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Abstract.   Many studies show that indirect interactions between insect herbivores via shared host plants 
are common and often mediated by plant- induced responses to damage. However, we lack some types of 
data that will be needed to model how plant- mediated interactions on individual plants contribute to the 
population dynamics of interacting herbivores. Specifically, there are few simultaneous characterizations 
of both the intra-  and interspecific effects that are mediated by the host plant, as well as host plant constitu-
tive resistance. Additionally, as herbivores are likely to move among plants that differ in quality, we must 
consider how this set of intra-  and interspecific effects differs among plant genotypes—that is, how plant- 
mediated effects genetically vary or covary. We examined how the set of intra-  and interspecific indirect 
effects involving the insect folivores Leptinotarsa juncta and Manduca sexta varies across different genotypes 
of a shared host plant, Solanum carolinense. We damaged 12 plant genotypes using both herbivore species, 
then measured effects on the growth of both con-  and heterospecifics, as well as constitutive resistance to 
each herbivore. We then tested for genetic variation and covariation in plant- mediated effects and con-
stitutive resistance among plant genotypes. We found that on average, there were significant negative 
intraspecific plant- mediated effects on the growth rate of both herbivores, as well as asymmetric negative 
interspecific effects of M. sexta on L. juncta. Both intra-  and interspecific effects varied across plant geno-
types. For example, the interspecific effect of M. sexta on L. juncta ranged from significantly negative to 
significantly positive. Additionally, there were strong correlations among the individual effects mediated 
by S. carolinense, particularly between constitutive resistance and both intra-  and interspecific effects. We 
find that these genetic correlations might limit the types and strength of interactions that take place across 
multiple genotypes of the same plant species. Our results suggest that future models of plant- mediated 
interactions between herbivores should account for patterns of genetic variation and covariation when 
scaling from individual interactions to population- level processes.
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IntroductIon

Individual insect herbivores commonly inter-
act via shared host plants (Denno et al. 1995, 
Kaplan and Denno 2007). As phytophagous 
insects are not typically limited by resource 
quantity, these plant- mediated interactions are 
primarily indirect and occur when damage by 

one herbivore induces changes in plant quality 
(e.g., host plant morphology, nutritive content, 
or defenses) for other herbivores (reviewed by 
Denno and Kaplan 2007, Karban and Baldwin 
1997, modeled by Edelstein- Keshet and Rausher 
1989, Anderson et al. 2009). Many previous stud-
ies have measured plant- mediated interactions 
between two herbivore species by manipulating 
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damage by one or both species and measuring 
the growth or reproduction of heterospecifics 
(Kaplan and Denno 2007). Significant negative 
or positive effects are then often interpreted to 
mean that plants could mediate population- level 
interactions such as competition or facilitation 
(e.g., Denno et al. 1995). However, simply quan-
tifying these interspecific effects mediated by indi-
vidual plants is not sufficient to scale up from 
interactions on individual plants to population- 
level processes. Intraspecific effects mediated by 
the plant are also predicted to have important 
effects on the population dynamics of interacting 
herbivore species (Edelstein- Keshet and Rausher 
1989, Kaplan and Denno 2007, Anderson et al. 
2009). Furthermore, herbivore adults and larvae 
can often move among host plants that differ in 
quality, and this heterogeneity in resource qual-
ity can also affect herbivore population dynam-
ics (e.g., Hunter et al. 2000, Thomas et al. 2001, 
Helms and Hunter 2005, Riolo et al. 2015). Thus, 
characterizing net population- level interactions 
also requires understanding how plant- mediated 
intra-  and interspecific effects vary among indi-
vidual host plants.

Plant- mediated interactions occur through 
herbivore- induced changes in the level of plant 
resistance, which we define as the effects of plant 
traits on herbivore preference or performance 
(sensu Karban and Myers 1989). There are at 
least three types of pathways through which host 
plant resistance could influence the population- 
level interactions of two herbivore species 
(Fig. 1). The first is through plant- mediated 
interspecific effects, which result from the plant- 
induced responses to damage by each herbi-
vore species and the subsequent influence of the 
plant’s response on the other species (Fig. 1a, 
b). As plant- induced responses to damage may 
have either negative or positive effects on subse-
quent herbivores (termed induced resistance or 
induced susceptibility; Karban and Myers 1989) 
and can be elicited by and affect herbivore spe-
cies differently (Stout et al. 1998, Viswanathan 
et al. 2005, Karban and Baldwin 2007, Bingham 
and Agrawal 2010), a variety of interaction types 
are possible, including competition, amensal-
ism, commensalism, and facilitation. The second 
type of pathway is plant- mediated intraspe-
cific effects, which occur when plant- induced 
responses to damage positively or negatively 

affect conspecifics (Fig. 1c, d). These intraspe-
cific effects may oppose interspecific effects, and 
their strength can have important consequences 
for the population dynamics of interacting her-
bivores, including determining whether coexis-
tence will occur (Anderson et al. 2009). Finally, 
a plant’s constitutive, or predamage, level of 
resistance can also influence interactions among 
herbivores (Fig. 1e, f). Constitutive resistance 
cannot provide feedback between herbivores, 
but can contribute to variation in plant- mediated 
interactions (Denno et al. 1995) by affecting her-
bivore densities (Underwood and Rausher 2002) 
or how often herbivore species co- occur (Mopper 
et al. 1990, Moran and Whitham 1990). These 
three components of plant quality—interspecific 
effects, intraspecific effects, and constitutive resis-
tance—constitute a “network” of effects among 
herbivores via their shared host plant (Fig. 1) 

