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The means by which plant genotypes inﬂuence species interactions and arthropod community structure remain poorly
understood. One potential, but largely unstudied mechanism is that occurring through plant genetic variation in induced
responses to herbivory. Here we test whether induced responses to leaf damage and genotypic variation for induction
in Asclepias syriaca inﬂuence interactions among Formica podzolica ants, the ant-tended aphid Aphis asclepiadis, and
the untended aphid Myzocallis asclepiadis. In so doing, we assess genetic variation in plant-mediated interactions
among diﬀerent herbivore guilds. We conducted a three-way factorial ﬁeld experiment manipulating plant genotype,
leaf damage by specialist monarch caterpillars Danaus plexippus, and ant presence, and documented eﬀects on aphid
and ant abundances. Leaf damage increased Aphis abundance in both the presence and absence of ants and Myzocallis
abundance under ant exclusion. In the presence of ants, leaf damage decreased Myzocallis abundance, likely due to eﬀects
on ant–Myzocallis interactions; ants showed a positive association with Myzocallis, leaf damage increased the strength
of this association (425% more ants per aphid), and this in turn fed back to suppress Myzocallis abundance. Yet, these
aggregate eﬀects of leaf damage on Myzocallis and ants were underlain by substantial variation among milkweed genotypes, with leaf damage inducing lower aphid and ant abundances on some genotypes, but higher abundances on
others. As a consequence, a substantial fraction of the variation in leaf damage eﬀects on ants (R2  0.42) was explained
by milkweed genetic variation in the strength and sign of leaf damage eﬀects on Myzocallis. Although plant genetic
variation inﬂuenced Aphis abundance, this did not translate into genetic variation in ant abundance, and leaf damage
did not inﬂuence Aphis–ant interactions. Overall, we show that variation in induced responses to herbivory is a relevant
condition by which plant genotype inﬂuences interactions in plant-centered arthropod communities and provide novel
results of eﬀects on the third trophic level.

Studies conducted over the last decade have shown that
plant genotype can have a strong eﬀect on the structure
of arthropod communities (Dungey et al. 2000, Johnson
and Agrawal 2005, Bailey et al. 2009, Barbour et al. 2009,
Crutsinger et al. 2009). Likewise, there is a growing appreciation for the ecological and evolutionary role of intraspeciﬁc variation in plants for the outcome of biotic interactions
under a multitrophic setting (Weis and Abrahamson 1986,
Fritz 1995, Gassmann and Hare 2005, Mooney and Agrawal
2008). Nonetheless, the mechanisms by which plant genotypes inﬂuence biotic interactions and shape community
structure at higher trophic levels remain poorly understood
(Johnson 2008; reviewed by Mooney and Singer 2012).
Through induced responses to herbivory, plants may
directly inﬂuence herbivores and predators, as well as indirectly mediate arthropod interactions within and between
trophic levels (Agrawal 2005a, Heil 2010, Utsumi 2011).
The distinction between chewing and sap-feeding herbivores is especially important in this regard, as feeding by
one herbivore guild is predicted to induce resistance to
future attack by the same guild, but increase susceptibility

to the opposing guild due to interference between plant
resistance signaling pathways (Thaler et al. 1999, RodriguezSaona et al. 2005, Viswanathan et al. 2007, Zhang et al.
2009). Herbivore damage (by either guild) can also induce
the attraction of predators through the production of plant
volatiles or other means, and this indirect defense against
herbivores can impact plant–arthropod and arthropod–
arthropod interactions (Wäckers et al. 2001, Ness 2003,
Kessler and Heil 2011). Therefore, by inﬂuencing herbivores and predators, plant induction has been shown
to modify community structure at higher trophic levels
(Bailey and Whitham 2003, Van Zandt and Agrawal 2004,
Ohgushi 2005).
Genetic variation in induced plant responses to herbivory is common (Zangerl and Berenbaum 1990, Agrawal
1999, Bingham and Agrawal 2010), but its implications
for higher trophic levels remain largely unexplored. While
several studies have examined plant genotype and induction eﬀects on competitive interactions between pairs of
herbivores (McGuire and Johnson 2006, Smith et al. 2008,
Mooney et al. unpubl.), and a few have looked at the
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eﬀect of genetic variation in constitutive plant defense on
the third trophic level (e.g. parasitoids; Gols et al. 2009),
relatively few have evaluated how plant genotype and
induction of defenses shape multitrophic interactions or
the mechanisms underlying such eﬀects (Tamiru et al.
2011). One exception is a study by Poelman et al. (2009),
which reports genetic variation in emission of parasitoidattracting volatiles among Brassica oleracea genotypes.
Similarly, studies on the consequences of plant genetic
variation in induction for herbivore–mutualist interactions
are also lacking (Savage and Peterson 2007). Given this
knowledge gap, the study of genotypic variation in plant
induction within a community context oﬀers an ideal setting to mechanistically understand how plant genotype
shapes arthropod interactions and diversity.
Ants, by acting as predators, mutualists or ecosystem
engineers, can have substantial eﬀects on plant and arthropod communities (Wimp and Whitham 2001, Frederickson
et al. 2005). Thus, intraspeciﬁc variation in plants for ant
abundance may in turn have community-wide eﬀects. Such
plant eﬀects occur either directly, through variation in traits
that attract ants (e.g. nectar; Rudgers and Strauss 2004,
Ashman and King 2005), or indirectly by inﬂuencing
herbivores that attract ants (Pierce 2001, Mooney and
Agrawal 2008). The latter mechanism occurs in ant–
hemipteran symbioses which are considered ‘keystone
interactions’ largely due to their eﬀects on ant abundance
(Styrsky and Eubanks 2007, Wimp and Whitham 2001,
2007). Past work has shown that genetically variable plant
traits can directly inﬂuence hemipteran performance (Fritz
and Simms 1992, Johnson 2008) and, in so doing, indirectly inﬂuence ant abundance and arthropod community
composition (Vrieling et al. 1991, Wimp and Whitham
2001, Johnson 2008, Mooney and Agrawal 2008). While
herbivore-induced plant responses are known to aﬀect ant
abundance in specialized ant–plant systems (Agrawal and
Rutter 1998), little is known of how plant induction following herbivory changes the nature of ant–hemipteran
interactions (Ohgushi 2008) or how plant genetic variation
alters such dynamics.
We have previously reported on a ﬁeld experiment
that measured the interactive eﬀects of ants and common milkweed Asclepias syriaca genotype on the associated arthropod community (Mooney and Agrawal 2008).
This work demonstrated that milkweed genotype exerted
indirect genetic control over ant abundance through both
direct eﬀects on aphid abundance, i.e. plant genotypes with
more aphids also had more ants (interaction chains sensu
Wootton 1994), as well through eﬀects on ant–aphid
interactions, i.e. plant genotypes varied in the number of
ants recruited per aphid (interaction modiﬁcation, sensu
Wootton 1994). Furthermore, plant eﬀects on ants were
transmitted through two aphid species, the ant-tended
aphid Aphis asclepiadis and the untended aphid Myzocallis
asclepiadis. This milkweed genetic variation in ant abundance was in turn negatively correlated with monarch
Danaus plexippus caterpillar survival. Here we build upon
this past work with a new ﬁeld experiment in which we
investigate the consequences of leaf damage by monarch
caterpillars on ant–aphid interactions and whether there is
plant-based genetic variation in these eﬀects. Speciﬁcally,
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we address the following questions: 1) What is the eﬀect
of leaf damage on each aphid species, and are eﬀects
contingent on ant presence? 2) Does leaf damage indirectly
inﬂuence ant abundance through eﬀects on aphid abundance and modiﬁcation of ant–aphid interactions? And
3) Is there plant genetic variation for leaf damage eﬀects
on aphids and does this variation explain changes in ant
abundance?

