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COMMUNITY-WIDE IMPACTS OF HERBIVORE-INDUCED PLANT

RESPONSES IN MILKWEED (ASCLEPIAS SYRIACA)

PETER A. VAN ZANDT? AND ANURAG A. AGRAWAL
Department of Botany, University of Toronto, 25 Willcocks Sreet, Toronto, Ontario, Canada M5S 3B2

Abstract. The effects of early-season herbivory and subsequent induced plant responses
have the potential to affect the diversity of herbivorousinsect communities. We investigated
the seasonal development of the herbivore fauna on common milkweed (Asclepias syriaca)
to understand the effect of early-season herbivory by different species on insect growth,
natural colonization, and community composition. First, we showed that damage by an
early-season stem-feeding weevil (Rhyssomatus lineaticollis) reduced growth of monarch
larvae (Danaus plexippus) and leaf beetle larvae (Labidomera clivicollis), suggesting that
plant quality is reduced by weevil damage. To better understand the potential for initial
herbivore damage to affect subsequent colonization by herbivoresin the field, we compared
undamaged controlsto plants experimentally damaged with one of three herbivores: weevils,
monarchs, or leaf beetles. We counted seven species of naturally colonizing herbivores on
al plants for the next two months to assess colonization, damage, and insect community
richness. Our results showed that initial herbivory by different species altered host plant
use by herbivores in two years of experiments. Similarly, induced resistance and suscep-
tibility occurred in both years, but due to different initial damaging species on individual
plants. Treatment effects also scaled up to alter herbivore community richness. Initial
treatments varied in their persistence through the season. For example, in 2001, theinfluence
of initial monarch damage dissipated due to subsequent damage by colonizing herbivores,
but the impacts of initial weevil treatment were unaffected. This result suggests that, al-
though induced responsesto weevil feeding persisted through the season, monarch herbivory
was more likely to affect the herbivore community via a cascade of indirect effects. In
2002, plant and insect responses were more specific, depending on the identity of both
initial and colonizing herbivore species. Despite year-to-year variation, considerable con-
sistency in many responses to our treatments indicates that the identity of the initially
colonizing herbivore can affect subsequent plant use and community structure. Given the
preponderance of influential early-season herbivores, the effects of induced plant responses
similar to those presented here may be widespread and may strongly contribute to the
structure of phytophagous insect communities.

Key words:  Asclepias syriaca; competition; generalized estimating equations; indirect effects;
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mediated indirect interactions.

INTRODUCTION

The composition and structure of herbivorous insect
communities can be altered by numerous factors (Kar-
ban 1989, Hunter and Price 1992), including bottom-
up (Forkner and Hunter 2000, Denno et al. 2002), top-
down (Beckerman et al. 1997, Schmitz et al. 2000),
and mutualistic (Wimp and Whitham 2001) interac-
tions. Although there has been considerabl e debate over
the relative importance of interspecific competition
(Hairston et al. 1960, Lawton and Strong 1981, Karban
1986), such ‘“‘lateral’” effects can be a magjor factor
affecting populations and communities of phytopha-
gous insects. For example, a review by Denno et al.
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(1995) suggested that interspecific competition may not
only be more common than previously believed, but
may also be arelatively important factor in structuring
herbivorous insect communities.

Induced plant responses to herbivory are defined
broadly as any modification in the plant following dam-
age, and these include changes in plant quality due to
production of toxic or antinutritive compounds, protein
or nutritional constituents, leaf toughness, or thorns,
spines, or trichomes (Karban and Baldwin 1997).
Therefore, induced plant responses provide mecha-
nisms whereby herbivores may compete, either through
decreasing the nutritional quality of the plant or by
inducing resistance traits (Harrison and Karban 1986,
Denno et al. 1995). Induced plant responses may result
in competitive interactions more often when the oc-
currence of two insect species on a host plant are tem-
porally separated (West 1985, Faeth 1986, Karban
1986, Hunter 1987, Denno et al. 1995, 2000, Gonzal ez-
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Megias and Gobmez 2003). Because a large mgjority of
temperate insects exhibit distinct seasonal peaks, with
their maximum abundance occurring within a narrow
time period (Wolda 1988), there is great potential for
early-season herbivoresto impact the suitability of host
plants for later season species.

The evidence for induced plant responses affecting
the preference and performance of subsequent herbi-
vores is accumulating (see previous references, and
Haukioja 1980, Karban 1989, Karban and Baldwin
1997, Tscharntke 1999, Denno et al. 2000, Cronin et
al. 2001, Wise and Weinberg 2002, Riihimaki et al.
2003). Initial herbivory can affect herbivore commu-
nities either through the induction of plant responses
(e.g., production of antiherbivore compounds, attrac-
tion of natural enemies, or reduction in foliar quality),
or through exploitative competition via plant tissue re-
moval (Denno et al. 1995, Hudson and Stiling 1997),
and each of these mechanisms may involve several eco-
logical pathways. For example, initial effects may be
direct, as with resource exploitation (Hudson and Stil-
ing 1997), or they may be indirect, occurring through
interactions with multiple species (Strauss 1991). They
may affect the performance (West 1985, Harrison and
Karban 1986, Denno et al. 2000), preference (Faeth
1986, Cronin and Abrahamson 2001), or abundance
(Hunter 1987, Hudson and Stiling 1997, Thaler et al.
2001) of single or multiple species, and these changes
may also translate to alterations in insect community
structure such asdiversity (Tscharntke 1999, Gonzal ez-
Megias and Goémez 2003).

Plant-mediated interactions between herbivorousin-
sects may also be quite specific, with herbivore species
causing different responses in host plants and respond-
ing to these changes in dissimilar ways (Stout et al.
1998, Agrawal 2000, Agrawal and Karban 2000, Traw
and Dawson 2002, Van Zandt and Agrawal 2004). If
herbivore-induced plant responses differentially affect
subsequently attacking insects on a host plant, then the
potential exists for induced responses to affect the re-
sultant herbivore populations and communities (Kar-
ban and Baldwin 1997, Underwood and Rausher 2002).
While few studies have addressed whether induced
plant responses can alter phytophagous insect com-
munity structure, to our knowledge none have consid-
ered the role of specificity in plant and herbivore re-
sponses in affecting phytophagous insect communities.

The main objective of this study was to examine the
role of plant responses to different types of early-sea-
son herbivory in affecting subsequent herbivore com-
munities. Using a series of field experiments conducted
over two years, we tested the hypothesis that early-
season herbivory by different herbivores can distinctly
affect host plant use by and distribution of individual
herbivores, and that these alterations can furthermore
alter the community of herbivores on host plants. We
test this hypothesis by initially damaging milkweed
plants with one of three different herbivores, then fol-
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lowing these plants throughout the season. Our goal
was to examine whether they differed in the resultant
herbivore usage patterns measured as herbivore per-
formance, natural abundance, amount of herbivory, and
herbivore species richness per plant.

