar using substrate-borne
vibrations. Anim. Behav. 72: 461-469, 2006.

Castellanos |, Barbosa P, Zuria I, Tammaru T,
Cristman MC. Contact with caterpillar hairs
triggers predator-specific defensive responses.
Behav. Ecol. 22: 1020-1025, 2011.

Caveney S, McLean H, Surry D. Faecal firing in a
skipper caterpillar is pressure-driven. J. EXxp.
Biol. 201: 121-133, 1998.

Chambers JLE, Merenbaum MR, Zangerl AR.
Benefits of trenching behavior in the context of
an inducible defense. Chemoecology 17: 125-
130, 2007.

Clancy KM, Price PW. Rapid herbivore growth
enhances enemy attack-sublethal plant
defenes reamain a paradox. Ecology 68: 733-
737, 1987.

Clark BR, Faeth SH. The consequences of larval
aggregation in the butterfly Chlosyne lacinia.
Ecol. Ent. 22: 408-415, 1997.

Clarke AR, Zalucki MP. Foraging and vein-cutting
behaviour of Euploea core corinna (W. S.
Macleay) (Lepidoptera: Nymphalidae)
caterpillars feeding on latex-bearing leaves.
Austr. J. Ent. 39: 283-290, 2000.



Common IFB, Bellas TE. Regurgitation of host-
plant oil from a foregut diverticulum in the
larvae of Myrascia megalocentra and M.
bracteatella  (Lepidoptera:  Oecophoridae).
Austr. J. Ent. 16: 141-147, 1977.

Cornelius ML. Influence of -caterpillar feeding
damage on the foraging behavior of the paper
wasp, Mischocyttarus flavitarsis (Hymenoptera:
Vespidae). J. Insect Behav. 6: 771-781, 1993.

Cornell HV, Hawkins BA. Survival patterns and
mortality sources of herbivorous insects: some
demographic trends. Am. Nat. 145: 563-593,
1995.

Cornell JC, Stamp NE, Bowers MD. Developmental
change in aggregation, defense and escape
behavior of buckmoth caterpillars, Hemileuca
lucina (Saturniidae). Behav. Ecol. Sociobiol.
20: 383-388, 1987.

Cott HB. Adaptive coloration in animals. Methuen,
London, UK, 1940.

Cotter SC, Simpson SJ, Raubenheimer D, Wilson
K. Macronutrient balance mediates trade-offs
between immune function and life history traits.
Funct. Ecol. 25: 186-198, 2011.

Damman H. The osmaterial glands of the
swallowtail butterfly Eurytides marcellus as a
defense against natural enemies. Ecol. Ent. 11:
261-265, 1986.

Damman H. Leaf quality and enemy avoidance by
the larvae of a pyralid moth. Ecology 68: 88-97,
1987.

Danks HV. Factors determining levels of parasitism
by Winthemia rufopicta (Diptera: Tachinidae),
with particular references to Heliothis spp.
(Lepidoptera: Noctuidae) as hosts. Can. Ent.
107: 655-684, 1975.

Davis RH, Nahrsedt A. Linamarin and lotaustralin
as the source of cyanide in Zygaena
filipendulae L. (Lepidoptera). Comp. Biochem.
Physiol. 64B: 395-397, 1979.

Dayton PK. The importance of natural sciences to
conservation. Am. Nat. 162: 1-13, 2003.

Deml R, Dettner K. Comparative morphology and
secretion chemistry of the scoli in caterpillars of
Hyalophora cecropia. Naturwissenschaften 90:
460-463, 2003.

de Roode JC, Pedersen AB, Hunter MD, Altizer S.
Host plant species affects virulence in monarch
butterfly parasites. J. Anim. Ecol. 77: 120-126,
2008.

DeVries PJ. The butterflies of Costa Rica and their
natural history, Vol. I: Papilionidae, Pieridae,
Nymphalidae, Princeton University Press,
Princeton, New Jersey, USA, 1987.

DeVries PJ. The larval ant-organs of Thisbe irenea
(Lepidoptera: Riodinidae) and their effects
upon attending ants. Zool. J. Linn. Soc. 94:
379-393, 1988.

DeVries PJ. Enhancement of symbioses between
butterfly caterpillars and ants by vibrational
communication. Science 248: 1104-1106,
1990.

DeVries PJ. Call production by myrmecophilus
riodinid and lycaenid butterfly caterpillars
(Lepidoptera): morphological, acoustical,
functional, and evolutionary patterns. Am. Mus.
Novit. 3025: 1-23, 1991a.

27

DeVries PJ. Mutualism between Thisbe irenea
butterflies and ants, and the role of ant ecology
in the evolution of larval-ant associations. Biol.
J. Linn. Soc. 43: 179-195, 1991b.

DeVries PJ. Foam barriers, a new defense against
ants for milkweed butterfly caterpillars
(Nymphalidae: Danainae). J. Res. Lep. 30:
261-266, 1991c.

DeVries PJ. The butterflies of Costa Rica and their
natural history, Vol. Il: Riodinidae, Princeton
University Press, Princeton, New Jersey, USA,
1997.

DeVries PJ, Penz CM. Entomophagy, behavior,
and elongated thoracic legs in the
myrmecophilous neotropical butterfly Alesa
amesis (Riodinidae). Biotropica 32: 712-721,
2000.

Diamond SE, Kingsolver JG. Host plant quality,
selection history and trade-offs shape the
immune responses of Manduca sexta. Proc. R.
Soc. B 278: 289-297, 2011.

Djemai |, Casas J, Magal C. Parasitoid foraging
decisions mediated by artificial vibrations.
Anim. Behav. 67: 567-571, 2004.

Duffey SS. Sequestration of plant natural products
by insects. Ann. Rev. Ent. 25: 447-477, 1980.

Duffey SS, Bloem KA, Campbell BC.
Consequences of sequestration of plant natural
products in plant-insect-parasitoid interactions.
In:  Boethel DJ, Eikenbary RD. (eds),
Interactions of plant resistance and parasitoids
and predators of insects, John Wiley & Sons,
New York, New York, USA, pp 31-60, 1986.

Dussourd DE. Behavioral sabotage of plant
defense: do vein cuts and trenches reduce
insect exposure to exudates? J. Insect Behav.
12: 501-505, 1999.

Dussourd DE. 2009. Do canal-cutting behaviours
facilitate host-range expansion by insect
herbivores? Biol. J. Linn. Soc. 96: 715-731,
20009.

Dussourd DE, Denno RF. Host range of generalist
caterpillars: trenching permits feeding on plants
with secretory canals. Ecology 75: 69-78,
1994.