Methods
Natural history
Common milkweed Asclepias syriaca is a perennial herb
widely distributed throughout eastern United States and
Canada. Seeds from each fruit of A. syriaca are full siblings
because of the pollination system of milkweed in which
a single pollen sac (i.e. pollinium) sires all of the seeds
from a ﬂower (Gold and Shore 1995). The present work
was conducted in an abandoned ﬁeld near Ithaca, NY
(42°30′1.44″N, 76°26′8.52″W). At this and other nearby
study sites, milkweed is principally fed upon by two
aphid species, Aphis asclepiadis and Myzocallis asclepiadis
(hereafter Aphis and Myzocallis, respectively). In addition,
the ant Formica podzolica (hereafter Formica) tends Aphis,
while Myzocallis is not tended by F. podzolica or other
ants. Aphis nerii also occurs at these sites (Smith et al. 2008),
but only becomes abundant in mid- to late August and
was thus not present during the course of this study.
Past work on this system demonstrates that the ant
Formica podzolica (hereafter Formica) tends Aphis (i.e. it
collects honeydew directly from the aphid), is positively
associated with Aphis abundance, and that the presence of
Formica reduces predator abundance and increases Aphis
abundance (Mooney and Agrawal 2008, Smith 2008) or
has no detectable eﬀect on this aphid (Mooney 2011). In
contrast, Formica does not tend or prey upon Myzocallis,
but is positively correlated with Myzocallis abundance as
it collectes its honeydew from leaf surfaces (Mooney and
Agrawal 2008). Formica in turn reduces Myzocallis abundance (Mooney and Agrawal 2008, Smith et al. 2008), likely
due to reduced Myzocallis fecundity or increased dispersal.
While it is seemingly paradoxical that Formica positively
correlates with, but decreases Myzocallis abundance, these
opposing patterns are parallel to other commonly observed
density-dependent associations between consumers and
resources (e.g. predator and prey).
Experimental protocols
The design of this experiment is similar to that used
by Mooney and Agrawal (2008). In spring 2006, we germinated milkweed seeds from each of 10 full-sib families
(hereafter referred to as ‘families’) collected from an old ﬁeld
near Ithaca, NY, (42°30′1.44″N, 76°26′8.52″W, the location of our previous study). We initially grew plants in
growth chambers in 500-ml pots ﬁlled with potting soil
that were watered as needed and fertilized weekly for six
weeks. By growing all plants for this relatively long period
under hospitable conditions, we minimized maternal eﬀects

on milkweed phenotypes (Rausher 1992). Past work with
A. syriaca kept under such conditions showed that trait
heritabilities measured in both the year of and the year
after plantings were similar, suggesting limited maternal
eﬀects (Agrawal 2005b).
On 12 and 13 June 2006, plants of each family were
moved to ﬁeld cages and randomly assigned to one of two
leaf damage treatments. Ten plants of each family were
subjected to 15% leaf area consumption by monarch caterpillars Danaus plexippus, while 10 plants were kept as
undamaged controls. For the monarch leaf damage treatment (hereafter ‘damage’ treatment), one to three larvae reared
from locally-collected eggs were placed on each plant for
between 12 to 36 h until it was visually assessed that 15% of
leaf area had been removed. Control plants were maintained
in the same environment as damaged plants.
On 15 June 2006, all plants were transplanted into
the same ﬁeld from which seeds were collected, with 12 to
16 plants each in 3 m-diameter circles around each of
15 Formica mounds. We excluded ants from half of these
plants by burying 20 cm tall by 25 cm diameter aluminum
ﬂashing rings into the soil 5 cm deep and coating the outside surface with sticky paste. We controlled for any unintended eﬀects of the aluminum rings by setting 15 cm tall
rings loosely on the ground around control plants to allow
ant access. Our experimental design was a balanced incomplete block, with ant mound as the block and plant family
(10 families), leaf damage (damaged, undamaged), and ant
exclusion (exclusion, control) as experimental factors. The
SAS procedure OPTEX (SAS Inst.) allowed us to assign
experimental treatments to each of the 200 plant positions
according to the requirements of the balanced incomplete
block design. We censused arthropods on each plant on
7 July, 20 July, 29 July and 14 August 2006, classifying
each arthropod as Aphis, Myzocallis, or ants (all of which
were F. podzolica). Herbivores other than the two aphid
species previously mentioned were rare.
Statistical analyses
Aphids