METHODS
Natural history

The common milkweed (Asclepias syriaca) is a na-
tive weedy perennial that occurs throughout eastern
North America in open and disturbed habitats such as
roadsides, pastures, and old fields (Uva et al. 1997).
Milkweeds possess several putative resistance traits,
most notably cardenolides of varying polarity and ef-
fectiveness against both specialist and generalist her-
bivores (Malcolm and Zalucki 1996, Zalucki et al.
2001). Milkweeds received their common name be-
cause they exude a sticky, white latex following dam-
age that, in addition to containing high concentrations
of cardenolides, serves as a physical barrier to herbi-
vores (Zalucki et al. 2001). Milkweed plants exhibit
changes in cardenolide content, latex production, and
induced resistance following damage by herbivores,
and these responses vary according to the identity of
the initial herbivore (Van Zandt and Agrawal 2004; A.
A. Agrawal, unpublished data).

There are ~12 species of herbivores that consume
A. syriacain eastern North America (Seiber et al. 1986,
Malcolm et al. 1989), nearly all of which are specialists
on Asclepias spp. Damage by each of these herbivores
is characteristic of the species, due to their different
mandibular structures, modes of feeding, and means of
circumventing the plant’s defensive latex production
(Dussourd 1993). In southern Ontario, 10 herbivore
species are most commonly observed on milkweed
plants (see Plate 1). Of these, monarchs (Danaus plex-
ippus), milkweed leaf beetles (Labidomera clivicollis),
and milkweed tiger moths (Euchaetias egle) are foli-
vores. Longhorn milkweed beetles (Tetraopes tetro-
phthalmus) and weevils (Rhyssomatus lineaticollis) are
folivorous as adults, but larvae feed on rhizomes (Mat-
ter 2001) and within the pith of stems (Fordyce and
Malcolm 2000), respectively. Milkweed |eafminers
(Liriomyza asclepiadis) feed by consuming tissue be-
tween epidermal leaf layers, while small milkweed
bugs (Lygaeus kalmii) consume developing seeds, and
three aphids (Aphis nerii, A. asclepiadis, and Myzo-
callis asclepiadis) feed on phloem sap. Weevils are
active earliest in the season (beginning in May), but
they continue to oviposit on plants until July. Mon-
archs, milkweed beetles, and leaf beetles follow wee-
vils phenologically, and peak in abundance in late July
(P A. Van Zandt and A. A. Agrawal, personal obser-
vations). The other herbivores are most abundant in the
fall.



PLAaTE 1. The milkweed herbivores most commonly en-
countered in this study included (clockwise, from upper left)
aphids (Aphis nerii), leafminers (Liriomyza asclepiadis), wee-
vils (Rhyssomatus lineaticollis), milkweed leaf beetles (La-
bidomera clivicallis), monarchs (Danaus plexippus), longhorn
milkweed beetles (Tetraopes tetrophthal mus), and small milk-
weed bugs (Lygeaus kalmii). Photo credits: A. A. Agrawal
and P A. Van Zandt.

Individual responses: performance of three
herbivores on weevil-damaged plants

Because weevils are the earliest herbivores of milk-
weed at our study location, and because they can have
strong impacts on plant survival (Agrawal and Van
Zandt 2003), we conducted an experiment to determine
if initial damage by weevils substantially reduced the
quality of milkweed plants for three species of later
season herbivores. This experiment was carried out in
three fields: one field of 120 transplanted milkweed
plants and two naturally occurring plots of established
plants. The planted plot consisted of 4-mo-old plants
grown from seed and transplanted to atilled field, while
the other two plots utilized 60 undamaged, naturally
growing stems each. All plants were enclosed in spun
polyester bags (Rockingham Opportunities Corpora-
tion, Reidsville, North Carolina, USA) to impose the
weevil damage treatment, exclude naturally colonizing
herbivores, and enclose herbivores employed to bio-
assay plant quality.

To impose the herbivory treatment, we collected
adult weevils from field populations and randomly as-
signed them to half of the plants in each of the three
plots. Two adult weevils were introduced to each plant,
were allowed to feed and oviposit for four days, and
were then removed. It is difficult to determine gender
of this species in the field; therefore we added an ad-
ditional two adults if the original pair had not ovipos-
ited after five days. These densities are within the nat-
ural range for weevils at this site and season, and this
treatment resulted in comparable levels of oviposition
scarring to that in nature (see Results). Female weevils
oviposit within plant stems, and the length of ovipo-
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sition scarsis areliable predictor of the number of eggs
laid per stem (n = 155, r = 0.88, P < 0.001; Agrawal
and Van Zandt 2003). Therefore, we measured the
length of oviposition scars on weevil-damaged plants
as an index of the extent of larval weevil damage. We
allowed four weeks for weevil eggs to hatch and for
larvae to begin feeding within plant stems, and then
assayed equal numbers of plantsin all plots with either
two leaf beetle larvae, one monarch larva, or two adult
aphids (A. nerii). For the insect bioassays, we used
larvae from maintained colonies, and all bioassays
were conducted with neonates that had not fed prior to
being placed on experimental plants. For each plant,
insects were placed on the undamaged apical leaves
and were allowed to move and feed freely on the plant.
After four days on treated plants, aphids were enu-
merated, and beetle and monarch larvae were then re-
moved, dried at 60°C, and weighed to the nearest mi-
crogram on a Mettler-Toledo UMT-2 balance (Hights-
town, New Jersey, USA). Thus, we had a total of six
treatments (damaged or undamaged plants assayed with
larval leaf beetles, larval monarchs, or aphids), with n
= 40-42 per treatment. Herbivores that could not be
located were assumed to be dead.

Insect survival and biomass (leaf beetles and mon-
archs), or population size (aphids) were used as indi-
cators of plant quality. We log-transformed larval mass
and aphid number and analyzed them with ANOVA
(SAS PROC GLM; SAS 2001) with treatment (weevil
damage) asthe main effect and plot as ablocking factor.
Nonsignificant interactions were excluded from the fi-
nal model. Separate correlational analyses were con-
ducted to assess the effect of the amount of oviposition
damage by weevils on the performance of the three
species. Insect survival was analyzed with chi-square
tests (SAS PROC FREQ; SAS 2001).

Herbivore population and community responses

To test for the effects of initial herbivory on the
development of the subsequent herbivore community,
we established experimentsin six distinct plots of milk-
weed plants over two seasons. Treatments on plotswere
not maintained across years, as aboveground structures
die back in the fall. One of the first year’s plots (Hill)
consisted of 85 plants that had been transplanted from
seed, while the other two plotsin 2001 (L og and House)
and the three studied in 2002 (Rock Ridge, South Road,
and Dump) were stems in natural stands of milkweed
plants. At each plot we randomly selected ~80 undam-
aged stems (except for the House plot, which had 60
undamaged stems), then randomly assigned these stems
to be controls (no damage) or to receive damage by
one of three herbivores: two adult weevils, one mon-
arch larva (third to fifth instar) or four to six leaf beetle
larvae. Different numbers of damagers were used per
species to approximate the range of natural damage
imposed by these insects on field plants. The two fo-
livore treatments, beetles and monarchs, resulted in



September 2004

large differences in treatment herbivory (number of
leaves consumed; 2001, monarchs, 3.45 = 0.37; leaf
beetle, 0.69 = 0.37; 2002, monarchs, 5.25 = 0.25; |eaf
beetle, 1.50 = 0.25; mean = 1 sE).