Fig. 1. A hypothetical network of possible intra-  
and interspecific plant- mediated effects for two 
herbivore species (H1 and H2) on a shared host plant; 
arrows indicate direct causal effects. Each herbivore 
species elicits changes in plant quality phenotypes I1 
and I2. These changes can have interspecific effects on 
the other herbivore species (a and b), or intraspecific 
effects on the same herbivore species (c and d). Each 
letter can take on a negative, positive, or a zero value to 
determine the interaction type. For example, 
interspecific competition occurs when a and b are (−,−); 
an amensalism occurs when a and b are (0,−). Other 
factors, such as plant constitutive resistance levels (CR1 
and CR2), may also affect the presence or density of 
herbivore species on a plant host. These effects (e and f) 
are not plant- mediated indirect effects but could also 
influence the population size of herbivores. Note that 
we refer to this as a “network” for convenience, but this 
should not be confused with the use of the term 
“network” in ecological network theory.
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that should influence the population dynamics 
of two herbivore species. However, only a few 
studies characterizing plant- mediated interac-
tions have measured all three of these compo-
nents in the same system (Agrawal 2000, Messina 
et al. 2002, Traw and Dawson 2002, Matsumura 
and Suzuki 2003, van Zandt and Agrawal 2004, 
Viswanathan et al. 2005), and only one of these 
studies addresses variation among host plants 
(Traw and Dawson 2002).

Although interactions among insect herbivores 
take place on individual host plants, many herbi-
vores feed on multiple plants over their lifetime, 
and variation in plant quality is known to affect 
the population growth of herbivores that move 
among hosts (Underwood 2004, 2009). Therefore, 
among- plant variation in plant- mediated effects 
will likely influence the population dynamics 
of interacting herbivores. Variation in plant- 
mediated effects can be due to variation in either 
genetic (e.g., Karban 1989, Fritz 1990, Mopper 
et al. 1990, Moran and Whitham 1990, Traw and 
Dawson 2002, McGuire and Johnson 2006) or 
environmental (Karban 1989, Olson et al. 2009) 
effects on plant quality. There is good evidence, 
for example, that plant genotypes can vary in 
their constitutive resistance (e.g., Fritz 1990, 
Mopper et al. 1990, Moran and Whitham 1990, 
Underwood et al. 2000, Portman et al. 2015) 
or their strength of induced resistance or sus-
ceptibility (e.g., Zangerl and Berenbaum 1990, 
Underwood et al. 2000, Agrawal et al. 2002). This 
variation has been shown to lead to differences 
in plant- mediated effects among plant genotypes 
(Traw and Dawson 2002). To scale up from inter-
actions on individual plants to interactions across 
a population of genetically variable plant hosts, 
it will thus be important to determine whether 
there is genetic variation in both the intra-  and 
interspecific effects mediated by plants, as well 
as host plant constitutive resistance. It will also 
be important to determine whether individual 
components of the effect network are geneti-
cally correlated. Genetic correlations among 
plant resistance traits often exist (Agrawal and 
Fishbein 2006, Kempel et al. 2011) and will limit 
the strength or types of interactions possible 
within or among plant populations. For example, 
a negative genetic correlation (i.e., a trade- off) 
between plant- induced responses (Fig. 1, I1 and 
I2) could result in negative covariation between 

the interspecific effects on each herbivore species 
(Fig. 1a, b). This could ultimately constrain the 
net population interaction to either strong asym-
metric interactions (i.e., amensalism or facilita-
tion) or weak symmetric competition, but not 
strong competition or mutualism. Similarly, a 
trade- off between constitutive and induced resis-
tance to a single herbivore could constrain the 
intraspecific effects mediated by the plant; plant 
genotypes with strong constitutive resistance to 
an herbivore would mediate weak intraspecific 
effects on that herbivore. Thus, determining the 
degree of both genetic variation in and correla-
tions between the individual effects shown in 
Fig. 1 is essential for understanding how individ-
ual herbivore interactions can vary across plant 
genotypes and contribute to net interactions 
across a population of host plants.

Empirical studies and models have shown 
that accounting for variation or skew in resource 
quality can lead to substantially different predic-
tions of insect population dynamics relative to 
considering only mean resource quality (Helms 
and Hunter 2005, Melbourne and Chesson 2005, 
Underwood 2009, Riolo et al. 2015). For example, 
Helms and Hunter (2005) showed that even if 
average aphid population growth across milk-
weed genotypes was logistic, a single geno-
type supporting exponential growth caused the 
entire population to grow exponentially. Because 
including variation can improve our understand-
ing of population dynamics, incorporating esti-
mates of variance and covariance in intra-  and 
interspecific plant- mediated effects and consti-
tutive resistance should improve models of the 
population dynamics of interacting herbivore 
species. However, empirically based estimates 
of variance and covariance in these effects are 
sorely lacking. A single previous study has tested 
for genetic variation in both intra-  and interspe-
cific effects (Traw and Dawson 2002), and one 
study has shown that correlations among plant 
traits can lead to variation in plant- mediated 
interactions among plant species (Mooney et al. 
2010), but no study has quantified variation and 
covariation in all relevant effects across multiple 
plant genotypes in a single plant–herbivore sys-
tem. Here, we address this data gap by analyzing 
data from glasshouse experiments characterizing 
the interaction between the specialist insect foli-
vores Leptinotarsa juncta (false potato beetle) and 
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Manduca sexta (tobacco hornworm), mediated 
by their host plant Solanum carolinense (Carolina 
horsenettle). These data come from experi-
ments designed to address a different question 
but which nevertheless allow us to quantify the 
entire network of effects involving M. sexta and 
L. juncta on multiple genotypes of S. carolinense. 
Because we used S. carolinense genotypes that 
were derived from different populations (see 
below), these data are not sufficient to determine 
the degree to which plant- mediated effects might 
vary in any single natural population of these 
species. However, our data do give us insight into 
the range of variation in plant- mediated effects 
that might be possible in natural populations, as 
well as the degree of covariation between compo-
nents of the effect network. Specifically, we asked 
the following questions:

1. What are the average intra- and interspe-
cific interactions mediated by a set of S. car-
olinense genotypes?

2. Is there genetic variation in each individual 
component of the network of effects medi-
ated by S. carolinense?

3. Are there genetic correlations among indi-
vidual components of this effect network, 
for example, between intra- and interspe-
cific effects, or between two intraspecific 
effects?