The goal of these analyses was to evaluate whether leaf
damage aﬀected aphid abundance, as well as if such an
eﬀect was contingent on plant genotype and the presence
of ants. Aphis and Myzocallis abundances were uncorrelated
at both the level of plant and plant family (R2  0.009,
p  0.34 and R2  0.023, p  0.67, respectively), suggesting the interactions between the aphids were weak and
that the eﬀects of ants, leaf damage and plant family acted
independently on these herbivores. Because residuals for
these analyses violated ANOVA assumptions of normality, generalized linear models were used as a more powerful alternative to data transformations (Bolker et al. 2009).
Proc GENMOD in SAS (SAS Inst.) was used to test for
eﬀects of ant exclusion, leaf damage and plant family, as
well as two-way interactions among these factors on Aphis
and Myzocallis abundance per plant. The eﬀect of ant
mound was also included to control for variation among
these blocks. Although these data approximated a Poisson
distribution, the two models were based upon a negative

binomial distribution (log link function) because the model
assuming a Poisson distribution did not converge for Aphis.
The Myzocallis model that assumed a Poisson distribution
did converge and provided qualitatively identical results to
those using the negative bionomial distribution. Ant mound
and plant family were both treated as ﬁxed eﬀects in these
analyses. In the case of ant mound, this is appropriate as
they were selected non-randomly based on size similarity.
While plant family should properly be treated as a random eﬀect (Newman et al. 1997), the validity of likelihood
ratio tests for signiﬁcance tests of random factors is questionable for generalized linear models (Bolker et al. 2009).
Preliminary analyses showed that ant exclusion signiﬁcantly reduced ant abundance for all time points (F  27.02,
p  0.001 in all cases) and repeated measures models showed
that the eﬀects of ant exclusion and leaf damage on aphids
were consistent through time (non-signiﬁcant time  treatment interactions: p  0.26 in all cases). Accordingly, all
analyses are based upon values per plant averaged across all
censuses. Three-way interactions were excluded and type III
SS were used in all cases. Means and SE are presented as
descriptive statistics.
Ants

The goal of this analysis was to evaluate whether leaf
damage aﬀected ant abundance, as well as if such an eﬀect
was contingent on plant genotype. These indirect eﬀects
might occur through changes in aphid abundance, i.e.
direct eﬀect of leaf damage or family on aphid abundance
which in turn indirectly inﬂuences ant abundance (interaction chains sensu Wootton 1994), as well as through changes
in ant–aphid interactions, i.e. leaf damage or family inﬂuences the number of ants recruited per aphid (interaction
modiﬁcation, sensu Wootton 1994). Analyses of ant abundance were based upon only those plants for which ants
were not excluded. Because residuals were normally distributed, Proc GLM in SAS was used to test for eﬀects
of leaf damage, plant family (treated again as ﬁxed),
Myzocallis abundance, and Aphis abundance (both covariates) and all two-way interactions on ant abundance. The
inclusion of the aphid terms tests for an overall inﬂuence
of aphid abundance on ant abundance. The inclusion
of terms for the interactions between leaf damage or plant
family and aphid abundance test for interaction modiﬁcation, where the slope of ant abundance regressed on aphid
abundance is modiﬁed (contingent upon) leaf damage or
plant family. Ant mound was included as an additional
ﬁxed eﬀect. Preliminary analyses showed that the magnitude of the leaf damage eﬀect on ants was consistent across
all time points (non-signiﬁcant time  leaf damage interaction based on repeated measures model: F6,604  0.76,
p  0.60). Accordingly, this analysis was based upon values
per plant averaged across censuses. Three-way interactions
were excluded and type III SS were used in all cases. Means
and SE are provided as descriptive statistics.
We further explored the mechanisms of leaf damage
and plant family eﬀects on ants using genetic correlations.
We performed correlations between ant and aphid abundance using undamaged family means to test for indirect
plant genetic eﬀects on ant abundance through genetic
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variation in constitutive resistance to each aphid (i.e.
interaction chain eﬀect of family on ants). To evaluate the
consequences of plant genetic variation in induced responses for ant abundance via changes in aphid abundance
(i.e. whether the eﬀect of leaf damage on ants via an interaction chain varies among plant families), we regressed
family mean leaf damage eﬀect size on ants on family mean
leaf damage eﬀect size on aphids using simple linear regression, and separately for each aphid. Eﬀect sizes were quantiﬁed as log response ratios (ln [family mean for damaged
plants/family mean for undamaged plants]) using plants
from which ants were not excluded.
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Effects of leaf damage, plant family and
ants on aphids

Table 1. Results from generalized linear models testing for main
effects and interactions on Aphis and Myzocallis abundance. The
two models used Proc GENMOD assuming a negative binomial
error distribution. Damage  leaf damage treatment; ant  ant
exclusion treatment; family  plant family; mound  ant mound.
Signiﬁcant effects are in bold.