At all plots except Hill, we selected an additional 20
stems that had natural weevil oviposition damage to
compare the consequences of our manipulative weevil
treatment to the natural pattern in the field. As de-
scribed previously, we measured the length of ovipo-
sition scars. We enclosed all plants except those nat-
urally damaged by weevils in spun polyester bags to
contain experimental herbivores and exclude unwanted
herbivores. We removed bags and damaging herbivores
from each plant as soon as all treatmentswereimposed.
In 2001, plants were sampled every week from 1 Au-
gust to 12 September, and in 2002 from 10 July to 27
August. This difference between years resulted in a
greater number of early-season census periodsin 2002,
but an equal number of total censuses as the previous
year (n = 7). Surveys were ended when plants began
to senesce and insect populations declined. We utilized
a total of 262 stems in 2001 and 309 stems in 2002,
partitioned across the five treatments with ~20 repli-
cate stems per treatment per plot per year.

Induced responses in plants can be caused by several
factors, including the amount of initial herbivory a
plant receives (Agrawal and Karban 2000). To account
for differences among treatments in amount of damage
imposed, we quantified initial damage and included it
as acovariate in all analyses. Initial herbivore damage
was scored as the percentage of each leaf that was
consumed by an herbivore (visual estimation to the
nearest 10%), which was then summed for the whole
plant. That is, if there were three leaves damaged 50%,
75%, and 100%, respectively, then that plant would
have received an herbivory score of 2.25, meaning that
the equivalent of 2.25 leaves had been consumed. This
measure is an index of absolute levels of damage, but
is highly correlated with percentage herbivory (data
from 2002; n = 1859, r = 0.91, P < 0.0001).

We analyzed several variables to characterize pop-
ulation and community responses to initial herbivory.
We censused each plant weekly for subsequent herbiv-
ory and the presence of naturally colonizing herbivores,
beginning one week after we removed the bags. We
recorded the presence of all herbivores, constituting
seven species, either by visual identification, or by de-
termining the source of new damage to leaves, pods,
or stems. Because our measurements of plant usage by
herbivores were often based on damage, the population
estimates on treatments should be considered relative
indices of plant usage, and not estimates of insect pop-
ulation sizes. The three species of aphids were not dis-
tinguished, although a majority were M. asclepiadis.
The amount of herbivory aplant received by colonizing
insects and counts of observations of each herbivore
species were individually summed across all census
periods (not including initial treatment herbivory) for
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the final analysis, with each plant serving as areplicate
and plots as blocks. Because leaf tissue gradually nec-
rotizes near the damaged portion and loses dried latex,
which accumulates along the wound, we were able to
distinguish new herbivory from prior tissue loss each
week. The milkweed tiger moth was observed on only
two plants over two years of censusing, and was thus
not included in the analyses.

Presence/absence data from our weekly censuses
were used to calculate the herbivore species richness
for each plant. Average herbivore richness was cal-
culated for each plant as the sum of all weekly her-
bivore species counts divided by the number of weeks
that plant was censused, creating a continuous variable
that ranged from O to 2.16. We also calculated cumu-
lative herbivore richness as the running total of unique
species that utilized each plant. The highest cumulative
richness on a stem was seven in 2001, and six in 2002.
While cumulative and average richness are positively
correlated (2001, r = 0.82, P < 0.0001; 2002, r =
0.83, P < 0.0001), they nonetheless represent host
plant colonization by herbivores in different ways. A
high average richness value could result from two eco-
logical scenarios: either a plant was consistently used
by a few species of herbivores or it experienced her-
bivory by multiple insects at few censuses. Note that
because this measure treats all species equally, a plant
could have arelatively high average richness if it had
the same two species on it every week. Alternatively,
cumulative richness represents the number of novel
species utilizing each stem. Therefore, while average
richness is a general index of plant suitability to one
or many herbivores, cumulative richness reflects the
usage of that plant by the entire herbivore community.

Repeated plant censusing could potentially result in
counting the same insect individuals over successive
surveys, thus biasing our estimates of plant use by
herbivores. For aphids, this meant that our counts es-
timated the sizes of aphid populations on plants over
time. Leaf miners could be counted accurately without
recounting because of their low numbers and persis-
tence on plants. For all other insects except monarchs,
there were either too few observations or the feeding
individuals were very mobile (e.g., Tetraopes adults),
and therefore repeated counting of individuals was un-
likely. To estimate the magnitude of repeated counting
for monarch larvae, we reviewed data from the plot
most used by monarchs. We totaled all of the obser-
vations of monarch eggs or larvae, only including ob-
servations of individuals (i.e., not including presence
due to herbivory alone). The total number of cases
where the same monarch individual could have been
counted over successive weeks was 33/134 surveys
(24.6%). Because this is a very conservative estimate
of repeated counting (i.e., it assumes that all cases
where individual monarchs are seen over two census
periods are the same individual, which is unlikely), the
impact of true recounting was much lower. While this
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level of recounting could lead to a slight hias in the
estimation of plant colonization by monarchs, it does
not affect estimates of herbivory or average or cu-
mulative richness.

Population and community responses:
statistical methods

Continuous responses that could be normalized
(plant damage, average herbivore richness) were |og-
transformed (after adding one to each value) toimprove
homoscedasticity, and were analyzed with ANOVA
(SAS PROC GLM; SAS 2001). Back-transformed val-
ues are presented in the text and figures where noted,
and therefore represent geometric mean values. Tukey
adjusted post hoc contrasts were performed between
al levels of initial herbivore treatment.

Dichotomous and count variables (cumulative rich-
ness and presence/absence of herbivore species) were
analyzed with Poisson logistic regression using gen-
eralized estimating equations (GEE-PROC GENMOD;
Allison 1999, Stokes et al. 2000, SAS 2001). We an-
alyzed presence/absence data of colonizing herbivore
species in two ways. In the first analysis, we summed
observations across all census periods for each plant,
creating an aggregate count of plant use by different
species. For example, if monarchs were found on a
plant at three censuses and Tetraopes for two censuses,
that plant would have a value of three for monarchs
and two for Tetraopes. We then used logistic regression
on the counts of each responding species to determine
which species were more abundant on plants following
initial treatment. For the second analysis, we retained
the raw structure of the presence/absence data and an-
alyzed weekly observations with repeated-measures|o-
gistic regression (PROC GENMOD). Resultswerevery
similar to the previous analysis, so except where noted,
only those results from the aggregate data are pre-
sented. For all analyses, we included interactions be-
tween plot and treatment in initial models, but removed
these termswhen interaction P valueswere >0.1. There
were never enough data for repeated-measures analyses
to include interactions between time and any main ef-
fects. We also used initial herbivore treatment damage
and plant height as covariatesto account for differences
in amount of herbivory caused by different treatments
and effects of differential attractiveness of different
sized plants, but only included these effects when they
were significant at P < 0.1.