Dyer LA. Tasty generalists and nasty specialists? A
comparative study of antipredator mechanisms
in tropical lepidopteran larvae. Ecology 76:
1483-1496, 1995.

Dyer LA. Effectiveness of caterpillar defenses
against three species of invertebrate predators.
J. Res. Lep. 35: 1-16, 1997.

Dyer LA. In defense of caterpillars. Nat. Hist. 110:
42-47, 2001.

Dyer LA, Bowers MD. The importance of
sequestered iridoid glycosides as a defense
against an ant predator. J. Chem. Ecol. 22:
1527-1539, 1996.

Dyer LA, Floyd T. Determinants of predation on
phytophagous insects: the importance of diet
breadth. Oecologia 96: 575-582, 1993.

Dyer LA, Gentry G. Larval defensive mechanisms
as predictors of successful biological control.
Ecol. Appl. 9: 402-408, 1999.

Dyer LA, Letourneau DK, Dodson CD, Tobler MA,
Stireman JO I, Hsu A. Ecological causes and
consequences of variation in defensive



chemistry of a neotropical shrub. Ecology 85:
2795-2803, 2004.
Edmunds M. Defence
Harlow, UK, 1974.
Eisner T. Chemical defense against predation in
arthropods. In: Sondheimer E, Simeone, JB.
(eds), Chemical ecology, Academic Press,
New York, New York, USA, pp 157-217, 1970.
Eisner T, Eisner M, Siegler M. Secret weapons:
Defenses of insects, spiders, scorpions, and

in animals. Longman,

other many-legged creatures, Harvard
University Press, Harvard, Massachusetts,
USA, 2007.

Eisner T, Meinwald YC. 1965. Defensive secretions
of a caterpillar (Papilio). Science 150: 1733-
1735, 1965.

Eisner T, Nowicki S, Goetz M, Meinwald J. Red
cochineal dye (carminic acid): its role in nature.
Science 208: 1039-1042, 1980.

Elmes GW, Thomas JA, Wardlaw JC. 1991. Larvae
of Maculinea rebeli, a large-blue butterfly, and
their Myrmica host ants: wild adoption and
behaviour in ant-nests. J. Zool. Lond. 223: 447-
460, 1991.

Epstein ME, Smedley S, Eisner T. Sticky
integumental coating of a delacerid caterpillar:
a deterrent to ants. J. Lep. Soc. 48: 381-386,
1994.

Ehrlich PR, Raven PH. Butterflies and plants: a
study in coevolution. Evolution 18: 568-608,
1964.

Eubanks MD, Nesci KA, Petersen MK, Liu ZW,
Sanchez HB. The exploitation of an ant-
defended host plant by a shelter-building
herbivore. Oecologia 109, 454-460, 1997.

Evans DL, Schmidt JO (eds), Insect defenses,
SUNY Press, Albany, New York, USA, 1991.

Evans EW. Niche relations of predatory stinkbugs
(Podisus spp., Pentatomidae) attacking tent
caterpillars (Malacosoma americanum,
Lasiocampidae). Am. Midland Nat. 109: 316-
323, 1983.

Fiedler K. Systematic, evolutionary, and ecological
implications of myrmecophily within the
Lycaenidae (Insecta: Lepidoptera:
Papilionoidea). Bonn. Zool. Monogr. 31: 1-210,
1991.

Fiedler K, Holldobler B, Seufert P. Butterflies and
ants: the communicative domain. Experientia
52: 14-24, 1996.

Fitzgerald TD. The
University Press,
1995.

Fitzgerald TD, Clark KL. Analysis of leaf-rolling
behavior of Caloptillia serotinella (Lepidoptera:
Gracillariidae). J. Insect Behav. 7: 859-872,
1994.

Fitzgerald TD, Clark KL, Vanderpool R, Phillips C.
Leaf shelter-building caterpillars harness forces
generated by axial retraction of stretched and
wetted silk. J. Insect Behav. 4: 21-32, 1991.

Fitzgerald TD, Costa JT. Collective behavior in
social caterpillars. In: Detrain C, Deneubourg
JL, Pasteels JM (eds), Information processing
in social insects, Birkhauser Verlag Basel,
Switzerland, pp 379-397, 1999.

tent caterpillars, Cornell
Ithaca, New York, USA,

28

Fitzgerald TD, Willer DE. Tent building behavior of
the eastern tent caterpillar Malacosoma
americanum (Lepidoptera: Lasiocampidae). J.
Kansas Ent. Soc. 56: 20-31, 1983.

Foot NC. Pathology of the dermatitis caused by
Megalopyge opercularis a Texan caterpillar. J.
Exp. Med. 35: 737-753, 1922.

Fordyce JA, Agrawal AA. The role of plant
trichomes and caterpillar group size on growth
and defence of the pipevine swallowtail Battus
philenor. J. Anim. Ecol. 70: 997-1005, 2001.

Freitak D, Heckel DG, Vogel H. Bacterial feeding
induces changes in immune-related gene
expression and has trans-generational
impacts in the cabbage looper (Trichoplusia
ni). Front. Zool. 6: 7 doi:10.1186/1742-9994-
6-7, 2009.

Freitas AVL. An anti-predator behavior in larvae of
Libytheana carinenta (Nymphalidae,
Libytheinae). J. Lep. Soc. 53: 130-131, 1999.

Freitas AVL, Brown KS Jr, Aiello A. Biology of
Adelpha mythra feeding on Asteraceae, a
novel plant family for the neotropical
Limenitidinae (Nymphalidae), and new data on
Adelpha “species-group VII.” J. Lep. Soc. 54:
97-100, 2000.

Freitas AVL, Oliveira PS. Biology and behavior of
Eunica bechina (Lepidoptera: Nymphalidae)
with special reference to larval defense against
ant predation. J. Res. Lep. 31: 1-11, 1992.

Freitas AVL, Oliveira PS. Ants as selective agents
on herbivore biology: effects on the behaviour
of a non myrmecophilous butterfly. J. Anim.
Ecol. 65: 205-210, 1996.

Frowhawk  FW. 1892. Life  history  of
Carterocephalus palaemon. The Entomologist
25: 256, 1892.

Frowhawk FW. Faeces ejector of lepidopterous
larvae. The Entomologist 46: 200-202, 1913.

Futuyma DJ. Wherefore and wither the naturalist?
Am. Nat. 151: 1-6, 1998.

Gaston KJ, Reavey D, Valladares GR. Changes in
feeding habit as caterpillars grow. Ecol. Ent.
16: 339-344, 1991.