Myzocallis
abundance

Aphis
abundance
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Family
Damage
Ant
Damage  Family
Ant  Family
Ant  Damage
Mound
Family
Damage
Ant
Damage  Family
Ant  Family
Ant  Damage
Mound

DF
9,142
1,142
1,142
9,142
9,142
1,142
14,142
9,141
1,141
1,141
9,141
9,141
1,141
14,141

χ2

p-value

26.77
1.19
8.58
22.12
16.77
17.54
83.63
40.57
7.74
0.13
12.81
14.04
0.15
47.37

0.001
0.274
0.003
0.008
0.052
 0.0001
 0.0001
 0.0001
0.005
0.720
0.171
0.121
0.695
 0.0001

Aphis abundance

We found that the eﬀects of leaf damage and ant exclusion
interacted signiﬁcantly (leaf damage  ant eﬀect, Table 1,
Fig. 1A), which can be viewed from two perspectives.
First, ants had a negative eﬀect on Myzocallis abundance on
damaged plants (F1,57  22.03, p  0.0001) but no eﬀect
on undamaged plants (F1,62  0.59, p  0.44) (Fig. 1A).
Second, leaf damage induced susceptibility to Myzocallis
in the absence of ants (F1,62  9.40, p  0.002) but resistance in the presence of ants (F1,57  7.01, p  0.008)
(Fig. 1A). These eﬀects of ants and leaf damage were in
turn underlain by signiﬁcant variation among plant
families. The eﬀect of leaf damage was contingent upon
plant family (leaf damage  family eﬀect, Table 1), with
plant families varying in both the magnitude and direction
of changes in Myzocallis abundance in response to leaf
damage (Fig. 2A, B), i.e. some families showed induced
susceptibility while others showed induced resistance to
Myzocallis. In addition, the eﬀect of ants was also contingent
upon plant family (ant  plant family eﬀect, Table 1).

Source

Undamaged
Damaged

8

Effects on Myzocallis

Dependent
variable

(B)

6
4
2
0
Excluded

Present
Ants

Figure 1. Eﬀect of leaf damage on Myzocallis (A) and Aphis (B)
abundances in the presence and absence of Formica ants. Shown are
means  SE. For Myzocallis (A), there was a signiﬁcant interaction
(p  0.0001, Table 1) between the eﬀects of leaf damage and
ants. Leaf damage increased aphid abundance under ant-exclusion
(p  0.002) but decreased aphid abundance in the presence of
ants (p  0.008). Ants decreased aphid abundance on damaged
plants (p  0.0001) but had no eﬀect on undamaged plants
(p  0.44). For Aphis (B), leaf damage increased aphid abundance
(p  0.005) but there was no eﬀect of ants (p  0.72) (Table 1).
Effects on Aphis

Overall, leaf damage caused a 40% increase in Aphis
abundance (Fig. 1B), while ants did not aﬀect Aphis abundance and these two eﬀects did not interact signiﬁcantly
(Table 1, Fig. 1B). In addition, the eﬀects of ants and
leaf damage were not contingent upon plant family (ant 
family and leaf damage  family interactions; Table 1).
Effects of plant genotype, leaf damage and
aphids on ants
Effects mediated by Myzocallis

Although ant abundance was positively associated with
Myzocallis abundance (ants  0.042  Myzocallis  0.091,
R2  0.48; Myzocallis eﬀect, Table 2), this eﬀect was contingent upon leaf damage (Myzocallis  leaf damage
eﬀect, Table 2). Indeed, the rate of ant recruitment (i.e.
regression slope) was 425% steeper for damaged plants
(ants  0.017  Myzocallis  0.094) compared to undamaged
plants (ants  0.004  Myzocallis  0.35) (Fig. 3). The slope,
R2 and signﬁcance of these individual regressions is largely
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Figure 2. Plant family means for damaged and undamaged treatments for Myzocallis abundance with (A) and without (B) ants, as well as
Formica (C) abundances (the latter case included only plants not excluded from ants). Overall means  SE for each leaf damage level are
presented beside family means on each side.

unchanged by the removal of the data point with the highest ant and aphid abundance, although the Myzocallis 
leaf damage eﬀect is no longer signiﬁcant (p  0.46).
Accordingly, more ants were recruited per aphid on damaged plants, showing that leaf damage modiﬁes the form
of Myzocallis–ant interactions on milkweed. The net eﬀect
of these two contrasting dynamics – an increase in the rate

of ant recruitment to Myzocallis, but a decrease in Myzocallis
abundance, was a lower ant abundance on damaged than
undamaged plants (Fig. 2C) because of the simultaneous
decrease in Myzocallis abundance with leaf damage in the
presence of ants (Fig. 1A).
In agreement with our previous work (Mooney and
Agrawal 2008), we found a positive genetic correlation
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Family
Damage
Damage  Family
Myzocallis
Aphis
Myzocallis  Family
Aphis  Family
Myzocallis  Damage
Aphis  Damage
Mound