While herbivore treatments could differ in their ef-
fects on subsequent herbivores, we were also interested
in determining whether this was due to lasting effects
of the initial treatment per se, or because of damage
subsequent to, but affected by theinitial treatment (i.e.,
a cascade of indirect effects set off by initial damage).
We used repeated-measures logistic regression, both
with and without the previous week’s herbivory due to
colonizing herbivores as a covariate, to determine if
subsequent herbivory affected the strength of theinitial
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treatment over the rest of the season. Analyses where
the effects of initial herbivore treatment were no longer
significant after the inclusion of subsequent herbivory
were interpreted as evidence for indirect effects fol-
lowing the initial treatment causing the observed re-
sponse. In contrast, analyses where treatment effects
remained significant despite the inclusion of subse-
quent herbivory as a covariate indicated alasting effect
of initial herbivory per se.

In our Poisson logistic regression analyses of pres-
ence/absence, cumulative richness, and count data, re-
sults indicate the relative number of species or indi-
viduals on a plant due to plot and treatment (initial
herbivore species) effects. Logistic regression produces
an odds ratio for each level of every factor adjusted
for other terms in the model, which indicates the odds
(or likelihood) of the response occurring. Odds ratios
are statistically compared to one (equal likelihood of
the event occurring in each case); therefore, valuesless
than one indicate decreased odds and values greater
than one indicate increased odds relative to areference
level.

We compared the census data over the two years
statistically for abundance of different herbivores, av-
erage and cumulative richness, and herbivory by col-
onizing insects. Herbivore abundance and cumulative
richness were analyzed with logistic regression, while
average richness and herbivory were compared with
ANOVA. Due to strong differences among years in
these responses, and because of differencesin the tim-
ing of experiments and in the populations of plants
studied, we conducted all analyses separately for each
year.

REsuLTS

Induced responses at the individual level:
performance of three herbivores

Monarch larval mass was 22% lower on weevil dam-
aged plants compared to undamaged plants (F;,, =
4.72, P = 0.038), but leaf beetle larval mass (F,,; =
0.69, P = 0.41) was not affected by weevil treatment
(df differed for each assay insect due to varying levels
of survival/recovery). Neither monarch nor leaf beetle
survival was affected by initial weevil damage (mon-
archs, x?2 = 1.3, P = 0.25; leaf beetle, x2 = 0.3, P =
0.87). Similarly, aphid numbers on weevil-treated
plants did not differ from controls (weevil treatment,
8.56 * 1.62 individuals; controls, 7.11 = 1.61 indi-
viduals; F,;; = 0.45, P = 0.51; mean *= 1 sg). Among
plants damaged by weevils, the amount of oviposition
scarring (an index of the number of feeding larvae)
showed negative trends with insect performance for
leaf beetles (r = —0.018, P = 0.003), but not for mon-
arch mass (r = —0.002, P = 0.58) or aphid numbers
(r = —0.046, P = 0.26).
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Fic. 1. Herbivore abundance/responses 3.07 @2001

across years for all treatments combined. Data 32002 *

for each colonizing herbivore species or for her- 254

bivory are means of summed values for each
plant over the entire season, with differences
represented by a dagger (1) for P < 0.1, and by
an asterisk (*) for P < 0.05. Average richness
and subsequent herbivory were compared
across years with ANOVA, and herbivore spe-
cies abundances were analyzed with Poisson
logistic regression. Herbivory was measured as
the proportion of each leaf that was damaged
and therefore represents the number of leaf
equivalents that were consumed by herbivores
(e.g., one leaf consumed received avalue of 1). 0+
Herbivore richness as represented here was cal-
culated as the average number of herbivore spe-
ciesoccurring on aplant over all census periods.
Aphid numbers are represented as one-fifth of
the total abundance to fit them on the same y-
axis. Error bars are =1 ske.

2.01

1.54

Number

1.01

Induced responses at the population level:
colonization of plants by herbivores

tinguish between plants naturally and experimentally
damaged by weevils. In addition, plants experimentally
damaged by weevils had approximately 66% fewer
monarchs and aphids, but nearly 90% more weevils
than controls in 2001. While plants naturally damaged
by weevils were never different from controlsin terms
of herbivore colonization, they also did not differ sig-
nificantly from plants experimentally treated with wee-
vils.

There was considerable variation among yearsin the
abundance of the seven herbivore species, most notably
for monarchs, Tetraopes, and aphids (Fig. 1). In both
years, herbivores were generally more often found on
taller plants (Table 1). In 2001, monarchs avoided wee-
vil-damaged plants, but colonized monarch-damaged
plants over twice as often as controls (Table 1). Sim-

ilarly, Tetraopes were over three times more abundant
on monarch-damaged plants than controls. Tetraopes
also avoided plants experimentally damaged by weevils
compared to monarch-treated plants, and did not dis-

In 2002, the trends for overall abundance (Fig. 1)
and plant use by herbivores (Table 1) were reversed
from the previous year. The most abundant herbivores
in 2001 (aphids and monarchs) declined by 99% and

TaBLE 1. Odds ratios representing the relative numbers of colonizing herbivores based on the influence of initial treatment
(plants damaged by natural weevil colonists, or experimentally added [** Expt.”’] weevils, monarchs, or |eaf beetles), relative
to control (initially undamaged) plants in 2001 and 2002.

