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Does anti-parasitoid defense explain host-plant selection by a
polyphagous caterpillar?
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While studies of tri-trophic interactions have uncovered a variety of mechanisms
influencing the dietary specialization of insect herbivores, such studies have neglected
host-plant selection by generalists. Here, we report an initial investigation on how
host-plant quality and a tachinid parasitoid interact to affect the survival and
host-plant selection by a polyphagous herbivore. This herbivore, Grammia geneura
(Strecker) (Lepidoptera: Arctiidae), is a food-mixing caterpillar that feeds preferen-
tially on forbs. A previous study suggested that G. geneura might eat certain host
species for reasons other than benefits of physiological utilization. We hypothesized
that host-plant mediated defenses could act against parasitoids, the major mortality
agents of late instar G. geneura. Field observations indicated that caterpillars
sometimes survived an attack by the parasitoid Exorista mella Walker (Diptera:
Tachinidae) in nature. Laboratory experiments showed that the survival of para-
sitized caterpillars increased on acceptable but nutritionally inferior host-plant spe-
cies, indicating that anti-parasitoid defense may explain host-plant selection in this
dietary generalist. We found no indication that host-plant selection changed accord-
ing to the parasitism status of individual caterpillars.

M. S. Singer, Interdisciplinary Program in Insect Science, Uni�. of Arizona, Tucson,
AZ 85721, USA (msinger@email.arizona.edu). – J. O. Stireman III, Dept of Ecology
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Host-plant selection by phytophagous insects creates
patterns of herbivory (Crawley 1983), with important
implications for insect abundance, distribution, com-
munity structure (Strong et al. 1984), and macroevo-
lution (Farrell et al. 1992, Becerra 1997).
Consequently, the ecological interactions shaping tac-
tics of host-plant selection have received considerable
attention (Jaenike 1990, Bernays and Chapman 1994,
Abrahamson and Weis 1997, Dicke 2000). Recent
studies seeking to understand the causes of host selec-
tion by insect herbivores have increasingly considered
complex interactions among three or more trophic
levels (Gratton and Welter 1999, Hare and Morgan
2000, De Moraes et al. 2001). For the most part,
such tri-trophic studies have offered explanation for
the dietary specificity that is predominant among in-

sect herbivores (Smiley 1978, Barbosa 1988, Bernays
1988, Gross and Price 1988, Bernays and Cornelius
1989, Dyer and Floyd 1993, Dyer 1995, Camara
1997) by invoking the concept of enemy-free space
(Jeffries and Lawton 1984, Stamp 2001).

In contrast, attempts to explain host-plant selection
by polyphagous insect herbivores have generally ne-
glected the tri-trophic approach. Despite some early
suggestions of tri-trophic interactions involving
polyphagous caterpillars (Rothschild et al. 1979) and
grasshoppers (Bernays et al. 1977), there has been
limited experimental progress in following such leads
(caterpillars: Karban and English-Loeb 1997,
grasshoppers: Sword 1999, 2001, Sword et al. 2000).
This has restricted the development of theory and
empirical tests of the ecological determinants of
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polyphagous foraging tactics. It also limits general
understanding of the evolutionary ecology of diet
breadth as a continuum from monophagy to extreme
polyphagy. To date, determinants of host-plant selec-
tion by generalists have been primarily considered
from a bi-trophic viewpoint (e.g. herbivore–plant in-
teractions; Bernays and Bright 1993, Bernays and
Minkenberg 1997, Hägele and Rowell-Rahier 1999,
Tikkanen et al. 2000, Singer 2001). Such work has
tended to view the fitness costs and benefits of host-
plant selection by herbivores without explicitly consid-
ering the importance of carnivores.

In this study, we use a tri-trophic approach to ex-
plain host-plant selection by the highly polyphagous,
woolly bear caterpillar, Grammia geneura (Strecker)
(Lepidoptera: Arctiidae). Previous work on this insect
indicated that physiological benefits (i.e. increased
herbivore performance) did not sufficiently explain the
host-plant selection by individual G. geneura caterpil-
lars (Singer 2001). Here we explicitly examine how a
tri-trophic interaction between plants, caterpillars, and
parasitoids may explain the caterpillar’s habit of eat-
ing host-plant species that reduce growth performance
(e.g. Ambrosia confertiflora).