DF

F-value

p-value

9,89
1,89
9,89
1,89
1,89
9,89
8,89
1,89
1,89
14,89

1.47
11.41
2.67
43.96
0.17
1.76
1.65
26.03
0.01
2.72

0.198
0.001
0.017
 0.0001
0.680
0.111
0.147
 0.0001
0.967
0.008

between ant and Myzocallis abundance (ants  0.007 
Myzocallis  0.44, R2  0.54; Fig. 4A), thus documenting
an indirect eﬀect of plant genetic variation for aphid abundance on ants. Contrary to our past study, however, plant
families did not vary signiﬁcantly in the rate of ant recruitment to Myzocallis (Myzocallis  family eﬀect, Table 2).
Nonetheless, leaf damage eﬀects on ants varied among
plant families (leaf damage  plant family eﬀect, Table 2),
with some families showing an increase and others a
decrease in ant abundance due to leaf damage (Fig. 1C).
Much of this plant genetic variation in leaf damage eﬀects
on ants could in turn be traced to parallel variation in eﬀects
on Myzocallis: Plant family means for leaf damage eﬀect
size for ants were positively associated with leaf damage
eﬀect sizes for Myzocallis (p  0.04, Fig. 4B). Hence, leaf
damage indirectly inﬂuenced ant abundance through eﬀects
on Myzocallis abundance, but the magnitude and direction
of this indirect eﬀect varied among plant families.
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Table 2. Results from a generalized linear model used to test for
main effects and interactions on F. podzolica abundance. The model
was performed in Proc GLM and assumed a normal error distribution. Damage  leaf damage treatment; ant  ant exclusion treatment; family  effect of plant family; mound  ant mound. Signiﬁcant
effects are in bold.
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Figure 4. (A) Genetic correlation between plant family undamaged
mean abundance for Myzocallis and Formica and (B) relationship
between Formica and Myzocallis caterpillar leaf damage eﬀect
sizes. For panel B, values plotted are eﬀect sizes for each plant
family calculated as ln[damage mean/undamaged mean] for each
family. Numbers next to each dot represent plant families.

Effects mediated by Aphis

Contrary to ﬁndings for Myzocallis, variation in Aphis
abundance did not inﬂuence ant abundance (Aphis eﬀect,
Table 2), and the rate of ant recruitment to Aphis was not
7
Damaged
R2 = 0.45, p < 0.001

Formica abundance

6
5

inﬂuenced by leaf damage (Aphis  leaf damage eﬀect,
Table 2), nor did it vary among plant families (Aphis  family
eﬀect, Table 2). In addition, the genetic correlation between
Aphis and ants was not signiﬁcant (R2  0.004, p  0.86)
and we did not ﬁnd a relationship between family leaf
damage eﬀect sizes for ants and Aphis (R2  0.12, p  0.31)
i.e. no inﬂuence of leaf damage on ant abundance via
changes in Aphis abundance across plant families.
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Figure 3. Relationship between Myzocallis abundance and
Formica abundance for damaged and undamaged milkweed plants.
R2- and p-values reported are from simple regression models
performed separately for damaged and undamaged plants.
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Leaf damage consistently increased Aphis abundance (i.e.
in both the presence and absence of ants; Fig. 1), but this
did not translate into an indirect eﬀect on ant abundance.
In contrast, leaf damage increased Myzocallis abundance
only in the absence of ants (Fig. 1). In the presence of
ants, leaf damage decreased both Myzocallis and ant
abundance, likely due to eﬀects on ant–Myzocallis interactions; leaf damage increased the number of ants recruited
per Myzocallis by 425% (i.e. Fig. 3 change in slopes) and
ants had a negative eﬀect on Myzocallis only on damaged
plants (Fig. 2). Our results thus suggest a feedback, where

leaf damage increased ant recruitment to Myzocallis, which
in turn decreased Myzocallis abundance. Such opposing
eﬀects of leaf damage on ant–Myzocallis interactions –
increasing the attractiveness but decreasing the abundance
of Myzocallis – resulted in a net decrease in ant abundance.
The aggregate eﬀects of leaf damage on Myzocallis and
ants were in turn underlain by substantial variation among
milkweed genetic families. While plant families varied
in resistance to both aphids, only for Myzocallis did such
eﬀects translate into indirect plant genetic eﬀects on ant
abundance. Similarly, there was milkweed genetic variation in damage-induced eﬀects on Myzocallis but not Aphis,
with leaf damage inducing Myzocallis resistance on some
genotypes, but inducing susceptibility on others. Plant
genetic variation for induced eﬀects on Myzocallis in turn
translated into parallel eﬀects on ants; those plant families
with induced resistance to Myzocallis had fewer ants following leaf damage, while those with induced susceptibility
had more. In summary, plant genetic variation in both
constitutive and induced resistance to Myzocallis resulted
in strong linkages between leaf damage, milkweed genetic
family, and ant abundance.
Effects of leaf damage on ant–aphid interactions
Results from this work indicated that leaf damage can
lead to induced susceptibility to aphids in A. syriaca.
Speciﬁcally, damaged plants showed induced susceptibility to Aphis, and Myzocallis showed a similar pattern in
the absence of ants. These ﬁndings are consistent with the
emergent understanding of cross-talk between jasmonate
and salicylate plant resistance signaling pathways (van
Dam 2009), where induction of resistance by chewing
herbivores suppresses what would otherwise be induced
resistance to subsequent sap-feeding herbivores (and vice
versa). In the present case, monarch leaf damage may suppress salicylate responses in milkweed (Agrawal unpubl.),
potentially inducing susceptibility to aphids. Accordingly,
previous studies with tomato Solanum lycopersicum and
wild cabbage Brassica oleracea have shown parallel positive
eﬀects of sap-feeders on chewing herbivores (RodriguezSaona et al. 2005, Soler et al. 2012).
Interestingly, the eﬀects of leaf damage on Myzocallis
were contingent upon ant presence. Leaf damage caused
induced susceptibility to Myzocallis on plants without ants,
while a reduction in this aphid’s abundance was observed
when ants were present. The mechanism behind this result
was likely an increase in ant recruitment to Myzocallis on
damaged plants (i.e. modiﬁcation of ant–Myzocallis interaction driven by damage; Fig. 3), followed by a negative
eﬀect of this increase in ant abundance on the aphid.
The increase in ant recruitment can be seen in the steeper
slope for the relationship of ant abundance regressed on
Myzocallis for damaged than undamaged plants (Fig. 3).
Thus, even though ants were also positively associated
with Myzocallis on undamaged plants, they had a negative
eﬀect on the aphid in association with this damage-induced
increase in ant recruitment, which apparently crosses some
threshold where ant eﬀects become negative. This negative eﬀect was probably due to elicitation of aphid dispersal or reduced fecundity, as predation by ants has not been