Gauld ID, Gaston KJ. The taste of enemy-free
space: parasitoids and nasty hosts. In:
Hawkins BA, Sheehan, W. (eds), Parasitoid
community ecology, Oxford University Press,
New York, New York, USA, pp 279-299, 1994.

Gauld ID, Bolton B. The Hymenoptera, Oxford
University Press, New York, New York, USA,
1991.

Gentry GL, Dyer LA. On the conditional, nature of
neotropical caterpillar defenses against their
natural enemies. Ecology 83: 3108-3119,
2002.

Gibbons W, Haynes R, Thomas JL. Poisonous
plant and venomous animals of Alabama and
adjoining states, University of Alabama Press,
Tuscaloosa, Alabama, USA, 1990.

Gillespie JP, Kanost MR, Trenczek T. Biological
mediators of insect immunity. Ann. Rev. Ent.
42: 611-643, 1997.

Godfray HCJ. Parasitoids: behavioral and
evolutionary ecology, Princeton University
Press, Princeton, New Jersey, USA, 1994.



Grant JB. Diversification of gut morphologies in
caterpillars is associated with defensive
behavior. J. Exp. Biol. 209: 3018-3024, 2006.

Grant JB. Ontogenetic color change and the
evolution of aposematism: a case study in
panic moth caterpillars. J. Anim. Ecol. 76: 439-
447, 2007.

Greene E. A diet-induced developmental
polymorphism in a caterpillar. Science 243:
643-646, 1989.

Greene HW. Systematics and natural history,
foundations for understanding and conserving
biodiversity. Am. Zool. 34: 48-56, 1994.

Greeney HF. A revised classification scheme for
larval hesperiid shelters, with comments on
shelter diversity in the Pyrginae. J. Res. Lep.
41: 53-59, 2009.

Greeney HF, DeVries PJ, Penz CM, Granizo-T RB,
Connahs H, Stireman JO llI, et al. The early
stages and natural history of Antirrhea adoptive
porphyrosticta (Watkins, 1928) in eastern
Ecuador (Lepidoptera: Nymphalidae:
Morphinae). J. Insect Sci. 9: article 26, 2009.

Greeney HF, Dyer LA, DeVries PJ, Walla TR,
Salazar-V L, Simbafia W, Salgaje L. Early
stages and natural history of Perisama oppelii
(Latreille, 1811) (Nymphalidae, Lepidoptera) in
eastern Ecuador. Kempffiana 6: 16-30, 2010a.

Greeney HF, Dyer LA, Pyrcz TW. First description
of the early stage biology of the genus
Mygona: the natural history of the satyrid
butterfly, Mygona irmina in eastern Ecuador. J.
Insect Sci. 11: article 1, 2010b.

Greeney HF, Gerardo, NM. Descriptions of the
immature stages and oviposition behavior of
Pyrrhogyra otolais (Nymphalidae). J. Lep. Soc.
54: 88-90, 2001.

Greeney HF, Jones M. Shelter building in the
Hesperiidae: a classification scheme for larval
shelters. J. Res. Lep. 37: 27-36, 2003.

Greeney HF, Pyrcz TW, Dyer LA, Sanchez-Z M,
Walla TR. The early stages and natural history
of Corades medeba Hewitson, 1850 in eastern
Ecuador (Lepidoptera, Nymphalidae,
Satyrinae, Pronophilina). Trop. Lep. 19: 10-15,
2010c.

Greeney HF, Walla TR, Lynch RL. Architectural
changes in larval leaf shelters of Noctuana
haematospila  (Lepidoptera: Hesperiidae)
between host plant species with different leaf
thicknesses. Zoologia 27: 65-69, 2010d.

Greeney HF, Warren AD. Natural history and
shelter building behavior of Noctuana
haematospila (Hesperiidae) in Ecuador. J. Lep.
Soc. 59: 6-9, 2004.

Greeney HF, Warren AD. The natural history and
shelter building behavior of Vettius coryna
coryna Hewitson, 1866 in eastern Ecuador
(Lepidoptera, Hesperiidae, Hesperiinae). J.
Insect Sci. 9: 28, 2009.

Greeney HF, Whitfield J, Stireman JO I, Penz CM,
Dyer LA. The natural history of Eryphanis
greeneyi (Lepidoptera, Nymphalidae) and its
enemies, with a description of a new species of
braconid parasitoid and notes on its tachinid
parasitoid. Ann. Ent. Soc. Am. 104: 1078-1090,
2011.

29

Grosman AH, Janssen A, de Brito EF, Cordeiro EG,
Colares F, Fonesca JO, et al. Parasitoid
increases survival of its pupae by inducing hosts
to fight predators. PLos ONE 3: 2276, 2008.

Gross P. Insect behavioral and morphological
defenses. Ann. Rev. Ent. 38: 251-273, 1993.

Gross P, Price PW. Plant influences on parasitism
of two leaf miners: a test of enemy-free space.
Ecology 69: 1506-1516, 1988.

Harborne  JB. Introduction  to  ecological
biochemistry, Academic Press, San Diego,
California, USA, 1988.

Harvey JA, Bezemer TM, Gols R, Nakamatsu Y,
Tanaka T. Comparing the physiological effects
and function of larval feeding in closely-related
endoparasitoids (Braconidae: Microgastrinae).
Physiol. Ent. 33: 217-225, 2008a.

Harvey JA, Kos M, Nakamatsu Y, Tanaka T, Dicke
M, Vet LEM, et al. Do parasitized caterpillars
protect their parasitoids from hyperparasitoids?
A test of the ‘usurpation hypothesis.” Anim.
Behav. 76: 701-708, 2008b.

Harvey JA, Tanaka T, Kruidhof M, Vet LEM, Gols
R. The ‘usurpation hypothesis’ revisited: dying
caterpillar repels attack from a hyperparasitoid
wasp. Anim. Behav. 81: 1281-1287, 2011.

Harvey JA, Van Nouhuys S, Biere A. Effects of
quantitative variation in allelochemicals in
Plantago lanceolata on development of a
generalist and a specialist herbivore and their
endoparasitoids. J. Chem. Ecol. 31: 287-302,
2005.

Haviola S, Kapari, L, Ossipov V, Rantala MJ,
Ruuhola T, Haukioja E. Foliar phenolics are
differently associated with Epirrita autumnata
growth and immunocompetence. J. Chem.
Ecol. 33: 1013-1023, 2007.

Hawkins BA. Pattern and process in host-parasitoid
interactions, Cambridge University Press, New
York, New York, USA, 1994.