We hypothesized that caterpillars gain defensive
benefits by eating such nutritionally inferior plant
species via increased survival following parasitoid at-
tack. Several studies have found negative effects of a
herbivore’s host-plant chemistry on its parasitoids
(Campbell and Duffey 1979, Barbosa et al. 1986,
1991, Havill and Raffa 2000, Sime 2002). However,
most do not relate these effects to herbivore survival
and feeding behavior. A study of another poly-
phagous arctiid caterpillar, Platyprepia �irginalis,
showed that parasitized caterpillars increased their
survival by feeding preferentially on poison hemlock
(Karban and English-Loeb 1997). This frequently re-
sulted in the unusual circumstance of mutual survival
of caterpillars and parasitoids. Here, we also investi-
gate the possibility that host-plant mediated defense
against parasitoids influences host-plant selection by
caterpillars. However, our system differs in that suc-
cessful development of parasitoid larvae inside cater-
pillars (i.e. one or more parasitoids emerge from the
host) appears to always kill the caterpillar. We mea-
sured the host-plant use and survival of parasitized G.
geneura late instars collected from nature. In labora-
tory experiments, we measured the host-plant prefer-
ence and performance of unparasitized late instars,
and the survival of parasitized late instars reared on
host-plant species previously shown to differentially
affect caterpillar performance (Singer 2001). We
present evidence that caterpillars gain defensive
benefits by eating certain host-plant species, and ar-
gue that such tri-trophic interactions may explain
host-plant selection by this polyphagous herbivore.

Methods

Study system

Grammia geneura is an extremely polyphagous, forb-
feeding moth, inhabiting arid grasslands in the south-
western USA and northern Mexico (Singer 2000). In
southeastern Arizona, G. geneura uses dozens of taxo-
nomically disparate host-plant species, but prefers
forbs over grasses and woody plants (Singer and
Stireman 2001). Individual caterpillars are poly-
phagous, commonly feeding on 5–10 forb species in a
single day, and preferentially initiate feeding and take
longer feeding bouts on certain forb species (e.g.
Plantago spp.; Singer and Stireman 2001). In south-
eastern Arizona, G. geneura typically undergoes 2
generations per year, with larvae present in spring
and summer.

During both seasons, late instar G. geneura larvae
may experience high rates of parasitism (Stireman
and Singer 2002). In early to mid-spring, Exorista
mella Walker (Diptera: Tachinidae) is often the domi-
nant parasitoid attacking late instars of G. geneura in
southeastern Arizona (Stireman and Singer 2002). It
is a polyphagous endoparasitoid (Adam and Watson
1971) that ranges over the entire United States and
southern Canada (Sabrosky and Arnaud 1965). Fe-
males oviposit single, hard-shelled (macrotype) eggs
onto the external cuticle of caterpillars. Viable eggs
hatch within 48–72 h (Adam 1968). Unmated females
of this species also readily oviposit inviable eggs on
hosts (M. Singer and J. Stireman, pers. obs.). Larval
development lasts an average of 10 days in E. mella
reared in cultured G. geneura at 28°C. In G. geneura,
successful development of E. mella (i.e. maggot
emerges from the host) is always lethal to the cater-
pillar under laboratory conditions (M. Singer and J.
Stireman, pers. obs.).

Field observations

To assess parasitism rates in nature, we collected
samples of G. geneura late instar larvae at 10 field
sites in southeastern Arizona over a 4-year period
(1996–1999) (more details in Stireman and Singer
2002). Samples considered here (N=46) were those
with �20 caterpillars (range=21–127). Samples were
immediately taken to the laboratory, where we in-
spected each insect, noted any signs of parasitism
(cuticular abnormalities, tachinid fly eggs), then
transferred caterpillars to plastic cups in which they
were reared individually on a synthetic wheat germ-
based diet (Yamamoto 1969) in a growth chamber
(28°C, 16 L:8 D). We followed the status of each
insect to determine its survival to the pupal and adult
stages. When caterpillars or pupae died, the para-
sitoids that emerged were collected and preserved for
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identification. In total, we obtained 13 species of pri-
mary endoparasitoids, nine of which were tachinid flies
(Stireman and Singer 2002).