4. Given this pattern of genetic variation and 
covariation, what are the types of intra- and 
interspecific interactions that are mediated 
by different S. carolinense genotypes?

Methods

Study species
Solanum carolinense is a clonal perennial weed 

native to the eastern United States and is inva-
sive in parts of North America and Asia (Bassett 
and Munro 1986, Miyazaki 2008). It primarily 
colonizes disturbed fields and roadsides 
(Miyazaki 2008) and hosts a large arthropod 
community, including L. juncta (Chrysomelidae) 
and Manduca sexta (Sphingidae) (Wise 2007a). 
Clonal lines of S. carolinense were obtained from 
natural populations in north Florida and Georgia 
(Appendix S1: Table S1); before use in this study, 
they were propagated for 3 yr in the glasshouse. 

L. juncta larvae used in this study were reared in 
a laboratory colony derived from field- caught 
adults in N. Florida. Manduca sexta originated as 
eggs from a laboratory colony at the North 
Carolina State University Insectary. Insects were 
reared on a random mixture of S. carolinense 
genotypes.

Overview of the study
In this glasshouse study, we damaged some 

plants with insect larvae and then used bioassay 
to measure the growth of con-  and heterospecific 
larvae on damaged and undamaged plants. This 
gave us phenomenological measures of constitu-
tive resistance and the intra-  and interspecific 
effects mediated by 12 S. carolinense clonal lines. 
Because these experiments were originally 
designed to answer a different question, data for 
six clonal lines came from one experiment 
(January–March 2007) and data for six different 
lines (hereafter genotypes) came from a second 
experiment (May–June 2007); the experiments 
had identical methods. We derived these geno-
types from six separate populations (approxi-
mately two genotypes per population)—in the 
first experiment, the six genotypes were derived 
from five populations (one population was rep-
resented twice), and in the second experiment, 
each genotype was derived from a separate pop-
ulation (see Appendix S1: Table S1 for experi-
mental allocation of genotypes). Because our 
objective was to measure overall plant- mediated 
effects on herbivores rather than mechanisms 
mediating these effects, we did not measure spe-
cific morphological or physiological traits of 
S. carolinense genotypes in this study. Solanum 
carolinense possesses many defense traits shown 
to individually affect insect herbivore perfor-
mance, preference, and survival, including tri-
chomes (Kariyat et al. 2013a), proteinase 
inhibitors (Cipollini et al. 2002; McNutt et al.  
2017), and other secondary metabolites (Cipollini 
et al. 2002, Walls et al. 2005, Kariyat et al. 2012); 
several of these traits have been shown to vary 
among S. carolinense genotypes (Kariyat et al. 
2012, 2013a, b), including those used in our study. 
However, plant resistance or susceptibility to 
herbivores is known to be an emergent product 
of insect behavioral or physiological responses to 
several interacting chemical and mechanical 
plant traits that may have different effects in 



October 2016 v Volume 7(10) v Article e015205 v www.esajournals.org

  McNUTT AND UNDERWOOD

combination than in isolation (e.g., Dyer et al. 
2003, Steppuhn and Baldwin 2007). Therefore, 
measuring individual resistance traits would not 
have been sufficient to characterize intra-  and 
interspecific effects.

Experimental methods
For both experiments, we planted replicate 

1.5 g root cuttings of each genotype into 475- mL 
pots containing a 3:1 mix of Fafard Professional 3 
Mix (Conrad Fafard Inc., Agawam, Massachusetts, 
USA). When plants had five to eight true leaves, 
we measured stem height and leaf number and 
randomly assigned replicates of each genotype to 
one of three damage treatments: L. juncta dam-
age, M. sexta damage, or undamaged control. 
Within each experiment, we divided the repli-
cates of each genotype into two temporal blocks; 
plants in the second block received damage treat-
ments seven days after the first block. Plants in all 
four blocks were of similar size at the time of 
damage. There were 144 plants in the first experi-
ment (n = 8 per genotype/treatment combination) 
and 234 plants in the second experiment (n = 13 
per genotype/treatment combination). For the 
damage treatments, we placed either four third- 
to fourth- instar L. juncta or four third- instar 
M. sexta larvae in a mesh bag on one mature leaf; 
we standardized damage location by damaging a 
mature leaf orthostichous to the leaves later sam-
pled for bioassays. Control plants received a bag 
with no larvae. The larvae consumed one entire 
leaf (approximately 15% of the plant) within 24 h. 
This damage technique allowed us to standardize 
damage amount and duration between herbivore 
species and has been consistently shown to result 
in systemic induced resistance and the systemic 
induction of chemical defenses (trypsin protein-
ase inhibitors) in our glasshouse and field studies 
(D. McNutt, unpublished data). Forty- eight hours 
later, we excised the two youngest fully expanded 
leaves on each plant at the petiole. We cut each 
leaf along the midvein and placed half in a plastic 
cup with one second- instar L. juncta larva and the 
other half in a cup with one second- instar M. sexta 
larva; each larva received halves of two different 
leaves from the same plant. Before bioassays, we 
weighed all larvae after starving for 6 h to clear 
their guts. After 48 h of feeding and six additional 
hours of gut clearance, we reweighed each larva 
and calculated relative growth rate (RGR) as 

[ln(final biomass) − ln(initial biomass)]/(feeding 
time) (as in Kempel et al. 2011). Some (<5%) of the 
larvae of both species lost mass over the initial 
48 h of feeding, which is atypical for larvae of 
these species in bioassays; those that continued to 
lose mass or died after an additional 48 h of feed-
ing on the same leaves were excluded from the 
data set. These larvae were evenly distributed 
among damage treatments and plant genotypes, 
suggesting that loss of mass and mortality were 
not due to these factors. We define a plant geno-
type’s constitutive resistance as (1 − RGR on 
undamaged plants) and a plant- mediated effect 
as the difference between insect RGR on dam-
aged vs. undamaged plants.