Hawkins BA, Cornell HV, Hochberg ME. Predators,
parasitoids, and pathogens as mortality agents
in phytophagous insect populations. Ecology
78: 2145-2152, 1997.

Hawkins BA, Sheehan W. Parasitoid community
ecology, Oxford University Press, Oxford, UK,
1994.

Hays DB, Vinson SB. Acceptance of Heliothis
virescens (F.) as a host by the parasite
Cardiochiles nigriceps Viereck (Hymenoptera,
Braconidae). Anim. Behav. 19: 344-352, 1971.

Heads PA, Lawton JH. Bracken, ants and
extrafloral nectaries. Ill. How insect herbivores
avoid ant predation. Ecol. Ent. 10: 29-42, 1985.

Heinrich B. Foraging strategies of caterpillars: leaf
damage and possible predator avoidance
strategies. Oecologia 42: 325-337, 1979.

Heinz KM, Parella MP. Attack behavior and host
size selection by Diglyphus begini on Liriomyza
trifolii in chrysanthemum. Ent. Exp. Appl. 53:
147-56, 1989.

Hendersen A, Churchill SP, Luteyn JL. Neotropical
plant diversity. Nature 351: 21-22, 1991.

Henning SF. Chemical communication between
lycaenid larvae (Lepidoptera: Lycaenidae) and
ants (Hymenoptera: Formicidae). J. Ent. Soc.
S. Afr. 46: 341-366, 1983.



Herrebout WM. Some aspects of host selection in
Eucarcelia rutilla Vill. (Diptera: Tachinidae).
Neth. J. Zool. 19: 1-104, 1969.

Hespenheide HA. Introduction to the natural history
and interaction diversity of neotropical plant-
caterpillar-parasitoid systems. Ann. Ent. Soc.
Am. 104: 1029-1032, 2011.

Hogue CL. Protective function of sound perception
and gregariousness in Hylesia larvae
(Saturniidae: Hemileucinae). J. Lep. Soc. 26:
33-34, 1972.

Hogue CL. La viboruga: El extrafio insecto que se
parece a una vibora. Geomundo 6: 308-309,
1982.

Hopper KR. Preference, acceptance, and fitness
components of Microplitis croceipes
(Hymenoptera: Braconidae) attacking various
instars of Heliothis virescens (Lepidoptera:
Noctuidae). Environ. Ent. 15: 274-280, 1986.

Hunter AF. Gregariousness and repellent defences
in the survival of phytophagous insects. Oikos
91: 213-224, 2000.

Hunter MD, Wilmer PG. The potential for
interspecific ~ competition  between  two
abundant defoliators on oak: leaf damage and
habitat quality. Ecol. Ent. 14: 267-277, 1989.

Ibrahim AMA, Kim Y. Parasitsm by Cotesia
plutellae alters the hemocyte population and
immunological function of the diamondback
moth, Plutella xylostella. J. Insect Physiol. 52:
943-950, 2006.

Ide JY. 2004. Leaf trenching by indian red admiral
caterpillars  for feeding and  shelter
construction. Pop. Ecol. 46: 275-280, 2004.

Isman MB, Duffey SS. Pharmacokinetics of
chlorogenic acid and rutin in larvae of Heliothis
zea. J. Insect Physiol. 29: 295-300, 1983.

Iwao S, Wellington WG. The western tent
caterpillar: qualitative differences and the
action of natural enemies. Res. Pop. Ecol. 12:
81-99, 1970.

Janzen, DH. The deflowering of Central America.
Nat. Hist. 83: 49-53, 1974.

Janzen DH, Hallwachs W, Burns JM. A tropical
horde of counterfeit predator eyes. Proc. Nat.
Acad. Sci. USA 107: 11659-11665, 2010.

Johnson LK. Apiomerus pictipes. In: Janzen DH
(ed), Costa Rican natural history, University of
Chicago Press, Chicago, USA, pp 684-687,
1983.

Jones CG, Hess TA, Whitman DW, Silk PJ, Blum
MS. Effects of diet breadth on autogenous
chemical defense of a generalist grasshopper.
J. Chem. Ecol. 13: 383-399, 1987.

Jones DL, Miller JH. Pathology of the dermatitis
produced by the urticating caterpillar,
Automeris io. Arch. Dermatol. 79: 81-85, 1959.

Jones MT, Castellanos |, Weiss MR. Do leaf
shelters always protect caterpillars from
invertebrate predators? Ecol. Ent. 27: 753-757,
2002.

Kalka MB, Smith AR, Kalko EKV. Bats limit
arthropods and herbivory in a tropical forest.
Science 320: 71, 2008.

Karhu KJ, Neuvonen S. Wood ants and a
geometrid defoliator of birch: predation

30

outweighs beneficial effects through the host
plant. Oecologia 113: 509-516, 1998.

Kephart CF. The poison glands of the larvae of the
brown-tail moth (Euproctis chrysorrhoea Linn.)
J. Parasitol. 1: 95-103, 1914.

Klemola N, Klemola T, Rantala MJ, Ruuhola T.
Natural host-plant quality affects immune
defence of an insect herbivore. Ent. Exp. Appl.
123: 167-176, 2007.

Kodandaramalah U, Vallin A, Wiklund C. Fixed
eyespot display in a butterfly thwarts attacking
birds. Anim. Behav. 77: 1415-1419, 2009.

Kursar TA, Wolfe BT, Epps MJ, Coley PD. Food
quality, competition, and parasitism influence
feeding preference in a neotropical
lepidopteran. Ecology 87: 3058-3069, 2006.

Lampert EC, Dyer LA, Bowers MD. Caterpillar
chemical defense and parasitoid success:
Cotesia congregata parasitism of Ceratomia
catalpae. J. Chem. Ecol. 36: 992-998, 2010.

Lampert EC, Dyer LA, Bowers MD. Chemical
defense across three trophic levels: Catalpa
bignonioides, the caterpillar Ceratomia
catalpae, and its endoparasitoid Cotesia
congregata. J. Chem. Ecol. 37: 1063-1070,
2011.

Larsson S, Haggstrom HE, Denno RF. Preference
for protected feeding sites by larvae of the
willow-feeding leaf beetle Galerucella lineola.
Ecol. Ent. 22: 445-452, 1997.

Lavine MD, Beckage NE. Temporal pattern of
parasitism-induced immunosuppression in
Manduca sexta larvae parasitized by Cotesia
congregata. J. Insect Physiol. 42: 41-51, 1996.