The generalist tachinid E. mella was one of 3 ‘‘core’’
parasitoid species responsible for the majority of cater-
pillar mortality (Stireman and Singer 2002). Exorista
mella also deposited most of the visible, macrotype eggs
attached to the cuticle of late instar caterpillars. By
considering the number of its eggs on each host in
relation to the number of adult flies that eventually
eclosed from each host, we assessed E. mella survival in
G. geneura. To avoid possible effects of interspecific
parasitoid competition in this analysis, we included
only caterpillars with E. mella eggs that produced E.
mella adults exclusively (multiple parasitoid species
emerged in some cases) or no parasitoids at all.

Because there was considerable survival of field-col-
lected caterpillars with E. mella eggs (see results), we
sought a connection between survival of parasitized
caterpillars and host-plant use (tested in laboratory
experiments described below). To determine if host use
differed between parasitized and unparasitized caterpil-
lars in nature, we analyzed the proportion of para-
sitized and unparasitized caterpillars that were feeding
on Plantago patagonica versus all other host-plant spe-
cies at the time of collection. This analysis was focused
on P. patagonica because the laboratory experimental
results in this study identified it as a putatively defen-
sive host (see results), and because there were enough
feeding records on this preferred host-plant species to
perform the analysis. A previous study indicates that
this population-level analysis of host use truly reflects
host preference of individual caterpillars when host-
plant abundance is accounted for (Singer and Stireman
2001). In this analysis, host-plant abundance is the
same for parasitized and unparasitized caterpillars from
the same sample. We restricted our analysis to samples
of caterpillars that included �20 total feeding records
(many collected caterpillars were locomoting or immo-
bile rather than feeding), resulting in the use of 4
samples (Oracle 1997, N=43; Redington Pass 1997,
N=26; Ash Creek 1998, N=71; Redington Pass 1998,
N=145). We used a logistic regression (likelihood ratio
tests, JMP version 4, SAS Institute 2000) with the
number of caterpillars in each sample feeding on P.
patagonica versus other host-plant species as the re-
sponse variable. The two explanatory variables were: 1)
the sample, and 2) whether or not the caterpillar was
parasitized. This latter explanatory variable was based
on the assumption that caterpillars were parasitized at
the time of collection if parasitoids subsequently
emerged from them, or if they had any tachinid fly eggs
on the cuticle. In two cases, a caterpillar with a single
E. mella egg was collected while feeding, but survived
to adulthood in the laboratory.

Laboratory experiments

We conducted laboratory experiments to determine
how host-plant selection by G. geneura might relate to
its ability to survive parasitism by E. mella in nature
(see results of field observations). We specifically hy-
pothesized that the caterpillars use noxious, nutrition-
ally suboptimal, host-plant species as a defense against
parasitoids.

Host-plants

We fed G. geneura three species of host-plants in the
experiments of this study: Mal�a par�iflora (Mal-
vaceae), Ambrosia confertiflora (Asteraceae), and Plan-
tago insularis (Plantaginaceae). We chose these plants
because they are taxonomically disparate and represent
plant taxa readily eaten by G. geneura in nature (Singer
2000). Previous experiments showed significant perfor-
mance differences among G. geneura larvae reared on
these species (Singer 2001). We clipped sprigs or up-
rooted entire plants growing near the University of
Arizona campus, placed them in plastic bags, and
transported them immediately to the laboratory. Plants
were collected every other day, and refrigerated in
sealed, plastic bags until used in experiments.

Caterpillars

Experimental larvae of G. geneura came from a labora-
tory culture maintained on a wheat germ-based syn-
thetic diet (Yamamoto 1969). Survival on this diet is
typically �90% (Singer 2000). Culture insects were
third or fourth generation offspring of stock collected
from natural populations in southeastern Arizona. Cul-
ture caterpillars were contained singly or in small
groups (2 or 3) in plastic cups, and fed every other day.
A walk-in growth chamber held at 28:25°C, 16 L:8 D
housed the culture.