observed during several hundred of hours of observation
(Mooney and Agrawal 2008, Smith et al. 2008). We propose that monarch leaf damage makes Myzocallis more
attractive to ants, presumably through changes in the quantity or quality of aphid honeydew secretions (Volkl et al.
1999, Woodring et al. 2004; but see Hembry et al. 2006)
which ants collect from from leaves beneath aphid colonies
(Mooney and Agrawal 2008).
Plant genetic variation in effects of leaf damage
on ant–aphid interactions
Consistent with previous ﬁndings in this system (Mooney
and Agrawal 2008), plant families varied substantially
in resistance to both aphid species, and plant genotypic
variation for constitutive resistance to Myzocallis translated
into an indirect genetic eﬀect on ant abundance (Fig. 4A).
Building on this result, we also demonstrate an eﬀect of
leaf damage on Myzocallis abundance that was contingent
upon plant family, with some families showing induced
susceptibility and others induced resistance. This latter ﬁnding contributes to the growing body of evidence for high
levels of genetic variation in induced resistance to insect
herbivores (Agrawal 1999, Underwood et al. 2000).
While our results for Myzocallis were relatively consistent with our previous study, those for Aphis diﬀered substantially. Contrary to our previous ﬁndings (Mooney and
Agrawal 2008, Smith et al. 2008), we found no eﬀect of
ants on Aphis. In contrast, ants had a negative eﬀect on,
and were positively associated with Myzocallis in both this
study and past studies (Mooney and Agrawal 2008, Smith
et al. 2008). These contrasting results highlight two relevant
points: First, the context-dependency of ant–aphid interaction outcomes, which appears to be common for diﬀerent
types of mutualism (Bronstein 1994); and second, that the
outcomes of ant–aphid interactions can be highly dependent
on the identity of the interacting species, with ant–Myzocallis
interactions being more temporally consistent in our study
system. In turn, such variation in ant–aphid interactions
will have relevant implications for plant genotype indirect
eﬀects on ants transmitted by aphids. In our previous study
(Mooney and Agrawal 2008), we found that plant genotype eﬀects on ants were transmitted mainly via Aphis while
here we found this was not the case. Instead, milkweed genotype eﬀects on ants will presumably be more predictable
when trasmitted via Myzocallis rather than Aphis.
Although a few studies have tested for plant genetic
variation in induction eﬀects on multiple herbivores
(McGuire and Johnson 2006, Manzaneda et al. 2010), this
study is the ﬁrst, to our knowledge, to investigate the cascading consequences of such eﬀects for higher trophic levels,
in particular mutualists of herbivores. Here we found that
milkweed genotype diﬀerences in response to leaf damage
for Myzocallis abundance were correlated with genotype
responses to leaf damage for ant abundance. Speciﬁcally,
those families for which monarch leaf damage resulted
in induced resistance to Myzocallis also showed a reduction
in ant abundance in response to damage, while an increase in
ant abundance due to leaf damage was observed for
families which showed induced susceptibility to this aphid
(Fig. 4B). This ﬁnding represents a novel contribution to
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the understanding of the mechanisms by which plant genotypes may vary in their arthropod communities, as well as
the consequences of genetic variation of induced responses
for higher trophic levels.
Because milkweed genetic variation for resistance to
Myzocallis resulted in an indirect eﬀect of plant genotype
on ant abundance, this may lead to variable outcomes of
selection for plant resistance under a multitrophic setting.
For instance, if aphids carry a ﬁtness cost to milkweed, as
has been reported in other systems (Minks and Harrewijn
1998, Renault et al. 2005), then selection would work against
plant genotypes which exhibit constitutively low resistance
and induced susceptibility to aphids in response to leaf
damage. However, aphids also recruit predatory ants which
provide protection against other potentially more damaging herbivores (Styrsky and Eubanks 2007, 2010), selecting
for plant genotypes with constitutively low resistance or
induced susceptibility to aphids (see also Stenberg et al.
2011 for example on ecological tradeoﬀs in direct and indirect plant defense). Milkweed genotypes may thus be found
at diﬀerent points along a continuum of tradeoﬀs between
negative eﬀects of aphids and positive eﬀects of ants, contingent upon presence and impacts of other herbivores (Styrsky
and Eubanks 2007, 2010).
Conclusions
We have shown that both plant genotype and leaf damage inﬂuence the abundance of sap-feeding herbivores, and
that such direct eﬀects in turn indirectly modulate the
abundance of predatory ants associated with A. syriaca.
Moreover, by evaluating the eﬀects of milkweed genotype,
we show that the eﬀects of induction on the second and
third trophic level are contingent on plant genotypic variation in both constitutive and induced resistance to herbivory. These ﬁndings provide evidence of and contribute
to the understanding of the mechanisms by which plant
genotypes inﬂuence multitrophic interactions and arthropod community structure.
Acknowledgements – The authors thank members of the Mooney
Lab and Susan Cook-Patton for insightful comments on this
manuscript. This work was funded in part by NSF grant DEB1120794 and the UC Irvine Academic Senate Council on
Research, Computing and Libraries.

References
Agrawal, A. A. 1999. Induced plant defense: evolution of induction
and adaptive phenotypic plasticity. – In: Agrawal, A. A. et al.
(eds), Inducible plant sefenses against pathogens and herbivores: biochemistry, ecology and agriculture. Am. Phytopathol.
Soc. Press, pp. 251–268.
Agrawal, A. A. 2005a. Future directions in the study of induced
plant responses to herbivory. – Entomol. Exp. Appl. 115:
97–105.
Agrawal, A. A. 2005b. Natural selection on common milkweed
(Asclepias syriaca) by a community of specialized insect herbivores. – Evol. Ecol. Res. 7: 651–667.
Agrawal, A. A. and Rutter, M. T. 1998. Dynamic anti–herbivore
defense in ant–plants: the role of induced responses. – Oikos
83: 227–236.