Lavine MD, Strand MR. Insect hemocytes and their
role in immunity. Insect Biochem. Molec. Biol.
32:1295-1309, 2002.

Lawrence WS. The effects of group size and host
species on development and survivorship of a
gregarious caterpillar  Halisidota caryae
(Lepidoptera: Erebidae). Ecol. Ent. 15: 53-62,
1990.

Lee KP, Cory JS, Wilson K, Raubenheimer D,
Simpson SJ. Flexible diet choice offsets protein
costs of pathogen resistance in a caterpillar.
Proc. R. Soc. B 273: 823-829, 2006.

Lee KP, Simpson SJ, Wilson K. Dietary protein-
quality influences melanization and immune
function in an insect. Funct. Ecol. 22: 1052-
1061, 2008.

Lill JT, Marquis RJ. The effects of leaf quality on
herbivore performance and attack from natural
enemies. Oecologia 126: 418-428, 2001.

Lill JT, Marquis RJ. Ecosystem engineering by
caterpillars increases insect herbivore diversity
on white oak. Ecology 84: 682-690, 2003.

Lill JT, Marquis RJ. Microhabitat manipulation:
ecosystem engineering by shelter-building
insects. In: Cuddington K, Byers JE, Wilson
WG, Hasting A (eds), Ecosystem engineers:
plants to protests, Academic Press, Burlington,
Maryland, USA, 2007.

Lill JT, Marquis, RJ, Walker MA, Peterson L.
Ecological consequences of shelter sharing by
leaf-tying caterpillars. Ent. Exp. Appl. 124: 45-
53, 2007.



Lind EM, Jones MT, Long JD, Weiss MR.
Ontogenetic changes in leaf shelter
construction by larvae of Epargyreus clarus
(Hesperiidae), the silver-spotted skipper. J.
Lep. Soc. 54: 77-82, 2001.

Lindstedt C, Lindstrom M, Mappes J. Hairiness and
warning colours as components of antipredator
defence: additive or interactive benefits? Anim.
Behav. 75: 1703-1713, 2008.

Loader, C. Damman H. Nitrogen content of food
plants and vulnerabiligy of Pieris rapae to
natural enemies. Ecology 72: 1286-1290,
1991.

Loan CC. Observations on the biology of Centistes
excrucians Haliday (Hymenoptera:
Braconidae). Proc. Ent. Soc. Ontario 94: 56-61,
1964.

Loeffler CC. Host plant and habitat effects on
behavior, survival, and growth of early instar
Dichomeris leuconotella (Lepidoptera:
Gelechiidae), leaf-folders on goldenrods. J.
Res. Lep. 32: 53-74, 1993.

Loeffler CC. Adaptive trade-offs of leaf folding in
Dichomeris caterpillars on goldenrods. Ecol.
Ent. 21: 34-40, 1996.

Machado G, Freitas AVL. Larval defence against
ant predation in the butterfly Smyrna blomfildia.
Ecol. Ent. 26: 436-439, 2001.

Malicky H. New aspects of the association between
lycaenid larvae (Lycaenidae) and ants
(Formicidae, Hymenoptera). J. Lep. Soc. 24:
190-202, 1970.

Mallampalli N, Barbosa P, Weinges K. Effects of
condensed tannins and catalpol on growth and
development of Compsilura  concinnata
(Diptera: Tachinidae) reared in gypsy moth
(Lepidoptera: Lymantriidae). J. Ent. Sci. 31:
289-300, 1996.

Marti OG, Rogers CE. Anatomy of the ventral
eversible gland of Fall Armyworm, Spodoptera
frugiperda (Lepidoptera: Noctuidae), larvae.
Ann. Ent. Soc. Am. 81: 308-317, 1988.

Martin, WR Jr, Nordland DA, Nettles WC Jr.
Ovipositional behavior of the parasitoid
Palexorista laxa (Diptera: Tachinidae) on
Heliothis zea (Lepidoptera: Noctuidae) larvae.
J. Ent. Sci. 24: 460-464, 1989.

Massad TJ, Fincher RM, Smilanich AM, Dyer L. A
gquantitative evaluation of major plant defense
hypotheses, nature versus nurture, and
chemistry versus ants. Arthropod-Plant
Interact. 5: 125-139, 2011.

McClure M, Despland E. Defensive responses by a
social caterpillar are tailored to different
predators and change with larval instar and
group size. Naturwissenschaften 98: 425-434,
2011.

McFarland N. Portraits of sout Australian geometrid
moths, Published by Author, Sierra Vista,
Arizona, USA, 1988.

Mellini E. Importanza dell’eta dell’'uovo, al momento
della parassitizzazione, per la biologia delgi
Imenotteri oofagi. Boll. Ist. Di Entomol. Univ.
Studi Bologna 41: 1-21, 1987.

Montllor CB, Bernays EA. Invertebrate predators
and caterpillar foraging. In: Stamp, NE, Casey,
TM (eds), Caterpillars: Ecological and

31

evolutionary constraints on foraging, Chapman
& Hall, New York, New York, USA, pp 170-202,
1993.

Moraes AR, Greeney HF, Oliveira PS, Barbosa EP,
Freitas AVL. Morphology and behavior of the
early stages of the skipper Urbanus
esmeraldus on Urera baccifera, an ant-visited
host plant. J. Insect Sci. 12 [in press].

Moss M. Sphingidae of Para, Brazil. Nov. Zool.
(Tring) 17: 333-424, 1920.

Moss M. The species of Adelpha occurring at Para.
Proc. Ent. Soc. Lond. 1: 33-34, 1927.

Moss M. Some generalizations on Adelpha, a
Neotropical genus of nymphalid butterflies of
the group Limenitidi. Novit. Zool. (Tring) 39: 12-
20, 1933.

Murphy SM, Leahy SM, Wiliams LS, Lill JT.
Stinging spines protect slug caterpillars
(Limacodidae) from  multiple  generalist
predators. Behav. Ecol. 21: 153-160, 2010.

Muyshondt A. Notes on the life cycle and natural
history of butterflies of ElI Salvador. Il. Epiphile
adrasta adrasta (Nymphalidae-
Catonephelinae). J. NY Ent. Soc. 81: 214-223,
1973a.

Muyshondt A. Notes on the life cycle and natural
history of butterflies of El Salvador. Ill. Temenis
laothoe liberia (Nymphalidae-Catonephelinae).
J. NY Ent. Soc. 81: 224-233, 1973b.

Muyshondt A. Notes on the life cycle and natural
history of butterflies of El Salvador. IV.
Pseudonica flavilla canthara (Nymphalidae-
Catonephelinae). J. NY Ent. Soc. 81: 234-242,
1973c.