Parasitoids

We obtained the adults of E. mella used in experiments
here from a laboratory culture maintained on the G.
geneura culture. The female flies used in experiments
were between 2nd and 6th generation offspring of stock
reared from natural populations of G. geneura and
Estigmene acrea (Lepidoptera: Arctiidae) in southeast-
ern Arizona. The fly culture was caged in several ter-
raria (32×41×26 cm, 43×62×33 cm) containing
separate petri dishes with sugar, water, and a yeast
extract that served as food for the adults. The terraria
were kept at room temperature (ca 25°C+radiant
heat), against a partly shaded, south-facing window
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that provided direct sunlight and a natural
photoperiod.

Parasitism protocol

We controlled parasitism of caterpillars in the following
way. One-day-old final instar caterpillars in different
dietary treatments were selected in random order to
receive a single parasitoid egg from a single female fly.
We chose flies based on their apparent readiness to
oviposit on caterpillars from the culture. The fly and
the experimental caterpillar were placed in a separate
terrarium (19×14.5×12 cm) containing sugar and wa-
ter. After the fly oviposited, the caterpillar was re-
moved, checked for a single egg, and placed back in its
experimental container. This process was repeated se-
quentially, until the same fly parasitized caterpillars in
all the treatment groups of the replicate. In both exper-
iments, more than one female fly was used to parasitize
the entire set of replicates (Table 1). In experiment 2
only, 9 of 19 Mal�a and 10 of 20 Ambrosia caterpillars
(see parasitized treatments below) received parasitoid
eggs in a less controlled way because parasitoid eggs
were becoming more limited. These caterpillars were
placed in a terrarium with multiple E. mella adults and
allowed to receive 1–3 eggs from 1 or more female flies
(the exact number of female flies was not recorded).
This change in protocol was intended to maximize the
chance of experimental caterpillars receiving at least
one viable fly egg because flies were relatively few in
number and reaching a stage when viable egg produc-
tion was reduced (Adam and Watson 1971).

Experiment 1. Influence of diet on sur�i�al of parasitized
caterpillars
Caterpillars taken from the culture were placed individ-
ually in clear, cylindrical containers (15 cm diam.×6
cm high). Each cage had 3 sprigs of a single host-plant
species, placed singly in water-filled, cotton-stoppered
glass vials. We assigned freshly molted penultimate
instars to 4 dietary treatments: Mal�a (N=13), Am-
brosia (N=13), Plantago (N=9), and synthetic diet
(same as used for the culture, N=9). After completing

the penultimate stadium on the experimental diet (ca 5
d in duration), freshly molted final instars were para-
sitized in the laboratory (as described above) and
placed back on the experimental diet for the duration
of larval life. Except during the process of parasitism,
caterpillars (and pupae) were kept at 28:25°C, 16 L:
8 D. We recorded the number of moths that eclosed as
the number of surviving G. geneura.

Experiment 2. Host-plant preference of unparasitized
caterpillars and performance of parasitized and unpara-
sitized caterpillars
In this experiment, we investigated the performance
consequences of host-plant selection for both para-
sitized and unparasitized caterpilllars. First, we ob-
served the feeding responses of unparasitized final
instars (N=23) offered a choice of Mal�a and Am-
brosia. Prior to observations, freshly molted final in-
stars were transferred from wheat germ-based, synthetic
diet to containers with both host-plant species. Unlike
experiment 1, caterpillars used throughout this experi-
ment were reared communally (up to 10 per box) for
the final stadium in plastic shoeboxes (30×16.5×8
cm). Every other day, we supplied boxes with enough
fresh sprigs of host-plants for caterpillars to feed ad
libitum. Temperature and photoperiod were the same
as in experiment 1. At the start of each of the three
observation sessions, we removed 5–7 day-old final
instars from the communal boxes and placed them
individually in cages supplied with fresh sprigs of both
host-plant species (choice test) at 25°C. The sessions
involved continuous monitoring of 7–9 insects, and
were variable in duration: 46 min, 129 min, and 116
min, respectively.