To answer questions 1, 3, and 4, we combined 
insect RGR data from the two experiments. 
Although we performed the experiments using 
the same methods, experiments differed in aver-
age insect RGR and plant resistance expression 
(i.e., constitutive resistance and plant- mediated 
effects), perhaps because of seasonal changes 
in environmental factors such as day length. To 
account for these differences when combining 
data from the two experiments, we standard-
ized the RGR of each bioassay insect in the way 
appropriate for answering each question (see 
Appendix S1: Table S2).

Average intra-  and interspecific effects across 
genotypes (question 1)

To examine the average intra-  and interspecific 
effects across both experiments (i.e., across all 
genotypes and temporal blocks) (question 1), we 
first standardized the RGR of each bioassay larva 
around the experimental mean for that species 
(Appendix S1: Table S2), then performed planned 
t tests between standardized RGR (stdRGR) on 
undamaged controls and on plants of each dam-
age type. Significant differences between the 
stdRGR of larvae on controls and plants damaged 
by conspecifics or heterospecifics are evidence of 
intra-  or interspecific effects, respectively.

Variation in intra-  and interspecific effects and 
constitutive resistance (question 2)

To test for variation in intra-  and interspecific 
plant- mediated effects or constitutive resistance 
across S. carolinense genotypes (question 2), we 
conducted a type- III SS fixed- factor ANOVA for 
each effect type (constitutive resistance, intra-  or 
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interspecific effects) within each individual 
experiment (12 models total). Because we wanted 
to determine how much variation in insect RGR 
was specifically due to plant genotype or its 
interaction with damage treatment, we did not 
standardize RGR and analyzed the data from 
each experiment separately so that we could 
account for the effects of temporal block within 
each experiment. To test for variation in intra-  
and interspecific effects, we conducted type- III 
SS ANOVAs using SAS PROC MIXED (SAS 
Institute, Inc 2010) with unstandardized RGR of 
the bioassay herbivore (either L. juncta or 
M. sexta) as the dependent variable and temporal 
block, damage treatment (control and either 
L. juncta or M. sexta), plant genotype, and all 
interactions as predictors. Damage treatment 
and temporal block were fixed factors. Because 
genotypes were chosen to encompass several 
specific populations of origin (we are not trying 
to make inferences about S. carolinense popula-
tions in general), plant genotype was also a fixed 
factor, although selection of genotypes within 
each population was random. In these models, a 
significant overall intra-  or interspecific effect of 
a particular herbivore species is indicated by a 
significant damage treatment effect, and genetic 
variation in this effect is indicated by a signifi-
cant genotype × treatment interaction. To test 
whether constitutive resistance to each herbivore 
varied across S. carolinense genotypes, we con-
ducted type- III SS fixed- factor ANOVAs for each 
herbivore within each experiment using lm and 
Anova in R (car package; R Core Development 
Team 2013). In these models, unstandardized 
RGR of the bioassay herbivore (either L. juncta or 
M. sexta) on control plants was the dependent 
variable and temporal block, genotype, and their 
interaction were fixed predictors. To give more 
power to detect main effects, nonsignificant 
interaction terms were individually dropped 
from the model. In these analyses, a significant 
effect of genotype on an herbivore’s RGR is evi-
dence of genetic variation in constitutive resis-
tance, and a significant genotype × temporal 
block interaction indicates that genetic variation 
in constitutive resistance differed across tempo-
ral blocks. For all ANOVAs, plant size (leaf num-
ber) was initially included as a factor but then 
dropped, because it was never significant alone 
or in interaction with other factors.

Genetic correlations among the components of the 
network of effects (question 3)

To test for genetic covariation in intra-  and 
interspecific plant- mediated effects and constitu-
tive resistance (question 3), we calculated genetic 
correlations among the different components of 
the effect network shown in Fig. 1. We first stan-
dardized RGR by both treatment and experiment 
to account for the effects of experiment on the 
expression of plant resistance constitutive resis-
tance and induced responses (Appendix S1: 
Table S2), then characterized the full effect net-
work for each genotype, which consisted of two 
constitutive resistance measures (one for each 
herbivore species) and four plant- mediated 
effects (two bioassay species × two damage spe-
cies). We calculated constitutive resistance as 
(1 − stdRGR of larvae on control plants) and 
plant- mediated effects as (stdRGR of larvae on 
damaged plants − stdRGR of larvae on control 
plants). We then tested whether there was a sig-
nificant genetic correlation (Pearson’s correlation 
coefficient) between constitutive resistance to 
each herbivore (Fig. 1e vs. f), as well as between 
each of the plant- mediated effects (Fig. 1a–d), 
correcting for multiple comparisons using a 
sequential Bonferroni procedure. We also tested 
whether there were significant correlations 
between constitutive resistance and the intra-  
and interspecific effects on each herbivore spe-
cies (Fig. 1e vs. a and c; f vs. b and d). To avoid 
potential spurious genetic correlations between 
constitutive resistance and plant- mediated 
effects, we performed randomization tests in 
MATLAB (The Mathworks, Inc. 2010) using a 
Monte Carlo procedure that incorporated sam-
pling error and within- genotype sampling vari-
ance to estimate constitutive and induced 
resistance (see Morris et al. 2006 for detailed 
methods). We then used a separate sequential 
Bonferroni procedure to correct for multiple 
comparisons when interpreting the P- values 
from these randomization tests.