Muyshondt A. Notes on the life cycle and natural
history of butterflies of El Salvador. Ill. Anaea
(Consul) fabius (Nymphalidae). J. Lep. Soc.
28: 81-89, 1974.

Muyshondt A. Notes on the life cycle and natural
history of butterflies of ElI Salvador. VII.
Archaeoprepona demophon centralis
(Nymphalidae). J. Lep. Soc. 30: 23-32, 1976.

Myers JH, Campbell BJ. Indirect measures of larval
dispersal in the cinnabar moth, Tyria
jacobaeae (Lepidoptera: Erebidae). Can. Ent.
108: 967-972, 1976.

Myers JH, Smith JNM. Head flicking by tent
caterpillars: a defensive response to parasite
sounds. Can. J. Zool. 56: 1628-1631, 1978.

Nappi AJ, Christensen BM. Melanogenesis and
associated cytotoxic reactions: Applications to
insect innate immunity. Insect Biochem. Molec.
Biol. 35: 443-459, 2005.

Nishida R. Sequestration of defensive substances
from plants by Lepidoptera. Ann. Rev. Ent. 47:
57-92, 2002.

Noss RF. The naturalists are dying off. Conserv.
Biol. 10: 1-3, 1996.

Ode PJ. Plant chemistry and natural enemy
fitness: Effects on herbivore and natural
enemy interactions. Ann. Rev. Ent. 51: 163-
185, 2006.

Ode PJ, Berenbaum MR, Zangerl AR, Hardy ICW.

Host plant, host plant chemistry and the
polyembryonic parasitoid Copidosoma
sosares: indirect effects in a tritrophic

interaction. Oikos 104: 388-400, 2004.



Oliveira PS, Freitas AVL. Ant-plant-herbivore
interactions in the neotropical cerrado
savanna. Naturwissenschaften 91: 557-570,
2004.

Parry D, Spence JR, Volney WJA. Budbreak
phenology and natural enemies mediate
survivalof first-instar forest tent caterpillar
(Lepidoptera: Lasiocampidae). Environ. Ent.
27:1368-1374, 1998.

Pasteels JM, Grégoire J-C, Rowell-Rahier M. The
chemical ecology of defense in arthropods.
Ann. Rev. Ent. 28: 263-289, 1983.

Peterson SC, Johnson ND, LeGuyader JL.
Defensive regurgitation of allelochemicals
derived from host cyanogenesis by eastern
tent caterpillars. Ecology 68: 1268-1272, 1987.

Pierce NE, Braby MF, Heath A, Lohman DJ,
Mathew J, Rand, DB, et al. The ecology and
evolution of ant association in the Lycaenidae
(Lepidoptera). Ann. Rev. Ent. 47: 733-771,
2002.

Pierce NE, Easteal S. The selective advantage of
attendant ants for the larvae of a lycaenid
butterfly, Glaucopsyche lygdamus. J. Anim.
Ecol. 55: 451-462, 1986.

Pierce NE, Kitching RL, Buckley RC, Taylor MFJ,
Benbow KF. The costs and benefits of
cooperation between the Australian lycaenid
butterfly Jalmenus evagoras and its attendant
ants. Behav. Ecol. Sociobiol. 21: 237-248,
1987.

Potting RPJ, Vermeulen NE, Conlong DE. Active
defence of herbivorous hosts against
parasitism: adult parasitoid mortality risk
involved in attacking a concealed stem-boring
host. Ent. Exp. Appl. 91: 143-148, 1999.

Povey S, Cotter SC, Simpson SJ, Lee KP, Wilson
K. Can the protein costs of bacterial resistance
be offset by altered feeding behaviour? J.
Anim. Ecol. 78: 437-446, 2009.

Powell JA. A systematic monograph of new world
ethmiid moths (Lepidoptera: Gelechioidea).
Smiths. Cont. Zool. 120: 1-302, 1973.

Price PW, Bouton EE, Gross P, McPheron BA,
Thompson JN, Weiss AE. Interactions among
three trophic levels: influence of plants on
interactions between insect herbivores and
natural enemies. Ann. Rev. Ecol. Syst. 11: 41-
65, 1980.

Prop N. Protection against birds and parasites in
some species of tenthridinid larvae. Archiv.
Neerl. Zool. 13: 380-447, 1960.

Quicke DLJ. Parasitic wasps, Chapman & Hall,
London, UK, 1997.

Raveret-Richter M. Prey hunting and interactions
among social wasp (Hymenoptera: Vespidae)
foragers and responses of caterpillars to
hunting wasps, PhD dissertation, Cornell
University, Ithaca, New York, USA, 1988.

Ravert-Richter M. Social wasp (Hymenoptera:
Vespidae) foraging behavior. Ann. Rev. Ent.
45: 121-150, 2000.

Rayor LS, Mooney LJ, Renwic JAA. Predatory
behavior of Polistes dominulus wasps in
response to cardenolides and glucosinolates in
Pieris napi caterpillars. J. Chem. Ecol. 33:
1177-1185, 2007.

32

Reader T, Hochuli DF. Understanding
gregariousness in a larval lepidopteran: the
roles of host plant, predation, and

microclimate. Ecol. Ent. 28: 729-737, 2003.

Rhainds M, Eveleigh E, Francis B, Silk P. Factors
affecting oral regurgitation by larval spruce
budworm. Ent. Exp. Appl. 140: 254-261,
2011.

Riddell C, Adams S, Schmid-Hempel P, Mallon EB.
Differential expression of immune defences is
associated  with  specific  host-parasite
interactions in insects. Plos One 4: 10 DOI:
€762110.1371/journal.pone.0007621, 2009.

Remmel T, Davison J, Tammaru T. Quantifying
predation on folivorous insect larvae: the
perspective of life-history evolution. Biol. J.
Linn. Soc. 104: 1-18, 2011.

Reudler JH, Biere A, Harvey JA, Van Nouhuys S.
Differential performance of a specialist and two
generalist herbivores and their parasitoids on
Plantago lanceolata. J. Chem. Ecol. 37: 765-
778, 2011.

Rossini C, Hoebeke ER, lyengar VK, Conner WE,
Eisner M, Eisner T. Alkaloid content of
parasitoids reared from pupae of an alkaloid-
sequestering Erebid moth (Utetheisa ornatrix).
Ent. News 111: 287-290, 2000.

Rota J, Wagner, DL. Wormholes, sensory nets, and
hypertrophied tactile setae: the extraordinary
defense strategies of Brenthia caterpillars.
Anim. Behav. 76: 1709-1713, 2008.