To assess host-plant preference, we compared the
probability of initiating feeding and the average feeding
bout duration on Mal�a versus Ambrosia. These two
parameters were previously found to predict patterns of
host-plant use by G. geneura caterpillars in nature
(Singer and Stireman 2001). The probability of initiat-
ing feeding was calculated as the ratio of the total
number of feeding events to the total number of en-
counters with each plant species for each insect. These
ratios were arcsin-square root transformed, and visual
inspection of the data indicated that the homogeneity
of variances did not violate the assumption of normal-
ity. We used a t-test to compare the mean transformed
values of each plant species averaged across individual
insects. The average feeding bout duration on each
host-plant was calculated as the mean of the median
feeding bout durations from individual insects. These
data also appeared to meet assumptions of normality.
We used a t-test to compare the means between plant
species.

To determine the performance of unparasitized cater-
pillars fed either Mal�a or Ambrosia during the final
stadium, we measured the fresh pupal mass of unpara-

Table 1. Individual E. mella females used to parasitize G.
geneura in experiments 1 and 2. An additional female fly as
well as previously used flies parasitized the additional repli-
cates of Mal�a- and Ambrosia confertiflora-fed caterpillars in
experiment 1.

Experiment Diet N flies N caterpillars

6 91 Control
137Mal�a1

Plantago1 96
Ambrosia1 7 13
Mal�a �3 192

20�3Ambrosia2
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sitized insects in each treatment on the second day after
pupal ecdysis. The rearing protocol was identical to
that described above. Pupae were sexed to separately
analyze male and female pupal mass. Previous work
showed female pupal mass to vary more significantly
than that of males in relation to diet (Singer 2001).
Those data also revealed a strong positive relationship
between the fresh and dry mass of individual pupae
reared on Mal�a (R2=0.93) and Ambrosia (R2=0.94),
justifying our use of fresh mass here. We measured
pupal mass in this experiment rather than refer to the
previous study’s results because larvae here were
switched from synthetic diet to host-plants as late in-
stars, whereas insects in the previous study were reared
entirely on host-plants.

To evaluate performance in relation to parasitism, we
compared the survival of both unparasitized and para-
sitized caterpillars reared on either Mal�a or Ambrosia.
Freshly molted, penultimate instars from the culture
were divided into parasitized (P) and unparasitized (U)
treatment groups, then further divided into 2 dietary
treatment groups: Mal�a (M) and Ambrosia (A). Cater-
pillars were subjected to parasitism on the first day
after molting to the final stadium, then immediately
transferred to a dietary treatment group. We compared
the number of eclosed G. geneura moths across the 4
treatments: PM (N=19), PA (N=20), UM (N=18),
UA (N=17). In this experiment, the ‘‘unparasitized’’
caterpillars received fly eggs in the same way as did
parasitized insects, but these eggs were not viable (i.e.
sham control). We determined the viability of an egg in
relation to the female fly that laid it. Those female flies
that oviposited on culture caterpillars and never pro-
duced offspring were deemed to be laying inviable eggs
(probably because they were unmated), and used to
parasitize the control insects in this experiment. The
protocol differed from that of experiment 1 in that
caterpillars were switched from the synthetic diet to
their experimental host-plant only after fly oviposition.
Therefore, any dietary effects on survival would result
from interactions occurring after egg deposition.

Results

Field observations

The percentage of parasitized caterpillars in each sam-
ple varied widely (Fig. 1), with an overall median of
8.46%. The median percentage of parasitized caterpil-
lars in the subset of samples including Exorista mella
(N=17) was higher (10.61%, range=1.39–80.49%). In
the subset of caterpillars with visible E. mella eggs, an
individual caterpillar usually had a single egg, and
rarely more than 2 (Fig. 2A). In the complete set of
field-collected caterpillars, a single E. mella fly typically

Fig. 1. Histogram of the percentage of parasitized G. geneura
caterpillars among 46 samples (N�20 caterpillars) collected at
10 field sites in southeastern Arizona over 4 years (1996–99).
The upper limit of each bin (10% intervals) is denoted by an
x-axis value.

emerged from a single host (Fig. 2B). Flies emerged
from caterpillars with a single E. mella egg 75% of the
time, meaning that caterpillars survived with a fre-