Initial treatment Overall treatment

Leaf Natural Expt. Height effect
Responding species Monarch beetle weevil Weevil X2 P X2 P
2001 community
Monarchs 2.37* a 1.75 a 0.74 b 0.32* b 4.01 0.045 34.92 <0.0001
Aphids 0.70 ab 137 a 0.64 ab 0.37* b 0.88 0.35 14.07 0.0071
Leaf miners 134 a 119 a 0.34 b 0.71 ab 0.57 0.45 13.73 0.0082
Lygaeus 0.63 0.55 1.38 0.50 4.22 0.04 2.35 0.67
Weevil 1.49 1.40 2.48 1.88* 0.55 0.46 5.28 0.26
Tetraopes 3.31* a 1.55 ab 1.34 ab 0.55b 0.01 0.91 16.66 0.0022
2002 community
Monarchs 0.41 0.61 0.64 0.68 19.07 <0.0001 4.32 0.36
Leaf miners 0.481 a 0.43 a 1.83b 051 a 8.48 0.004 15.38 0.004
Lygaeus 0.72 1.76 4.10 2.12 3.03 0.08 7.40 0.12
Weevil 152 a 091 b 3.15* a 2.73* a 1.76 0.18 18.75 0.0009
Tetraopes 0.45 0.59 1.02 0.54 12.87 0.0003 8.90 0.06

Notes: Models included plant height as a covariate where its effect was significant at P < 0.1. Analysis was conducted
with Poisson logistic regression on counts of total numbers of insects occurring on plants throughout the season. Odds ratios
<1lindicate fewer herbivores, while values >1 indicate increased numbers of herbivores compared to control plants. Significant
values are indicated as follows: T P < 0.1; * P < 0.05. Unique letters beside table entries indicate significant differences
among initial treatments in all pairwise comparisons. Post hoc comparisons were only made where the overall treatment
effect was <0.05. Alpha levels for the comparison of all responses were adjusted using a sequential Bonferroni correction
for multiple unplanned comparisons. Chi-square values and the corresponding P values are also reported for the main overall
effect of treatment. There were too few observations of aphids in 2002 for analysis.
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65%, respectively. While monarchs were generally less
abundant on all treated plants relative to controls in
2002, they were 66% less abundant on monarch-treated
plants compared to controls, and were marginally less
frequent on plants naturally damaged by weevils com-
pared to controls (Table 1). Leaf miners were also less
than half as common on monarch- or |eaf beetle-dam-
aged plants as on controls, and marginally less abun-
dant than on plants naturally damaged by weevils. Fur-
thermore, weevils were roughly three times more com-
mon on both naturally and experimentally weevil-dam-
aged plants than on controls or plants treated with | eaf
beetles. Tetraopes were marginally less likely to be
found on monarch-treated plants as controls, again in
contrast with the previous season; however, they did
not distinguish among other treatments in post hoc
comparisons (Table 1). Aphids were not sufficiently
abundant in 2002 to be analyzed.

We used repeated-measures | ogistic regression to de-
termine if damage by colonizing herbivores altered the
strength of the initial treatment over the rest of the
season. Results from this analysis in both years were
consistent with the results of the previous analysis. The
one exception was for aphids in 2001, where the re-
peated-measures analysis indicated, that in addition to
being negatively impacted by plants experimentally
damaged by weevils, aphids were also less abundant
on plants initially damaged by monarchs and naturally
weevil-damaged plants (whole model with herbivory
as a covariate x? = 20.69, P = 0.0004). In 2001, the
inclusion of herbivory by colonizing insects dimin-
ished the effect of initial monarch treatment for both
monarch and Tetraopes presence (effect on monarchs
without herbivory covariate, P = 0.0265, and with her-
bivory covariate, P = 0.30; effect on Tetraopeswithout
herbivory covariate, P = 0.079, and with herbivory
covariate, P = 0.58), indicating that subsequent her-
bivory attenuated initial treatment effects. In contrast,
the initial influence of weevils on the abundance of
monarchs, aphids, and leaf miners was only slightly
augmented with the inclusion of subsequent herbivory,
and the effects of weevils on these colonizers remained
significant (P < 0.05 for monarchs, aphids, and wee-
vils).

In 2002, the inclusion of subsequent herbivory
caused changes in the initial treatment effects that var-
ied according to the identity of the responding species.
For plants treated with monarchs, subsequent herbivory
by colonizing insects diminished initial treatment ef-
fects on Tetraopes (without herbivory covariate, P =
0.056 and with herbivory covariate, P = 0.23), but did
not affect monarch colonizers (P = 0.075, both with
and without subsequent herbivory covariate). On plants
naturally damaged by weevils, subsequent herbivory
clarified the effect of initial treatment on monarchs
(without herbivory covariate, P = 0.084 and with her-
bivory covariate, P = 0.034), but diminished treatment
effects on weevils (without herbivory covariate, P =

PETER A. VAN ZANDT AND ANURAG A. AGRAWAL

Ecology, Vol. 85, No. 9

b
1.27 2001

1.0
0.81
0.61
0.4 a
a a

1A [
0 . . :
1.27 2002

1.0

Total herbivory per plant

0.8
0.61
0.4

029 bec
0+—1

Control Natural weevil Weevil

ab
|—I—| c c
T T — —1

Monarch Leaf beetle

Fic. 2. Herbivory following treatment for undamaged
plants (control), plants damaged by natural weevil colonists,
or by experimentally added weevils, monarchs, or leaf bee-
tles. Data are back-transformed | east-square means from anal -
ysis with plot and treatment as main effects. Herbivory was
estimated asin Fig. 1. Bars with different letters are different
in Tukey adjusted post hoc comparisons. Error bars are =1
SE.

0.005 and with herbivory covariate, P = 0.20). On
plants experimentally damaged by weevils, subsequent
herbivory also reduced the effects of treatment on wee-
vil abundance (without herbivory covariate, P = 0.034
and with herbivory covariate, P = 0.42). Leaf miners
could not be analyzed with repeated measures in either
year, so the effects of subsequent herbivory could not
be examined. Plot and time effects were frequently sig-
nificant, indicating that herbivore presence varied
through the season and in different habitats (P < 0.05
in most analyses; results not shown). However, the in-
teraction between treatment and plot was never sig-
nificant (P > 0.2).

Induced responses at the community level:
herbivore damage

The amount of herbivory on plantswas roughly three
times greater in 2001 than in 2002 (Fig. 1). In 2001,
subsequent herbivory by naturally colonizing insects
differed among treatments (Fig. 2; F, .5 = 7.24; P <
0.0001) and plots (F, s, = 41.55; P < 0.0001). Neither
the plot X treatment interaction nor the extent of initial
herbivory were significant in 2001 (P > 0.5 for both),
so they were not included in the final model. Monarch-
treated plantsreceived nearly fivetimes more herbivory
than control plants, but all other treatments received
similar amounts of herbivory as controls. Leaf beetle-
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Fic. 3. Effect of treatments on average insect richness
measured as the average across all weeks for the total number
of insects that used each host plant throughout two seasons
on undamaged plants (control), plants damaged by natural
weevil colonists, or by experimentally added weevils, mon-
archs, or leaf beetles. Data are |east-square means from anal -
ysis with plot and treatment as main effects. Bars with dif-
ferent letters are different in Tukey adjusted post hoc com-
parisons. Error bars are =1 sE.

treated plants received 1.7 times more herbivory than
did controls (Fig. 2), but this difference was not sig-
nificant.

In 2002, herbivory by colonizing insects again dif-
fered among initial treatments (Fig. 2; F, .0, = 13.23,
P < 0.0001) and plots (F;, 5, = 6.86, P = 0.0012). The
plot X treatment interaction was significant in 2002
(Fg 20 = 2.03, P = 0.042), so it was included in the
final model. The amount of initial herbivory was not
asignificant covariate (P > 0.2). Plants experimentally
treated with weevils had over three times greater her-
bivory than control plantsin 2002 and over seven times
more damage than monarch-treated plants, but did not
differ from plants naturally damaged by weevils.