Rotheray GE. Host searching and oviposition
behavior of some parasitoids of
aphidophagous Syrphidae. Ecol. Ent. 6: 79-87,
1981.

Rothschild M, Aplin RT, Cockrum PA, Edgar JA,
Fairweather P, Lees R. Pyrrolizidine alkaloids
in Erebid moths (Lep.) with a discussion on
host plant relationships and the role of these
secondary plant substances in the Erebidae.
Bio. J. Linn. Soc. 12: 305-326, 1979.

Ruxton GD, Sherrat TN. Aggregation, defense and
warning signals: the evolutionary relationship.
Proc. Royal Soc. Lond. B 273: 2417-2424,
2006.

Sagers CL. Manipulation of host plant quality:
herbivores keep leaves in the dark. Funct.
Ecol. 6: 741-743, 1992.

Salazar BA, Whitman DW. Defensive tactics of
caterpillars against predators and parasitoids.
In: Ananthakrishnan TN (ed), Insect and plant
defense dynamics. New Hampshire Science
Publisher, Enfield, USA, pp 161-207, 2001.

Salt G. Experimental studies in insect parasitism.
VI. Host suitability. Bull. Ent. Res. 29: 223-246,
1938.

Salt G. Resistance of insect parasitoids to defense
reactions of their hosts. Biol. Rev. Cambridge
Phil. Soc. 43: 200, 1968.

Sandre SL, Tammaru T, Mand T. Size-dependent
colouration in larvae of Orgyia antiqua
(Lepidoptera:  Lymantriidae): a trade-off
between warning effect and detectability? Eur.
J. Ent. 104: 745-752, 2007.

Schmidt GT. Host-acceptance behavior of
Campoletis sonorensis toward Heliothis zea.
Ann. Ent. Soc. Am. 67: 835-844, 1974.



Schulze P. Die Nakengabel der
Papilionidenraupen. Zool. Jarb. Anat. Ontogen.
Tiere 32: 181-244, 1911.

Scoble MJ. The Lepidoptera: Form, function and
diversity, Oxford University Press, Oxford, UK,
1995.

Sheehan W. Host range patterns of hymenopteran
parasitoids of exophytic lepidopteran folivores.
In: Bernays EA. (ed), Insect-plant interactions,
Vol. 3, CRC Press, Boca Raton, Alabama,
USA, pp 209-248, 1991.

Shikano |, Ericsson JD, Cory JS, Myers JH. Indirect
plant-mediated effects on insect immunity and
disease resistance in a tritrophic system. Basic
Appl. Ecol. 11: 15-22, 2010.

Shirota Y. Protective function of eyespots in
caterpillars. Jpn. J. Ent. 48: 1-5, 1980.

Sillén-Tullberg B. Evolution of gregariousness in
aposematic butterfly larvae: a phylogenetic
approach. Evolution 42: 293-305, 1988.

Sime K. Chemical defence of Battus philenor larvae
against attack by the parasitoid Trogus
pennator. Ecol. Ent. 27: 337-345, 2002.

Singer MS, Carriere Y, Theuring C, Hartmann T.
Disentangling food quality from resistance
against parasitoids: Diet choice by a generalist
caterpillar. Am. Nat. 164: 423-429, 2004.

Singer MS, Stireman JO Ill. Does anti-parasitoid
defense explain host-plant selection by a
polyphagous caterpillar? Oikos 100: 554-562,
2003.

Smedley SR, Ehrhard E, Eisner T. Defensive
regurgitation by a noctuid moth larva
(Litoprosopus futilis). Psyche 100: 209-222,
1993.

Smilanich AM, Dyer LA, Gentry GL. The insect
immune response and other putative defenses
as effective predictors of parasitism. Ecol. 90:
1434-1440, 2009a.

Smilanich AM, Dyer LA, Chambers JQ, Bowers
MD. Immunological cost of chemical defence
and the evolution of herbivore diet breadth.
Ecol. Lett. 12: 612-621, 2009b.

Srygley RB, Lorch PD, Simpson SJ, Sword GA.
Immediate protein dietary effects on movement
and the generalised immunocompetence of
migrating Mormon crickets Anabrus simplex
(Orthoptera: Tettigoniidae). Ecol. Ent. 34: 663-
668, 2009.

Stamp NE. Behavioral interactions of parasitoids
and Baltimore Checkerspot caterpillars
(Euphydryas phaeton). Environ. Ent. 11: 100-
104, 1982.

Stamp NE. Interactions of parasitoids and
checkerspot caterpillars Euphydryas spp.
(Nymphalidae). J. Res. Lep. 23: 2-18., 1984.

Stamp NE, Bowers MD. Parasitism of New England
buckmoth caterpillars (Hemileuca lucina:
Saturniidae) by tachinid flies. J. Lep. Soc. 44:
199-200, 1990.

Stamp NE, Bowers MD. Consequences for plantain
chemistry and growth when herbivores are
attacked by predators. Ecology 77: 535-549,
1996.

Stamp NE, Wilkens RT. On the cryptic side of life:
being unapparent to enemies and the
consequences for foraging and growth of

33

caterpillars. In: Stamp NE, Casey TM (eds),
Caterpillars:  ecological and evolutionary
constraints on foraging, Chapman & Hall Inc,
New York, New York, USA, pp 283-330, 1993.

Stehr FW. Immature insects. Kendall-Hunt,
Dubuque, lowa, USA, 1987.

Stevens M, Hopkins E, Hinde W, Adcock A,
Connolly Y, et al. Field experiments on the
effectiveness of “eyespots” as predator
deterrents. Anim. Behav. 74: 1215-1227, 2007.

Stevens M, Hardman CJ, Stubbins CL.
Conspicuousness, not eye mimicry, makes
“eyespots” effective antipredator signals.
Behav. Ecol. 19: 525-531, 2008.

Stireman JO Ill, O’Hara, JE, Wood, DM.
Tachinidae: evolution, behavior, and ecology.
Ann. Rev. Ent. 51: 525-555, 2006.

Stireman JO |lll, Singer, MS. Determinants of
parasitoid-host associations: insights from a
natural  tachinid-lepidopteran ~ community.
Ecology 84: 296-310, 2003.

Strand, MR. The insect cellular immune response.
Insect Sci. 15: 1-14, 2008.

Strand MR. The interactions between polydnavirus-
carrying parasitoids and their lepidopteran
hosts. In: Goldsmith MR, Marec F (eds),
Molecular Biology and Genetics of the
Lepidoptera. CRC Press, Boca Raton, Florida,
USA, pp 321-336, 2009.