Fig. 2. Histogram of the number of E. mella (Tachinidae) eggs
attached to caterpillars for the subset of caterpillars with
visible eggs (A, N=82 caterpillars), and adults that emerged
from individual caterpillars collected in nature for the com-
plete set of caterpillars parasitized by E. mella (B, N=116
caterpillars).
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Table 2. Logistic regression using the likelihood ratio test to
determine if host use differed between parasitized and unpara-
sitized caterpillars in nature. The response variable is the
proportion of parasitized and unparasitized caterpillars that
were feeding on P. patagonica versus all other host-plant
species in each of 4 samples at the time of collection.

Source of variation Pdf �2

Sample 3 10.9011 0.0123
Parasitized 1 0.79960.0645
Sample×Parasitized 0.95313 0.3361

Experiment 2

As a group, caterpillars offered Mal�a and Ambrosia
did not prefer one species over the other. However,
individual insects varied in response: 10 caterpillars
ate both plant species, 7 ate only Mal�a, and 6 ate
only Ambrosia. Seventeen of the 23 insects encoun-
tered both plant species. The number of insects that
spent the majority of feeding time on one host-plant
or the other did not differ from the null expectation
of 1:1 (�2=1.57, df=1, P�0.2). The mean probabil-
ities of initiating feeding on Mal�a and Ambrosia
were not different (0.77, SEM=0.086 and 0.66,
SEM=0.086, respectively; t= −0.776, df=38, P=
0.44). Average feeding bout durations were not statis-
tically different between host-plant species
(t= −1.63, df=31, P=0.11) but there was a trend
of longer bouts on Mal�a (236.88 s, SEM=38.57)
relative to Ambrosia (125.72 s, SEM=39.76).

Despite the similar acceptability of the two plant
species, the suitability for caterpillar growth of Mal�a
was superior to that of Ambrosia. Female pupal mass
of unparasitized insects differed significantly across di-
ets, although the pupal mass of unparasitized males
did not (Table 3). Mean pupal mass was 80% greater
for females fed Mal�a (0.63 g, SEM=0.052) than
those fed Ambrosia (0.35 g, SEM=0.036). The differ-
ence in female pupal mass probably reflects a differ-
ence in fecundity (Singer 2001).

Survival of parasitized caterpillars followed the pat-
tern observed in experiment 1 (Fig. 4). Fifty-three
percent (53%) of parasitized caterpillars offered Mal�a
survived, while 80% of those offered Ambrosia sur-
vived. The survival of unparasitized caterpillars was
similar in each dietary treatment, 90 and 89% for
Mal�a and Ambrosia, respectively. When fed Mal�a,
survival of parasitized caterpillars decreased relative
to unparasitized ones (�2=27.38, df=1, P�0.01).
However, when fed Ambrosia, survival did not differ
among parasitized and unparasitized caterpillars
(�2=2.22, df=1, P�0.05).

quency of 25% (N=44 caterpillars, in 2 cases cater-
pillars with a single egg died without parasitoid emer-
gence). Caterpillars with 2 E. mella eggs survived only
rarely (4%), but 2 flies emerged from each of such
caterpillars with a frequency of only 54% (N=24
caterpillars). Thus, one of the 2 flies did not develop
successfully nearly half of the time.

Our analysis of host-plant use by field-collected
caterpillars revealed no difference between parasitized
and unparasitized caterpillars in the likelihood of
feeding on P. patagonica versus other host-plant spe-
cies (Table 2). There was, however, a significant sam-
ple effect, indicating that the use of P. patagonica by
caterpillars in nature varied among samples. This dif-
ference was probably due to variation in the abun-
dance of P. patagonica among sampling occasions
(Singer and Stireman 2001).

Experiment 1

Caterpillar survival differed significantly across diets
(Fig. 3, G-test, �2=9.87, df=3, P�0.025). Survival
of parasitized caterpillars was relatively high in the
Plantago (67%) and Ambrosia (69%) treatments, and
relatively low in the Mal�a (15%) and synthetic diet
(33%) treatments.