1912

Ashman, T. L. and King, E. 2005. Are ﬂower-visiting ants mutualists or antagonists? A study in a gynodioecious wild strawberry.
– Am. J. Bot. 92: 891–895.
Bailey, J. K. and Whitham, T. G. 2003. Interactions among elk,
aspen, galling sawﬂies and insectivorous birds. – Oikos 101:
127–134.
Bailey, J. K. et al. 2009. From genes to ecosystems: a synthesis of
the eﬀects of plant genetic factors across levels of organization.
– Phil. Trans. R. Soc. B 364: 1607–1616.
Barbour, R. C. et al. 2009. A geographic mosaic of genetic variation
within a foundation tree species ant is community-level
consequences. – Ecology 90: 1762–1772.
Bingham, R. A. and Agrawal, A. A. 2010. Speciﬁcity and tradeoﬀs in the induced plant defence of common milkweed
Asclepias syriaca to two lepidopteran herbivores. – J. Ecol.
98: 1014–1022.
Bolker, B. M. et al. 2009. Generalized linear mixed models: a
practical guide for ecology and evolution. – Trends Ecol. Evol.
24: 127–135.
Bronstein, J. L. 1994. Conditional outcomes in mutualistic
interactions. – Trends Ecol. Evol. 9: 214–217.
Crutsinger, G. M. et al. 2009. Plant genetics shapes inquiline
community structure across spatial scales. – Ecol. Lett. 12:
285–292.
Dungey, H. S. et al. 2000. Plant genetics aﬀects arthropod community richness and composition: evidence from a synthetic
eucalypt hybrid population. – Evolution 54: 1938–1946.
Frederickson, M. E. et al. 2005. ‘Devil’s gardens’ bedevilled by
ants. – Nature 437: 495–496.
Fritz, R. S. 1995. Direct and indirect eﬀects of plant genetic
variation on enemy impact. – Ecol. Entomol. 20: 18–26.
Fritz, R. S. and Simms, E. L. 1992. Plant resistance to herbivores
and pathogens: ecology, evolution, and genetics. – Univ. of
Chicago Press.
Gassmann, A. J. and Hare, J. D. 2005. Indirect cost of a defensive
trait: variation in trichome type aﬀects the natural enemies of
herbivorous insects on Datura wrightii. – Oecologia 144:
62–71.
Gold, J. J. and Shore, J. S. 1995. Multiple paternity in
Asclepias syriaca using a paired-fruit analysis. – Can. J. Bot. 73:
1212–1216.
Gols, R. et al. 2009. Are population diﬀerences in plant quality
reﬂected in the preference and performance of two endoparasitoid wasps? – Oikos 118: 733–742.
Heil, M. 2010. Plastic defence expression in plants. – Evol. Ecol.
24: 555–569.
Hembry, D. H. et al. 2006. Herbivore damage does not indirectly
inﬂuence the composition or excretion of aphid honeydew.
– Popul. Ecol. 48: 245–250.
Johnson, M. T. J. 2008. Bottom–up eﬀects of plant genotype on
aphids, ants and predators. – Ecology 89: 145–154.
Johnson, M. T. J. and Agrawal, A. A. 2005. Plant genotype
and environment interact to shape a diverse arthropod community on evening primrose (Oenothera biennis). – Ecology
86: 874–885.
Kessler, A. and Heil, M. 2011. The multiple faces of indirect
defences and their agents of natural selection. – Funct. Ecol.
25: 348–357.
Manzaneda, A. J. et al. 2010. Variation and ﬁtness costs for
tolerance to diﬀerent types of herbivore damage in Boechera
stricta genotypes with contrasting glucosinolate structures.
– New Phytol. 188: 464–477.
McGuire, R. J. and Johnson, M. T. J. 2006. Plant genotype
and induced responses aﬀect resistance to herbivores on
evening primrose (Oenothera biennis). – Ecol. Entomol. 31:
20–31.
Minks, A. K. and Harrewijn, P. (eds) 1998. Aphids. – Academic
Press.