Types of intra-  and interspecific interactions 
mediated by S. carolinense genotypes (question 4)

Finally, we examined the different types of 
intra-  and interspecific indirect interactions that 
could be mediated by different S. carolinense gen-
otypes, given potential genetic variation and 
covariation in plant resistance traits (question 4). 
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To do this, we identified significantly distinct 
clusters of genotypes that mediate similar effects 
using bootstrapped hierarchical cluster analysis 
based on the six components of each genotype’s 
effect network as characterized for question 3 
above (R function pvclust with a Euclidian dis-
tance matrix, clusters grouped according to aver-
age centroid distances) (Suzuki and Shimodaira 
2006). The resulting dendrogram was boot-
strapped 10,000 times to obtain statistical support 
for individual nodes. We considered a cluster of 
genotypes with an approximate unbiased (AU) 
probability value of ≥95 (α ≤ 0.05) to be signifi-
cantly distinct from other clusters; the AU proba-
bility value is calculated from multilevel bootstrap 
sampling and has lower bias than the bootstrap 
probability value (Efron et al. 1996). One geno-
type was excluded from the cluster analysis 
because it had extreme constitutive resistance 
values and did not cluster with any other geno-
types. Removing this genotype had no effect on 
either the makeup or AU probability value of 
other clusters. We then tested whether each clus-
ter mediated significantly negative, significantly 
positive, or no intra-  or interspecific effects. As we 
did for question 1, we standardized the RGR of 
each bioassay herbivore by the experimental 
mean (Appendix S1: Table S2), then performed t 
tests between stdRGR on undamaged controls vs. 
plants of each damage type. We did this sepa-
rately for each of the significant genotypic clus-
ters, plus a nonsignificant cluster (AU = 90) of two 
genotypes that were similar to each other but not 
grouped in the other clusters.

results

Average intra-  and interspecific effects across geno-
types (question 1)

Across both experiments, the growth of both 
herbivore species was lower on plants damaged 
by conspecifics than on undamaged plants 
(L. juncta, P = 0.006; M. sexta, P < 0.001), indicating 
significant negative intraspecific plant- mediated 
effects for both herbivore species (Fig. 2). There 
was a significant negative interspecific effect of 
M. sexta on L. juncta RGR (P = 0.003), but no inter-
specific effect of L. juntca on M. sexta (P = 0.190), 
indicating the plant genotypes in this study, on 
average, mediated an asymmetric interspecific 
interaction (Fig. 2).

Variation in intra-  and interspecific effects and 
constitutive resistance (question 2)

The strength of the intraspecific interactions 
among L. juncta larvae varied among S. carolin-
ense genotypes, but the strength of M. sexta intra-
specific interactions did not vary among 
genotypes. In the first experiment, the effect of 
previous L. juncta damage on L. juncta RGR var-
ied by genotype and temporal block (Table 1a, 
genotype × treatment and block × treatment 
interactions). Previous damage decreased 
L. juncta RGR by 42% on the genotype with the 
highest induced resistance, while it increased 
L. juncta RGR by 4% on the genotype with high-
est induced susceptibility (unstandardized data). 
In the second experiment, the effect of L. juncta 
damage on L. juncta RGR varied by the interac-
tion of temporal block and genotype (Table 1c). 
In both experiments, we found a significant over-
all negative effect of previous M. sexta damage 
on M. sexta RGR, but damage treatment did not 
interact with block or genotype in either experi-
ment (Table 2).

Fig. 2. Average standardized relative growth rate 
(stdRGR) of Leptinotarsa juncta and Manduca sexta 
larvae reared on undamaged controls (white bars) vs. 
plants previously damaged by L. juncta (black bars) or 
M. sexta (gray bars). Error bars are ±1 SE. Asterisks 
indicate a significant difference between stdRGR of 
larvae reared on a particular damage treatment vs. 
controls (t test, P < 0.05). RGR was standardized by the 
mean of each experiment.
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The strength of the interspecific effects of 
M. sexta on L. juncta varied among S. carolin-
ense genotypes (Table 1), but the strength of 
the interspecific effects of L. juncta on M. sexta 
did not vary among S. carolinense genotypes. In 
Experiment 1, based on unstandardized data, 
previous M. sexta damage decreased L. juncta 
RGR by 33% on the genotype with the strongest 
induced resistance, while it increased L. juncta 
RGR by 21% on the genotype with highest 
induced susceptibility. In Experiment 2, previ-
ous M. sexta damage decreased L. juncta RGR by 
16% on the genotype with the highest induced 
resistance, while it increased L. juncta RGR by 
20% on the genotype with highest induced sus-
ceptibility. In the second experiment, there was 
an effect of temporal block on the expression of 
this genetic variation (Table 1). In neither exper-
iment was there an effect of previous L. juncta 
damage on M. sexta RGR nor any interactions 
between genotype and damage treatment 
(Table 2).

There was significant genetic variation in con-
stitutive resistance to both L. juncta and M. sexta, 
and this variation tended to be affected by tem-
poral block (Appendix S1: Tables S3 and S4). In 
Experiment 1, L. juncta larvae had a 40% greater 
RGR and M. sexta larvae had a 91% greater RGR 
on the least resistant vs. the most resistant plant 
genotype. In Experiment 2, L. juncta had a 17% 
greater RGR and M. sexta had a 37% greater RGR 
on the least vs. most resistant plant genotype.

Genetic correlations among the components of the 
network of effects (question 3)

There were several intermediate to strong 
genetic correlations between components of the 
effect network meditated by S. carolinense. After 
correcting for artifactual covariance between 
constitutive resistance and plant- mediated 
effects, there was a significant negative correla-
tion between constitutive resistance to each her-
bivore and both intra-  and interspecific effects on 
that herbivore (Fig. 3, Appendix S1: Table S5). 

Table 1. Results of type- III SS ANOVAs testing for intra-  and interspecific damage effects on Leptinotarsa juncta 
RGR across two experiments.