Fig. 3. Survivorship of parasitized caterpillars reared on a
wheat germ-based synthetic diet (labelled as control), Mal�a
par�iflora, Ambrosia confertiflora, or Plantago insularis as final
instars. Survival differed across diet treatments (G-test, �2=
9.87, df=3, P�0.025).

Table 3. Analysis of variance of male and female pupal mass
of unparasitized caterpillars in experiment 2. Females that ate
M. par�iflora were larger than females that ate A. confertiflora
as final instars.

Source of variation df SS F

Diet 1 0.098 11.69**
Sex 1 0.022 2.58 NS

5.67*0.0471Diet×Sex
Error 11 0.092

** P�0.01, * P�0.05, NS=not significant.
Adjusted R2=0.60.
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Fig. 4. Survivorship of unparasitized and parasitized caterpil-
lars reared on Mal�a par�iflora or Ambrosia confertiflora as
final instars. Survival on Mal�a par�iflora differed between
parasitized and unparasitized treatments (�2=27.38, df=1,
P�0.01), while survival on Ambrosia confertiflora showed no
effect of parasitism (�2=2.22, df=1, P�0.05).

host-plant selection. Because there were no unpara-
sitized controls in experiment 1, survival differences
might be explained either by a host-plant mediated
interaction between caterpillars and larval parasitoids
(tri-trophic interaction), or by host-plant quality alone
(bi-trophic interaction). The latter possibility is un-
likely, however, because rearing G. geneura on the
synthetic diet or Mal�a normally results in superior
survival (Singer 2000). Experiment 2 of this study con-
firms the contrast in survival of parasitized caterpillars
observed for Mal�a- and Ambrosia-fed final instars. In
this experiment, the survival differences of parasitized
caterpillars cannot be explained by host-plant effects
alone because unparasitized insects did not differ in
survival according to diet. Surviving moths were repro-
ductively viable (Singer 2000). Taken together, these
data argue that a tri-trophic interaction determined the
survival of parasitized caterpillars in both experiments,
indicating that both A. confertiflora and P. insularis
provide defensive benefits for G. geneura. This result
could explain caterpillars’ decisions to feed on nutri-
tionally inferior plant species, such as Ambrosia, even
when a nutritionally superior host, such as Mal�a, was
available. It could also explain their strong preference
for species of Plantago, observed in nature (Singer and
Stireman 2001) and the laboratory (Singer 2001). Fur-
ther study is needed to determine how nutritional and
defensive benefits would play out in mixed-species diets
typical of G. geneura.

Field and laboratory data addressing host-plant pref-
erence do not support the hypothesis that caterpillars
adaptively change their host-plant preference when par-
asitized. The use of Plantago by caterpillars in nature
did not vary according to their parasitism status, indi-
cating that parasitized caterpillars do not increase their
preference for Plantago. Similarly, the equal acceptabil-
ity of Mal�a and Ambrosia to unparasitized caterpillars
would not be expected if G. geneura could adaptively
fine-tune host-plant selection according to parasitism
status. Rather, caterpillars given a choice of the two
plants would be expected to strongly prefer Mal�a, and
eat a nutritionally inferior, defensive host such as Am-
brosia only when they are parasitized.

Many of the plant species frequently eaten by G.
geneura in nature (listed in Singer and Stireman 2001)
contain classes of secondary metabolites that are gener-
ally deterrent or toxic to generalist herbivores and
carnivores (Harborne et al. 1996). Some of these sec-
ondary metabolites include iridoid glycosides (Plantago
spp.), sesquiterpenoid lactones (A. confertiflora, other
Asteraceae), alkaloids (species of Boraginaceae, Fa-
baceae, Asteraceae). In contrast to Plantago and Am-
brosia, Mal�a is not reported to have noxious
secondary metabolites in its leaves, although Mal�a
does contain proteins with antifungal activity (Wang
and Bunkers 2000, Wang et al. 2001). Interestingly, the
iridoid glycoside, catalpol (a major iridoid in Plantago
spp.), used for defense by other lepidopterans (Bowers

Discussion

Field observations show that parasitism is a consider-
able risk to G. geneura caterpillars in nature. A large
proportion of samples (35%) had parasitism rates
higher than 15%. Although half of the samples had
parasitism rates less than 10%, these samples may typi-
cally underestimate true parasitism rates because most
of these collections were made early in the season. In
removing caterpillars from the field we entirely removed
their risk of further parasitism, which typically in-
creased at season’s end when all caterpillars are final
instars (Stireman and Singer 2002). In addition, mortal-
ity from parasitoids that emerge from young caterpil-
lars would be overlooked by our method of collecting
late instars.