Mooney, K. 2011. Genetically based population variation in
aphid association with ants and predators. – Arthropod–Plant
Interactions 5: 1–7.
Mooney, K. A. and Agrawal, A. A. 2008. Plant genotype shapes
ant–aphid interactions: implications for community structure
and indirect plant defense. – Am. Nat. 171: E195–E205.
Mooney, K. A. and Singer, M. S. 2012. Plant variation in
herbivore-enemy interactions in natural systems. – In:
Ohgushi, T. et al. (eds), Interaction richness and complexity: ecological and evolutionary aspects of trait-mediated
indirect interactions. Cambridge Univ. Press, in press.
Ness, J. H. 2003. Catalpa bignonioides alters extraﬂoral nectar
production after herbivory and attracts ant bodyguards.
– Oecologia 134: 210–218.
Newman, J. A. et al. 1997. Blocking factors and hypothesis
tests in ecology: is your statistics text wrong? – Ecology 78:
1312–1320.
Ohgushi, T. 2005. Indirect interaction webs: herbivore-induced
eﬀects through trait change in plants. – Annu. Rev. Ecol. Evol.
Syst. 36: 81–105.
Ohgushi, T. 2008. Herbivore-induced indirect interaction webs
on terrestrial plants: the importance of non-trophic, indirect,
and facilitative interactions. – Entomol. Exp. Appl. 128:
217–229.
Pierce, N. E. 2001. Peeling the onion: symbioses between ants
and blue butterﬂies. – In: Dugatkin, L. A. (ed.), Model systems
in behavioral ecology. Integrating conceptual, theoretical
and empirical approaches. Princeton Univ. Press, pp. 41–56.
Poelman, E. H. et al. 2009. Field parasitism rates of caterpillars on
Brassica oleracea plants are reliably predicted by diferential
attraction of Cotesia parasitoids. – Funct. Ecol. 23: 951–962.
Rausher, M. D. 1992. The measurement of selection on quantitative traits: biases due to environmental covariances between
traits and ﬁtness. – Evolution 46: 616–626.
Renault, C. K. et al. 2005. An aphid–ant interaction: eﬀects
on diﬀerent trophic levels. – Ecol. Res. 20: 71–74.
Rodriguez-Saona, C. et al. 2005. Induced plant responses to
multiple damagers: diﬀerential eﬀects on an herbivore and
its parasitoids. – Oecologia 143: 566–577.
Rudgers, A. J. and Strauss, S. Y. 2004. A selection mosaic in the
facultative mutualism between ants and wild cotton. – Proc.
R. Soc. B 271: 2481–2488.
Savage, A. M. and Peterson, M. A. 2007. Mutualism in a
community context: the positive feedback between an ant–
aphid mutualism and a gall-making midge. – Oecologia 151:
280–291.
Smith, R. A. et al. 2008. Coexistence of three specialist aphids
on common milkweed, Asclepias syriaca. – Ecology 89:
1287–2196.
Soler, R. et al. 2012. Plant-mediated facilitation between a leaffeeding and a phloem-feeding insect in a brassicaceous plant:
from insect performance to gene transcription. – Funct. Ecol.
26: 156–166.
Stenberg, J. A. et al. 2011. Plant defence: feeding your bodyguards can be counter-productive. – Bas. Appl. Ecol. 12:
629–633.
Styrsky, J. D. and Eubanks, M. D. 2007. Ecological consequences
of interactions between ants and honeydew-producing insects.
– Proc. R. Soc. B 274: 151–164.

Styrsky, J. D. and Eubanks, M. D. 2010. A facultative mutualism
between aphids and an invasive ant increases plant reproduction. – Ecol. Entomol. 35: 190–199.
Tamiru, A. et al. 2011. Maize landraces recruit egg and larval
parasitoids in response to egg deposition by a herbivore.
– Ecol. Lett. 14: 1075–1083.
Thaler, J. S. et al. 1999. Tradeoﬀs in plant defense against pathogens and herbivores: a ﬁeld demonstration of chemical elicitors
of induced resistance. – J. Chem. Ecol. 25: 1597–1609.
Underwood, N. et al. 2000. Induced resistance to Mexican
bean beetles in soybean: variation among genotypes and lack
of correlation with constitutive resistance. – Oecologia 122:
83–89.
Utsumi, S. 2011. Eco-evolutionary dynamics in herbivorous
insect communities mediated by induced plant responses.
– Popul. Ecol. 53: 23–34.
van Dam, N. M. 2009. How plants cope with biotic interactions.
– Plant Biol. 11: 1–5.
Van Zandt, P. A. and Agrawal, A. A. 2004. Community-wide
impacts of herbivore-induced plant responses in milkweed
(Asclepias syriaca). – Ecology 85: 2616–2629.
Viswanathan, D. V. et al. 2007. Consequences of sequential attack
for resistance to herbivores when plants have speciﬁc induced
responses. – Oikos 116: 1389–1399.
Volkl, W. et al. 1999. Ant–aphid mutualisms: the impact of
honeydew production and honeydew sugar composition on
ant preferences. – Oecologia 118: 483–491.
Vrieling, K. et al. 1991. Tritrophic interactions between aphids
(Aphis jacobaeae Schrank), ant species, Tyria jacobaeae L.,
and Senecio jacobaea L. lead to maintenance of genetic variation in pyrrolizidine alkaloid concentration. – Oecologia 86:
177–182.
Wäckers, F. L. et al. 2001. The eﬀect of herbivory on temporal
and spatial dynamics of foliar nectar production in cotton and
castor. – Ann. Bot. 87: 365–370.
Weis, A. E. and Abrahamson, W. G. 1986. Evolution of host-plant
manipulation by gall makers: ecological and genetic factors
in the Solidago–Eurosta system. – Am. Nat. 127: 681–695.
Wimp, G. M. and Whitham, T. G. 2001. Biodiversity consequences of predation and host plant hybridization on an
aphid–ant mutualism. – Ecology 82: 440–452.
Wimp, G. M. and Whitham, T. G. 2007. Host plants mediate
ant–aphid mutualisms and their eﬀects on community structure and diversity. – In: Ohgushi, T. et al. (eds), Ecological
communities: plant mediation in indirect interaction webs.
Cambridge Univ. Press, pp. 275–305.
Woodring, J. et al. 2004. Honeydew amino acids in relation to
sugars and their role in the establishment of ant-attendance
hierarchy in eight species of aphids feeding on tansy
(Tanacetum vulgare). – Physiol. Entomol. 29: 311–319.
Wootton, J. T. 1994. The nature and consequences of indirect
eﬀects in ecological communities. – Annu. Rev. Ecol. Syst. 25:
443–466.
Zangerl, A. R. and Berenbaum, M. R. 1990. Furanocoumarin
induction in wild parsnip: genetics and populational variation.
– Evolution 71: 1933–1940.
Zhang, P. J. et al. 2009. Whiteﬂies interfere with indirect plant
defense against spider mites in Lima bean. – Proc. Natl Acad.
Sci. USA 106: 21202–21207.

1913