Experiment 1 (a) Intraspecific effects (b) Interspecific effects
Effect df F value P > F df F value P > F

Block 1 2.51 0.119 1 0.38 0.539
Genotype 5 1.78 0.131 5 3.38 0.009
Treatment 1 0.30 0.584 1 6.37 0.014
Block × Genotype 5 1.74 0.140 5 5.80 <0.001
Block × Treatment 1 7.34 0.009 1 3.95 0.051
Genotype × Treatment 5 2.58 0.036 5 3.00 0.017
Block × Geno. × Treatment 5 2.33 0.054 5 1.58 0.179
Residuals 58 62

Experiment 2 (c) Intraspecific effects (d) Interspecific effects
Effect df F value P > F df F value P > F

Block 1 23.08 <0.001 1 28.50 <0.001
Genotype 5 0.95 0.452 5 0.67 0.646
Treatment 1 3.55 0.062 1 2.53 0.114
Block × Genotype 5 2.57 0.031 5 2.05 0.077
Block × Treatment 1 0.09 0.767 1 0.13 0.722
Genotype × Treatment 5 1.10 0.364 5 3.58 0.005
Block × Geno. × Treatment 5 2.30 0.049 5 4.99 <0.001
Residuals 112 113

Notes: RGR, relative growth rate. Results of three- way, fixed- factor type- III SS ANOVAs testing for the effects of temporal 
block, genotype, and damage treatment on the relative growth rate of L. juncta larvae after 48 h of feeding. Damage treat-
ment was either no damage, previous damage by L. juncta (intraspecific effects; a and c), or previous damage by Manduca 
sexta (interspecific effects; b and d). Six Solanum carolinense genotypes were examined in Experiment 1 (January–March 
2007), and six different genotypes were used in Experiment 2 (May–June 2007). Significant effects at P < 0.05 are indicated 
in bold.
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There were also strong positive correlations 
between intra-  and interspecific effects on both 
herbivore species, although they were not signif-
icant after conservatively correcting for multiple 
comparisons (Appendix S1: Table S5). All other 
correlations among interaction network compo-
nents were weak and nonsignificant (Appendix 
S1: Table S5).

Types of intra-  and interspecific interactions 
mediated by S. carolinense genotypes (question 4)

Cluster analysis identified three clusters of 
S. carolinense genotypes with significantly dis-
tinct networks of effects (cluster A, AU = 95; clus-
ter B, AU = 96; cluster C, AU = 99); these clusters 
differed in both the intra-  and interspecific effects 
they mediated (Fig. 4). Genotypes in cluster A 
mediated no intraspecific effects, genotypes in 
cluster B mediated significant negative intraspe-
cific effects for both L. juncta (P = 0.01) and 
M. sexta (P < 0.001), and genotypes in cluster C 
mediated significant negative intraspecific effects 
for M. sexta (P < 0.001) but not L. juncta (P = 0.653). 
These clusters also differed in their interspecific 

effects (Fig. 4); clusters A (P = 0.019) and B 
(P = 0.014) mediated significant negative inter-
specific effects of M. sexta on L. juncta, while clus-
ter C mediated a significant positive effect of 
M. sexta on L. juncta (P = 0.040). A fourth cluster 
(cluster D, AU = 90) was nonsignificant; the gen-
otypes in this cluster had similar interaction net-
works, differing primarily in intra-  and 
interspecific effects on M. sexta. Combined, geno-
types in this cluster mediated a significant nega-
tive interspecific effect of M. sexta on L. juncta 
(P = 0.025), a marginally nonsignificant negative 
intraspecific effect for L. juncta (P = 0.053), and no 
intraspecific effect for M. sexta (P = 0.918).

dIscussIon

Plants can mediate both intra-  and interspecific 
indirect effects, both of which should influence 
the outcome of population- level interactions 
between herbivore species (Kaplan and Denno 
2007, Anderson et al. 2009). Previous research 
has found that induced responses to herbivores 
(Zangerl and Berenbaum 1990, Agrawal et al. 

Table 2. Results of type- III SS ANOVAs testing for intra-  and interspecific damage effects on Manduca sexta 
RGR across two experiments.

Experiment 1 (a) Intraspecific effects (b) Interspecific effects
Effect df F value P > F df F value P > F

Block 1 0.65 0.422 1 0.33 0.565
Genotype 5 0.62 0.683 5 2.34 0.051
Treatment 1 10.60 0.002 1 0.01 0.911
Geno. × Treatment 5 1.39 0.241 5 0.19 0.964
Residuals 65 69

Experiment 2 (c) Intraspecific effects (d) Intraspecific effects
Effect df F value P > F df F value P > F

Block 1 15.95 <0.001 1 32.33 <0.001
Genotype 5 1.44 0.214 5 2.11 0.068
Block × Geno. 5 3.71 0.004 5 2.39 0.042
Treatment 1 4.06 0.046 1 0.59 0.443
Block × Treatment 1 0.72 0.397 1 0.20 0.655
Geno. × Treatment 5 1.14 0.343 5 0.26 0.935
Block × Geno. × Treatment 5 1.04 0.400 5 0.63 0.677
Residuals 119 123

Notes: RGR, relative growth rate. Results of three- way, fixed- factor type- III SS ANOVAs testing for the effects of  temporal 
block, genotype, and damage treatment on the RGR of M. sexta larvae after 48 h of feeding. Damage treatment was either 
no damage, previous damage by M. sexta (intraspecific effects; a and c), or previous damage by Leptinotarsa juncta 
 (interspecific effects; b and d). Six Solanum carolinense genotypes were examined in Experiment 1 (January–March 2007), 
and six different genotypes were used in Experiment 2 (May–June 2007). Due to larval mortality in Experiment 1, block 
replication was unbalanced and interactions with block could not be calculated. Significant effects at P < 0.05 are indicated 
in bold.
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2002), and thus the strength of plant- mediated 
effects (Traw and Dawson 2002, McGuire and 
Johnson 2006), can vary among plant genotypes. 
Variation in resource quality is likely to have 
nonadditive effects on insect population dynam-
ics (Helms and Hunter 2005, Melbourne and 
Chesson 2005, Underwood 2009). Therefore, scal-
ing up from individual-  to population- level 
interactions requires understanding how genetic 
variation and covariation in both intra-  and inter-
specific effects may lead to differences in plant- 
mediated interactions across host genotypes. 
Using data from glasshouse experiments, we 
demonstrated how an entire network of plant- 
mediated intra-  and interspecific effects on herbi-
vores (Fig. 1) can vary across plant genotypes. 
Specifically, we found genetic variation and 
covariation in the components of the network of 
plant- mediated effects involving the folivores 
L. juncta and M. sexta. This pattern of genetic 

variation and covariation led to variation in the 
types of intra-  and interspecific interactions 
between the two herbivores, which could in turn 
influence insect populations on plant popula-
tions in the field.