However, field-collected G. geneura caterpillars with
E. mella eggs sometimes survived to adulthood. Com-
petition among fly larvae is unlikely to completely
explain the failure of eggs to result in flies because 25%
of caterpillars with only a single egg (i.e. likely to
contain only a single parasitoid) survived to adulthood.
The decrease in fly survival in hosts with 2 eggs (48%)
may have resulted in part from antagonistic interac-
tions between fly larvae (i.e. intra-specific competition
for resources). The possibility that such a high propor-
tion of eggs was simply inviable (e.g. unfertilized) seems
remote because survival of caterpillars with eggs oc-
curred at several sites in different years. The ability to
mount some kind of defense against this generalist
parasitoid is an alternative explanation for the survival
of parasitized G. geneura caterpillars in nature.

Results of the laboratory experiments show that the
consumption of certain host-plants can provide defen-
sive benefits. Relatively high survival of parasitized
caterpillars reared on Plantago and Ambrosia, and low
survival on the synthetic diet and Mal�a provide evi-
dence for a tri-trophic interaction that may influence
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1993, Camara 1997) and sequestered by at least one
other arctiid species (Stamp and Bowers 1997) is a
potent phagostimulant for G. geneura (Bernays et al.
2000).

Secondary metabolites ingested by caterpillars may
be passively or actively sequestered in body tissues
(Bowers 1993), particularly in arctiid caterpillars
(Weller et al. 1999), allowing their contact with endo-
parasitoids. The pattern of survival in experiment 2
(when caterpillars were switched to test plants after
parasitism) shows that the plant-mediated defense
against E. mella can act after parasitoid oviposition
occurs. Because early larval stages of tachinids are
generally thought to ingest the hemolymph of their host
before establishing a permanent feeding site (Ferar
1987, Mellini 1990) and secondary metabolites of host-
plants may be present in a caterpillar’s hemolymph
(Duffey 1980, Weller et al. 1999), the young maggots
may be most susceptible to effects of the host’s diet.
Although it seems unlikely, we cannot presently rule
out the possibility that the observed tri-trophic effect of
host-plants is mediated by primary nutrients rather
than secondary metabolites. The mechanism involved
here requires further study.

The present study also suggests the need to more
closely consider how defensive benefits of host-plant
selection (i.e. pharmacophagy) influence the foraging
tactics of polyphagous insect herbivores. One possible
strategy, ‘‘constitutive pharmacophagy,’’ is to routinely
ingest a variety of defensive host-plants as a safeguard
against the risk of parasitism (supported by this study).
The behavior and chemical ecology of the aposematic
grasshopper, Taeniopoda eques, is consistent with this
strategy as well (Whitman 1988, Bernays et al. 1992).
Another possible strategy is switching to defensive host-
plants only after becoming parasitized. This ‘‘induced
pharmacophagy’’ is known to occur in another arctiid-
tachinid interaction (Karban and English-Loeb 1997).
In that study, the presence of larval parasitoids changes
caterpillar feeding preference.

To conclude, this study points to the possibility that
tri-trophic interactions may explain host-plant selection
by dietary generalist as well as specialist herbivores.
The physiological explanations offered for host-plant
selection via a bi-trophic approach (plant-herbivore
interactions) have received limited support (Bernays
and Graham 1988, Dicke 2000, Singer 2001). We do
not suggest that nutritional physiology is unimportant,
but rather that consideration of such interactions alone
severely limits the explanation of host-plant selection by
phytophagous insects. Complex interactions among
three or more trophic levels appear to be important
(Dicke 2000, Stamp 2001), and their outcomes cannot
necessarily be reduced to those of interactions between
two trophic levels alone.
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