Sugiura S, Yamazaki K. The role of silk threads as
lifelines  for  caterpillars:  pattern  and
significance of life line climbing behaviour.
Ecol. Ent. 31: 52-57, 2006.

Suomi J, Siren H, Wiedmer SK, Riekkola ML.
Isolation of aucubin and catalpol from Melitaea
cinxia larvae and quantification by micellar
electrokinetic capillary chromatography. Anal.
Chim. Acta 429: 91-99, 2001.

Tanaka S, Ohsaki N. Behavioral manipulation of
host caterpillars by the primary parasitoid
Cotesia glomerata (L.) to construct defensive
webs against hyperparasitism. Ecol. Res. 21:
570-577, 2006.

Tanaka S, Ohsaki N. Does manipulation by the
parasitoid wasp Cotesia glomerata (L.) cause
attachment behavior of host caterpillars on
cocoon clusters? Ethology 115: 781-789, 2009.

Tautz J, Markl H. Caterpillars detect flying wasps by
hairs sensitive to airborne vibration. Behav.
Ecol. Sociobiol. 4: 101-110, 1978.

Theodoratus DH, Bowers MD. Effects of
sequestered iridoid glycosides on prey choice
of the prairie wolf spider, Lycosa carolinensis.
J. Chem. Ecol. 25: 283-295, 1999.

Thomas TJ. The butterflies of West Virginia and
their caterpillars, University of Pittsburgh
Press, Pittsburgh, Pennsylvania, USA, 1997.

Tobias VI. A review of the calssification, phylogeny
and evolution of the family Braconidae
(Hymenoptera). Ent. Rev. 46: 387-399, 1967.

Travasos MA, Pierce NE. Acoustics, context and
function of vibrational signaling in a lycaenid
butterfly-ant mutualism. Anim. Behav. 60: 13-
26, 2000.

Tullberg BS, Hunter AF. Evolution of larval
gregariousness in relation to repellent
defences and warning coloration in tree-



feeding Macrolepidoptera: a phylogenetic
analysis based on independent contrasts. Biol.
J. Linn. Soc. 57: 253-276, 1996.

Turlings TCJ, Benrey B. Effects of plant metabolites
on the behavior and development of parasitic
wasps. Ecoscience 5: 321-333, 1998.

Valle JR, Picarelli ZP, Prado JL. Histamine content
and pharmacological properties of crude
extracts from setae of urticating caterpillars.
Arch. Intern. Pharmacodynamie 98: 324-334,
1954.

Wagner, D. Species-specific effects of tending ants
on the development of lycaenid butterfly larvae.
Oecologia 96: 276-281, 1993.

Wagner D. Caterpillars of eastern North America: a
guide to identification and natural history,
Princeton University Press, Princeton, New
Jersey, USA, 2005.

Wagner D. The immature stages: structure,
function, behavior, and ecology. In: Connor WE
(ed), Tiger moths and woolly bears: behavior,
ecology, and evolution of the Erebidae, Oxford
University Press, New York, New York, USA,
pp 31-53, 2009.

Wagner D, del Rio CM. Experimental tests of the
mechanism for ant-enhanced growth in an ant-
attended lycaenid butterfly. Oecologia 112:
424-429, 1997.

Walla TR, Greeney HF. Under cover of darkness,
caterpillars take flight: The immature stages
and feeding ecology of Oleria baizana in
eastern Ecuador. J. Insect Sci. 12 [in press].

Weatherstone J, Percy JE, MacDonald LM,
MacDonald JA. Morphology of the prothoracic
defensive gland of Schizura concinna (J.E.
Smith) (Lepidoptera: Notodontidae) and the
nature of its secretion. J. Chem. Ecol. 5: 165-
177, 1979.

Weiss MR. Good housekeeping: why do shelter-
dwelling caterpillars fling their frass? Ecol.
Letters 6: 361-370, 2003.

Weiss MR. Defecation behavior and ecology of
insects. Ann. Rev. Ent. 51: 635-661, 2006.
Weiss MR, Lind EM, Jones MT, Long DJ, Maupin
JL. Uniformity of leaf shelter construction by
larvae of Epargyreus clarus (Hesperiidae), the

Silver-spotted Skipper. J. Insect Behav. 16:
465-480, 2003.

Weiss MR, Wilson EE, Castellanos |. Predatory
wasps learn to overcome the shelter defences of
their larval prey. Anim. Behav. 68: 45-54, 2004.

Williams IR. Slow-growth, high-mortality- a general
hypothesis, or is it? Ecol. Ent. 24: 490-495,
1999.

Willmott, KR. The genus Adelpha: its systematic,
biology and biogeography, Scientific
Publishers, Gainesville, Florida, USA, 2003.

Wirtz RA. Allergic and toxic reactions to non-stinging
arthropods. Ann. Rev. Ent. 29: 47-69, 1984.

Witz BW. Antipredator mechanisms in arthropods: a
twenty year literature survey. Florida Ent. 73:
71-99, 1990.

Yang S, Ruuhola T, Haviola S, Rantala MJ. 2008.
Effects of host plant shift on immune and other
key life history traits of an eruptive Geometrid,
Epirrita autumnata (Borkhausen). Ecol. Ent. 33:
510-516, 2008.

Yeargan KV, Braman SK. Life history of the
parasite  Diolcogaster facetosa (Weed)
(Hymenoptera: Braconidae) and its behavioral
adaptation to the defensive response of a
lepidopteran host. Ann. Ent. Soc. Am. 79:
1029-1033, 1986.

Yeargan KV, Braman SK. Life history of the
hyperparasitoid Mesochorus discitergus
(Hymenoptera: Ichneumonidae) and tactics
used to overcome the defensive behavior of
the green cloverworm (Lepidoptera:
Noctuidae). Ann. Ent. Soc. Am. 82: 393-398,
1989.

Zalucki MP, Brower LP, Alonso-M A. Detrimental
effects of latex and cardiac glycosides on the
survival and growth of first instar monarch
butterfly larvae Danaus plexippus feeding on
the sandhill milkweed Asclepias humistrata.
Ecol. Ent. 26: 212-224, 2001.

Zalucki MP, Clarke AR, Malcolm SB. Ecology and
behavior of first instar larval Lepidoptera. Ann.
Rev. Ent. 47: 361-393, 2002.

Zvereva EL, Rank NE. Host plant effects on
parasitoid attack on the leaf beetle Chrysomela
lapponica. Oecologia 135: 258-267, 2003.