Induced responses at the community level:
herbivore richness

Both average species richness and cumulative rich-
ness per plant differed substantially between years,
with 2001 having 2.75 times greater cumulative rich-
ness than 2002 (Fig. 1). Within each season, plants
treated with damage by different initial herbivores had
different numbers of species subsequently colonize
compared to controls, as measured by both average
(Fig. 3; 2001, F, », = 8.91, P < 0.0001; 2002, F, 5
= 4.22, P = 0.0025), and cumulative (Fig. 4; 2001, x?
= 26.47, P < 0.0001; 2002, x? = 24.15, P < 0.0001)
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richness. Plots also differed strongly in average (2001,
Fy 5 = 47.72, P < 0.0001; 2002, F, 55, = 14.67, P <
0.0001) and cumulative (2001, x? = 7.61, P = 0.022;
2002, x? = 47.56, P < 0.0001) species richness, but
the plot X treatment interaction was not significant in
either year for either response (P > 0.10 for both re-
sponses and years). Initial treatment herbivory was not
a significant covariate for either cumulative or average
richnessin either year (P > 0.2); however, plant height
covaried positively with average (F; ,5s = 22.55, P <
0.0001) and cumulative (x? = 18.17, P < 0.0001) rich-
ness in 2002.

Similar to the results for average species richness,
plants that received the most subsequent damage in
general also had the highest cumulative herbivore rich-
ness, while those treatments with the least damage had
the lowest cumulative herbivore richness. In 2001,
plants initially damaged by weevils had ~16% lower
average herbivore richness throughout the season than
did plants initially damaged by monarchs or leaf bee-
tles, and 14% lower than undamaged controls (Fig. 3).
Monarch- and leaf beetle-treated plants also had the
greatest number of colonizing herbivore species in
2001, measured as cumulative richness, accumulating
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Fic. 4. Effect of treatments on cumulative herbivorerich-
ness measured as the running total of insects that used each
host plant throughout the season on plants damaged by natural
weevil colonists, or by experimentally added weevils, mon-
archs, or leaf beetles. Data are odds ratios from logistic re-
gression analysis with plot and treatment as main effects.
Odds ratios <1 indicate fewer herbivores, while values >1
indicate increased numbers of herbivores compared to control
plants (line = 1). Bars with unique letters differ in planned
comparisons, and asterisks (*) after letters indicate differ-
ences from controls (P < 0.05). Error bars are =1 st.
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over twice as many herbivore species as the other three
treatments (Fig. 4). Leaf beetle-treated plants received
approximately the same average number of species
throughout the season as did control or monarch-dam-
aged plants (Fig. 3), and accumul ated the same number
of novel herbivore species as monarch-treated plants
(Fig. 4).

While plants in 2002 treated with different initial
herbivores also differed in average species richness,
the patterns were reversed from 2001 (Fig. 3). Mon-
arch-treated plants were the only group to differ from
undamaged controls for average herbivore richness,
with 9% fewer species than controls, and >12% fewer
herbivore species than plants naturally damaged by
weevils. The differences are more striking for cumu-
lative richness, where monarch- and | eaf -beetl e treated
plants accumulated only 44% and 60%, respectively,
the number of herbivore species as controls (Fig. 4).
In contrast to both of these results and those in 2001,
plants naturally damaged by weevils had over twice
the cumulative species richness as any other treatment
(Fig. 4), and monarch-treated plants accumulated only
~40% as many herbivore species as controls.

With the exception of cumulative richness in 2002,
plants naturally damaged by weevilsdid not differ from
experimentally treated plantsin either average damage
or richness for both years (Figs. 2 and 3), suggesting
that differences in host choice by weevils or in exper-
imental manipulations were unimportant for these re-
sponses. Similarities in responses between plants nat-
urally colonized and experimentally damaged by wee-
vils could also be due to similar levels of oviposition
damage (least squared mean * sE; naturally damaged,
71.4 + 5.01 cm; experimentally damaged, 84.3 * 6.14
cm; Fy .4 = 2.67, P = 0.10).

DiscussioN

Although induced plant responses are apparently
ubiquitous and have strong consequences for plant fit-
ness (Agrawal 1998), their rolesin affecting insect pop-
ulations and communities are still unknown (Karban
and Baldwin 1997, Underwood and Rausher 2002).
Whether they involve changes in resistance traits such
as secondary chemicals (e.g., Agrawal and Kurashige
2003), or alterations in plant nutrition (e.g., Denno et
al. 2000), induced plant responses provide mechanisms
whereby herbivores may compete (Harrison and Kar-
ban 1986, Denno et al. 1995), and are therefore a type
of trait-mediated indirect interaction (Werner and Pea-
cor 2003). Furthermore, these competitive effects may
be apparent later in the season (reviewed in Denno et
al. 1995), or over subsequent seasons (reviewed in Kar-
ban and Baldwin 1997) or plant generations (Agrawal
2001). Many induced responses exhibit considerable
specificity, with herbivores causing different host plant
reactions, and responding uniquely to these responses
(Stout et al. 1998, Agrawal 2000, Agrawal and Karban
2000, Traw and Dawson 2002, Van Zandt and Agrawal
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2004). Given that plant responses differentially affect
insect herbivore species, the potential exists for in-
duced responses to affect the resultant herbivore pop-
ulations and communities (Tscharntke 1999, Gonzal ez-
Megias and Gomez 2003).

When we compared the performance of three her-
bivore species on undamaged plants and plants exper-
imentally damaged with weevils, we found that mon-
archs grew ~22% slower on weevil-damaged plants
than on controls. In addition, the performance of all
three herbivores tended to decline with increasing wee-
vil oviposition. However, not all of the insects respond-
ed similarly, thus demonstrating specificity of herbi-
vore response to the initial damage. These findings,
together with previous results showing that monarch
larval growth is decreased by ~20% when feeding on
plants previously damaged by monarchs or leaf beetles
(Van Zandt and Agrawal 2004), demonstrate that initial
herbivory affects individual herbivore performance on
milkweed plants, but that the responses vary with re-
sponding species. From these results, we predicted that
if herbivores avoid plants that they perform poorly on,
then they should be less abundant on weevil-treated
plants.

Effects of induced plant responses on natural
abundances and community parameters

Plants initially treated with different herbivores dif-
fered from control plants in the numbers of herbivore
colonists that utilized them (Table 1), indicating that
initial herbivory can alter host plant usage; however,
population responses were not all in the same direction
for each herbivore. In general, monarchs and most other
herbivores avoided plants damaged by weevils, con-
sistent with induced resistance demonstrated in the in-
dividual level experiment. In contrast, weevils were
attracted to plants initially damaged by weevils, sug-
gesting induced susceptibility. Increased densities of
weevils are not likely due to aggregation pheromones
present in other weevil species (Rochat et al. 1991), as
movement in R. lineaticollis is not related to weevil
density, either among or within patches (St Pierre and
Hendrix 2003). The apparently idiosyncratic responses
demonstrate additional specificity in plant and insect
responses to damage in this system (Van Zandt and
Agrawal 2004), and further illustrate that weevils can
be one of the most influential herbivoresin this plant—
herbivore association (Agrawal and Van Zandt 2003).