Across the S. carolinense genotypes we exam-
ined, the average indirect interaction between 
L. juncta and M. sexta was an amensalism; previ-
ous damage by M. sexta had negative effects on 
L. juncta, but not vice versa (Fig. 2). Most previ-
ous studies of plant- mediated interactions have 
involved earlier and later colonizing herbivores, 
making them naturally asymmetric (Denno 
et al. 1995, Kaplan and Denno 2007). Studies of 
herbivores that temporally co- occur in the field, 
including this one, suggest that asymmetries 
are likely even when interactions are potentially 
reciprocal (Kaplan and Denno 2007). When her-
bivores co- occur, specificity of the plant- induced 
response is required for asymmetry. That is, the 

Fig. 3. Genetic correlations between constitutive resistance (CR) to Leptinotarsa juncta and (a) intraspecific 
and (b) interspecific effects on L. juncta, as well as genetic correlations between constitutive resistance to Manduca 
sexta and (c) intraspecific and (d) interspecific effects on M. sexta.
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plant must either react differently to each her-
bivore species (specificity of elicitation) or have 
differential effects on each herbivore species 
(specificity in effect). In our experiments, S. caro-
linense displayed both specificity of effect on and 
elicitation by these insect species. The induced 
response of S. carolinense differentially affected 
these herbivores, because across herbivore treat-
ments, L. juncta was more negatively affected by 
previous damage than M. sexta. Additionally, 
S. carolinense must have responded differently to 
damage by each species, because induced effects 
on M. sexta were only elicited by conspecifics 

(Fig. 2). This lends support to the model shown 
in Fig. 1, which depicts a scenario in which the 
plant produces a different phenotype in response 
to each herbivore. Similarly, constitutive resis-
tance to L. juncta was not correlated with consti-
tutive resistance to M. sexta (Appendix S1: Table 
S5), so two different constitutive resistance val-
ues are also needed to characterize this effect net-
work (shown as CR1 and CR2 in Fig. 1).

In this study, we did not determine specific 
plant traits underlying S. carolinense constitu-
tive resistance or induced responses. We defined 
constitutive and induced resistance in terms 
of herbivore growth rates on undamaged vs. 
damaged plants (sensu Karban and Myers 1989, 
Karban and Baldwin 1997, Kempel et al. 2011), 
which allowed us to calculate the strength of 
intra-  and interspecific plant- mediated effects. 
These definitions are also consistent with models 
of insect population dynamics that define plant 
resistance in terms of insect preference or per-
formance (Morris and Dwyer 1997, Underwood 
and Rausher 2002, Abbott et al. 2008) as opposed 
to specific plant traits. These studies consider 
that insect growth, survival, or feeding behavior 
could be a function of any one of many poten-
tially interacting plant traits; in our study, the 
timing and specificity of the induced response 
suggest that chemical defenses may be respon-
sible. S. carolinense and its relatives have been 
shown to induce a variety of secondary metab-
olites correlated with reduced herbivore growth 
(Felton et al. 1989, Stout et al. 1998, Ortego et al. 
2001, Walls et al. 2005). Previous work has shown 
that M. sexta and Leptinotarsa species can differ-
entially elicit plant chemical defenses (proteinase 
inhibitors and polyphenol oxidase); in one exper-
iment, tomato plants produced similar defenses 
but responded more strongly to M. sexta damage, 
because Leptinotarsa decemlineata oral secretions 
were shown to inhibit the expression of defense 
genes (Chung and Felton 2011). This is consis-
tent with our result that M. sexta damage had, on 
average, a greater effect on both herbivore spe-
cies (Fig. 2), and shows that specificity of elicita-
tion can be the result of either qualitative (Stout 
et al. 1997) or quantitative (Chung and Felton 
2011) variation in a plant’s response to different 
herbivore species.

Although the average interactions involv-
ing L. juncta and M. sexta were intraspecific 

Fig. 4. Average standardized relative growth rate 
(stdRGR) of (a) Leptinotarsa juncta and (b) Manduca 
sexta larvae on groups of genotypes that mediate 
similar interaction networks, identified using 
hierarchical cluster analysis (see text). Asterisks 
indicate plant- mediated intra-  or interspecific effects, 
that is, significant differences in stdRGR of larvae 
reared on undamaged controls (open bars) vs. plants 
previously damaged by L. juncta (black bars) or 
M. sexta (gray bars) (t test, P < 0.05). RGR of both 
bioassay herbivore species was standardized by the 
mean of each experiment, so negative values indicate 
that insects on a particular genotypic cluster grew less 
relative to the experimental mean but did not actually 
lose biomass.
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competition and an interspecific amensalism, 
the strength of both intra-  and interspecific 
plant- mediated effects differed considerably 
among S. carolinense genotypes (Fig. 4). Previous 
work has uncovered genetic variation in the con-
stitutive and induced defensive expression of 
S. carolinense (Kariyat et al. 2012, 2013a, Portman 
et al. 2015), which can affect the growth, sur-
vival, and preference of its herbivores (Kariyat 
et al. 2012, 2013b, 2014, Portman et al. 2015). Our 
experiments show that genetic variation can 
also affect the intra-  and interspecific interac-
tions between herbivores. Among the three sig-
nificant clusters of genotypes in our study, the 
intraspecific interactions ranged from no sig-
nificant intraspecific effects for some genotypes 
(cluster A) to negative intraspecific effects for 
L. juncta (cluster B) and M. sexta (clusters B and 
C). Interspecific interactions also varied among 
genotypes of S. carolinense due to genetic varia-
tion in the induced effect of M. sexta on L. juncta. 
These interactions ranged from strong neg-
ative effects of M. sexta on L. juncta (an amen-
salism; cluster A) to weaker negative effects of 
M. sexta on L. juncta (cluster B) to positive effects 
of M. sexta on L. juncta (facilitation; cluster C) 
(Fig. 4). Because we chose plant genotypes from 
different populations, it is likely that our study 
uncovered more variation in intra-  and inter-
specific effects than would be found within 
any single population. However, in four of five 
cases where multiple S carolinense genotypes 
in our study were derived from the same pop-
ulation, the genotypes were found in different 
clusters and thus mediated significantly differ-
ent indirect effects (see Appendix S1: Table S1). 
Furthermore, genetic variation in induced and 
constitutive resistance within plant populations 
has been found frequently in other studies (e.g., 
Zangerl and Berenbaum 1990, Agrawal et al. 
2002, Karban and Baldwin 2007), and variation 
in resistance among plant genotypes has been 
previously shown to affect intra-  and inter-
specific interactions (Traw and Dawson 2002). 
This indicates that effect networks might vary 
considerably within natural plant populations, 
although thorough studies of single populations 
are clearly needed to characterize the extent of 
variation in plant- mediated indirect effects at 
spatial scales relevant to herbivore population 
dynamics.