Our finding of monarchs heavily utilizing monarch
and leaf beetle damaged plants in 2001 is unexpected,
given previous results (Van Zandt and Agrawal 2004).
Foraging and oviposition preferences do not always
agree with larval performance on host plants (Cronin
and Abrahamson 2001), and monarchs apparently also
fail to accurately oviposit on less resistant hosts. For
example, monarchs do not discriminate between ovi-
position on the high cardenolide A. curassavica and
the low cardenolide A. incarnata (Zalucki et al. 1990).
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However, Zalucki et al. (1990) observed that females
preferred plants with intermediate (200—400 1.g/0.1 g
dry mass) cardenolide levels. It is therefore possible
that since monarchs sequester cardenolides most effi-
ciently in thisrange (Malcolm 1995), they may be trad-
ing off larval performance on higher cardenolide plants
in favor of protection from predation (Zalucki et al.
2001).

Plants initially treated with different herbivores also
showed considerable variation in the amount of her-
bivory they received (Fig. 2). In the first year of the
study, monarch-treated plants showed induced suscep-
tibility toward subsequent herbivores. A post hoc in-
spection of the data (not shown) along with resultsfrom
Table 1 indicated that much of this herbivory was by
monarch larvae. In the second year, herbivory overall,
as well as on monarch-treated plants was considerably
lower (Figs. 1 and 2). This is likely an indication of
the low population sizes that year, due to a catastrophic
die-off of monarchsin early 2002 at their overwintering
grounds in Mexico (Brower et al. 2004). The large
impact of monarch damage in 2001 on subsequent her-
bivory and richness demonstrates the wide-ranging ef-
fects of monarch population fluctuations, as well as the
sensitivity insect communities can exhibit to environ-
mental disturbances across the continent.

Data for both years also supported the hypothesis
that initial herbivory could alter herbivore community
richness. We characterized herbivore communities us-
ing both average and cumulative richness, and both
measures were affected by initial treatment. Average
richness is an index of average plant use, but it does
not differentiate between observations of individuals
of one species and members of different species. In
contrast, cumulative richness emphasizes members of
different species, but ignores much of the dynamics of
herbivore usage of plants over the season. An exami-
nation of these two measures together yields a clearer
picture. In 2001, control plants had high average rich-
ness but low cumulative richness, indicating that most
of the herbivory on control plants was due to consistent
usage by afew species. Monarch- and | eaf beetle-treat-
ed plants had both high average and cumulative rich-
ness, indicating a consistent usage by many species.
The similar results for beetle and monarch treatments
were despite large differencesin initial (treatment) her-
bivory, suggesting that folivores may affect plants dif-
ferently than do pith feeding weevils. Furthermore, the
similarity in responses suggests that specificity in the
latex response of plants to herbivory by these two spe-
cies (Van Zandt and Agrawal 2004) does not translate
into differences in field colonization. Natural and ex-
perimentally weevil-treated plants had both low aver-
age and cumulative richness; therefore both individuals
and species avoided them. In 2002, control, experi-
mental weevil, and leaf beetle plants had high average
richness, but low cumulative richness, indicating that
the same species utilized these plants through the sea-
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son. High cumulative and average richness on plants
naturally damaged by weevils suggests that these plants
were attractive to multiple species while low richness
values for monarch-damaged plants indicate that they
were avoided by multiple species. Induction treatments
caused changes in the cumulative species richness of
colonizing herbivores by one or two species; whilethis
effect appears small, this comprises a majority of the
relatively small and specialized herbivore community.
Although up to 12 species are potential herbivores of
milkweed in northeastern North America, the realized
number of speciesin these communities was much low-
er: seven species in 2001 and six species in 2002.

The resultant herbivore community on each of these
treatments could also have been a function of altered
visitation of plants by all insects or due to one species
being uniquely deterred or attracted to a treated plant.
The population responses of each of the herbivores
(Table 1) suggest that increases in cumulative richness
on monarch- and |leaf beetle-treated plantsin 2001 were
largely due to attraction of monarch, leaf miner, weevil,
and Tetraopes herbivory, indicating that no single her-
bivore species caused the observed increases in cu-
mulative richness. Similarly, the low average richness
on experimental weevil-treated plants in 2001 and
monarch-treated plants in 2002 was because all her-
bivores except weevils were deterred from visiting
these plants. Finally, the high cumulative richness on
plants naturally damaged by weevils in 2002 was also
due to increased attraction of multiple herbivores.
Therefore, changes in richness were due to wholesale
responses by most of the herbivore community, but the
direction of the responses was driven by the identity
of the initial herbivore.

One other factor that may be important in determin-
ing plant use by herbivores is indirect defenses via
natural enemies (Dicke 1999). Our experiments were
not conducted to ascertain the effects of indirect de-
fenses, and natural enemies could have been differ-
entially attracted by our initial treatments. However,
with the exception of monarch larvae, we observed
very few instances of natural enemy attack. An analysis
of monarch egg abundance agrees qualitatively with
the results of larval monarch abundance (not shown).
Even if indirect defenses are altered by initial damage
in this system, the conclusions that initial herbivory
affects resultant herbivore communities and that the
identity of the initial herbivore is important are not
changed.

Few studies have experimentally examined the in-
fluence of initial herbivory on the response of the entire
herbivorous community. Marquis and colleagues (Wold
and Marquis 1997, Lill and Marquis 2003) conducted
experiments on early-season white oak (Quercus alba)
herbivory, and found that early-season leaf tying by
Pseudotelphusa sp. strongly influenced community
composition on trees (Lill and Marquis 2003), while
general herbivory and hole punching did not (Wold and
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Marquis 1997). Gonzalez-Megias and Goémez (2003)
removed all adults of the monophagous beetle, Timar-
cha lugens, from its host plant and observed a subse-
quent increase in arthropod richness for two of three
years. From these results, along with those of the pre-
sent study, it is clear that initial herbivory can sub-
stantially affect subsequent host plant use by herbi-
vores. However, the challenge for understanding the
role of plant mediated competition in phytophagous
insect communities lies in identifying the complexity
that arises due to herbivore specificity, as well as un-
covering general patterns among different early-season
herbivores. In this study, we did not monitor putative
resistance traits; therefore we cannot determine why
initial damage by some species resulted in different
levels of plant usage by the resultant community. How-
ever, other studies have demonstrated that cardenolide
and nitrogen concentrations, latex production, and stem
thickness can each influence herbivore performance
and colonization of these milkweeds (Malcolm 1995,
Zalucki et al. 2001, Agrawal and Van Zandt 2003,
Agrawal 2004, Van Zandt and Agrawal 2004; Lavoie
and Oberhauser, in press). Moreover, these traits not
only vary genetically, but also show specificity of re-
sponse following damage by different species (Van
Zandt and Agrawal 2004; A. A. Agrawal, unpublished
data). Therefore, specific changesin any of these plas-
tic traits could be responsible for observed differences
among species treatments.

Variation between years

One potential reason that results of this study dif-
fered between the two years lies in the differences in
the abundance of some herbivores, most notably aphids
and monarchs (Fig. 1). In other studies, variation in
therelative strength of competitive effects or host plant
use have been found to be due to changesin other biotic
or abiotic factors (Karban 1989, Cronin et al. 2001).
Insect populations are inherently variable, and this var-
iation may be caused by several factors (Gaston and
McArdle 1994). In our study, these may include factors
such as a local buildup (in 2002) of an exotic lady
beetle population introduced to control aphids in the
surrounding agricultural areas. On a continental scale,
monarchs experienced low population sizes, likely due
to a catastrophic die-off in their overwintering grounds
in Mexico (Brower et al. 2004). Both aphids and mon-
archs were common on plants in 2001 and declined
sharply in 2002. Because this study siteis at the north-
ern limits of the monarch’s distribution and these sites
are recolonized every year from long-distance mi-
grants, substantial year-to-year fluctuationsin monarch
abundance are common (Urquhart 1987). In turn, the
deficiency of these species likely reduced the cascade
of indirect effects demonstrated in this study and may
have been responsible for the lower species richness
measurements in 2002. Methodologically, the major
differences between years were that different patches
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of plants were used in 2002, and the season began and
ended earlier in that year. However, neither of these
was likely to lead to the variation in responses, as re-
sponses were consi stent among sites and censusing was
ceased early in 2002 because plants had begun to se-
nesce.

What then do the results from this study say regard-
ing the importance of induced responses in affecting
herbivorous insect communities? First, several consis-
tent patterns are still evident from our results. With the
exception of cumulative richnessin 2002, naturally and
experimentally weevil damaged plants are always sim-
ilar in responses. Weevils were more abundant on wee-
vil-treated plants than controlsin both years, and mon-
archs always avoided weevil-treated plants relative to
controls (Table 1). These results suggest that weevils
were not merely selecting host plants of a particular
quality, but that weevil adult and larval feeding altered
host plant traits to make them less attractive to mon-
archs and more attractive to weevils. Furthermore, the
two most abundant folivores, Tetraopes and monarchs,
differed from controls in the same way across years,
suggesting the potential for generalizing herbivore re-
sponses to early-season herbivory. Also, monarchs and
aphids were less common on weevil-damaged plants,
which is consistent with their performance in the first
experiment. Therefore, initial herbivory can be a con-
sistent influence on subsequent herbivores despite sub-
stantial yearly variation in herbivore abundance.

More generally, because initial herbivore treatments
affected species’ use of host plants, plant damage, and
insect community richness in both years, we can con-
clude that induced plant responses can have important
impacts on members of the herbivore community in
natural field settings. However, the variation in the
magnitude and direction of species responses suggests
that the effects of initial herbivory on insect commu-
nities are sensitive to other interacting factors and that
their outcomes are therefore not predictable at our cur-
rent level of understanding. Given the considerablevar-
iation in responses for such a small herbivore com-
munity, it is possible that consistent results will only
be observable in communities with fewer interactions.
Future work on this question should attempt to identify
what other factors are important in determining host
plant usage and herbivore community structure.

Ecological pathways for community effects
of induced plant responses

Our initial treatments could affect colonization by
herbivores in two different ways: either directly by
altering plant suitability for all subsequent herbivores,
or indirectly by initiating cascades of interactions
among colonists. Indirect interactions could occur by
a chain of responses that followed initial treatment,
similar to the successional processes of facilitation, tol-
erance, or inhibition (Connell and Slatyer 1977). In-
direct effects, where interactions between two species
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are altered by the presence of others, are common in
community ecology (Strauss 1991). To separate these
two alternatives, we partitioned out significant treat-
ment effectsinto theinitial treatment per seand indirect
effects following theinitial treatment by including sub-
sequent herbivory as a covariate in our repeated-mea-
sures analysis. In 2001, all initial effects of monarchs
dissipated due to subsequent herbivory, while the im-
pact of weevil damage persisted. Initial damage by nat-
ural weevils and monarchs reduced monarch coloni-
zation in 2002, and these effects were evident through-
out the season. However, the effects of both natural
weevil and monarch treatments (in addition to those of
the experimental weevil treatment) dissipated in their
impacts on colonizing weevils and Tetraopes with sub-
sequent herbivory. While some treatments acted
through either direct or indirect means depending on
year (monarch effects on monarch colonists, and weevil
effects on weevil colonists), others were consistently
direct (weevil effects on monarch colonists) or indirect
(monarch effects on Tetraopes colonists). The variation
in these results suggests that other variables likely de-
termine whether the initial treatment acts directly or
indirectly on herbivore community succession, but that
both pathways may be influential.

Competition between herbivores

In the past 20 years, interspecific competition has
been rediscovered as an important factor for phytoph-
agous insects (West 1985, Faeth 1986, Karban 1986,
Hunter 1987, Denno et al. 1995, Gonzalez-Megias and
Gomez 2003), and our results suggest that it can also
affect herbivore community structure through host
plant modification by initial herbivory. We have dem-
onstrated that initial herbivory can influence subse-
quent herbivore performance, host plant use, and com-
munity richness;, however we did not observe consis-
tent patterns over seasons or among groups of herbi-
vores. Further effort will be required to determine
generalities in insect—insect interactions mediated
through host plants. Identifying herbivores that alter
communities via plant mediated competition may face
the same difficulties as determining keystone species
a priori (Power et al. 1996), but likely candidates in-
clude early-season species and those that substantially
alter plant architecture or quality (e.g., Denno et al.
2000, Lill and Marquis 2003).

Because monarchs, weevils, and to a lesser extent,
leaf beetles, impact subsequent herbivores, plant traits
that alter attractivenessto initial herbivory may beim-
portant factorsin setting up the initial cascade of insect
responses. For example, stem thickness (Agrawal and
Van Zandt 2003) and cardenolide concentration (Mal-
colm and Brower 1986) are important oviposition cues
for weevils and monarchs, respectively. In other stud-
ies, we have found genetic variation among full-sibling
families of milkweed for trichome density, leaf tough-
ness, nitrogen content, latex production, and other traits
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which may influence herbivory (A. A. Agrawal, un-
published data). Thus, variation in a variety of genet-
ically and environmentally influenced traits may trans-
late into variation in herbivore community structure
and plant use via effects on early-season herbivory.
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