The variation we uncovered in plant- mediated 
effect networks suggests that in at least some con-
texts, measuring “average” interaction strengths 
across plant types may not be sufficient for char-
acterizing the population- level intra-  or inter-
specific interactions involving two herbivores. 
To better understand the effects of this variation 
on herbivore population dynamics, empirically 
based estimates of variation in intra-  and inter-
specific effects could be included in population 
models of interacting herbivores (e.g., Anderson 
et al. 2009). Although no study of plant- mediated 
interactions has incorporated variance in popu-
lation growth parameters among host plants into 
models of herbivore population dynamics, mod-
els of single species population dynamics predict 
that variance in growth parameters should have 
the greatest effect when (1) herbivore carrying 
capacities are larger (Underwood 2004), (2) there 
is greater herbivore migration among individual 
plants (Underwood 2004), and (3) relationships 
between larval density and recruitment are non-
linear (Melbourne and Chesson 2005). While our 
study lacks the data to address these predictions, 
nonlinearities in recruitment curves seem par-
ticularly likely, considering that the relationship 
between larval density and herbivore perfor-
mance has been shown to be nonlinear (Morris 
1997, Underwood 2010; but see McNutt et al. 
2017).

We also found correlations among components 
of the network of effects mediated by S. carolin-
ense. The strongest of these were negative cor-
relations between constitutive resistance and 
both intra-  and interspecific effects on each herbi-
vore species, which are evidence of genetic trade- 
offs between constitutive and induced resistance 
(Fig. 3). These types of trade- offs have been 
found more consistently than other trade- offs 
among anti- herbivore defenses (Koricheva et al. 
2004), likely because genotypes constitutively 
expressing high levels of defenses are unable 
to further increase these defenses after damage 
(Bingham and Agrawal 2010, Kempel et al. 2011, 
but see, e.g., Underwood et al. 2000, Lankau and 
Kliebenstein 2009). In our experiment, multi-
ple S. carolinense genotypes with high constitu-
tive resistance expressed induced susceptibility, 
suggesting that chemical defenses may have 
been relaxed after damage. These genotypes 
(Fig. 4, cluster C) mediated different interspecific 
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interactions than other groups of S. carolinense 
genotypes. Although recent work has demon-
strated that plant genetic effects on species inter-
actions are common (Hughes et al. 2008), few 
studies have investigated how genetic correla-
tions among plant traits (e.g., trade- offs) may 
shape these effects (Mooney et al. 2010). To our 
knowledge, ours is the first evidence that genetic 
correlations within a plant species (vs. among 
species) have the potential to shape variation in 
interactions at higher trophic levels. This distinc-
tion may be important. When genetic variation 
occurs within plant species, evolution through 
genetic drift or natural selection could affect 
standing genetic variation and thus population- 
level interactions among herbivores.

Scaling up to herbivore interactions in the field
In this study, we measured herbivore interac-

tions on individual plants. For any pair of inter-
acting herbivores, scaling up from interactions 
on individual plants to a net interaction in the 
field would require determining the spatial dis-
tribution of plant genotypes in the population at 
a relevant scale, as well as the degree of genetic 
variation and covariation in plant traits (i.e., 
plant- mediated effects). It would also require 
determining insect distributions across plant 
genotypes given insect responses to both plant 
traits and densities of con-  and heterospecifics. 
The dynamics of interacting herbivores could 
then be modeled as a function of these quantities 
and the strengths of the indirect effects mediated 
by each plant genotype (Underwood 2009). 
Quantifying genetic diversity in natural popula-
tions has been identified as a priority for under-
standing community- level effects of genetic 
diversity (Hughes et al. 2008). Although previ-
ous studies suggest that within- population 
genetic variation in defense induction can be sig-
nificant (e.g., Zangerl and Berenbaum 1990, 
Agrawal et al. 2002, Karban and Baldwin 2007), 
the magnitude and spatial distribution of genetic 
variation in plant resistance in natural popula-
tions remains an open question. Additionally, 
while the codistribution of different herbivores’ 
damage patterns has been quantified in the field 
(Wise 2007b, Wise and Rausher 2013), we know 
very little about the probability that two herbi-
vores will indirectly interact on a single host 
plant. This necessitates understanding their 

relative timing of host use, which is a product of 
insect phenology, movement, and behavioral 
responses to damaged plants. It also requires 
considering the effects of plant- induced resis-
tance other than the reduced herbivore growth 
observed in our study. For example, insects can 
be more (Hambäck 2010) or less (Underwood 
et al. 2000, De Moraes et al. 2001; McNutt et al. 
2017) likely to feed or oviposit on damaged 
plants, affecting the likelihood of intra-  or inter-
specific interactions. Herbivores can also exhibit 
different movement rates, susceptibility to 
defenses (van Dam et al. 2001), or effects on plant 
systemic induced responses (Walling 2000, 
McCormick et al. 2014) at early vs. late instars, 
which suggests that herbivore ontogeny may 
also need to be considered in future work. This 
wide range of insect responses, coupled with the 
substantial genetic variation in plant- mediated 
effects uncovered in our study, suggests that 
more work on both interacting insect species and 
their plant hosts is needed to more definitively 
characterize the nature of interactions between 
herbivore species.
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