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A whole-plant perspective reveals unexpected impacts of above- and
belowground herbivores on plant growth and defense

FABIANE M. MunpIm,!# Hans T. ALBORN,% ERNANE H. M. VIEIRA-NETO,! AND EMILIO M. BRUNA!-3

' Department of Wildlife Ecology and Conservation, University of Florida, Gainesville, Florida 32611-0430 USA

2Center for Medical, Agricultural and Veterinary Entomology, Agricultural Research Service,
U.S. Department of Agriculture, Gainesville, Florida 32608 USA
3Center for Latin American Studies, University of Florida Gainesville, Gainesville, Florida 32611-5530 USA

Abstract. Trade-offs between plant growth and defense are central to theoretical frame-
works used to study the ecology and evolution of plant defense against herbivores. However,
these frameworks, as well as the experiments designed to test them, rarely include belowground
herbivores. We experimentally challenged seedlings of the tropical shrub Solanum lycocarpum
(Solanaceae) with either aboveground foliar herbivores (Spodoptera caterpillars) or below-
ground root herbivores (the nematode Meloidogyne incognita) and measured the resulting
changes in plant growth rates, biomass allocation, and the concentration of defensive terpe-
noids in roots and leaves. We found that plants that suffered aboveground herbivory respond-
ed with aboveground growth but belowground defense. Similarly, belowground herbivory
resulted in root growth but elevated defenses of leaves. These results underscore the impor-
tance of belowground plant-herbivore interactions, and suggest that, in contrast to theoretical
predictions, plants can simultaneously invest in both growth and defense. Finally, they empha-
size the need for a “whole-plant” perspective in theoretical and empirical evaluations of plant—
herbivore interactions.
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INTRODUCTION

Herbivory is a selective force that can fundamentally
change plant morphology and physiology (Karban and
Baldwin 1997, Strauss and Agrawal 1999, Ohgushi 2005)
and has resulted in a vast diversity of plant defenses
(Ehrlich and Raven 1964, Thompson 1988). Most theo-
retical frameworks used to study plant-herbivore inter-
actions emphasize the optimal allocation of these
resources or potential trade-offs between growth and
defense because the resources allocated to the regrowth
of tissues consumed by herbivores and the defense of
remaining ones are costly (McKey 1974, Coley et al.
1985). In addition, the foci in almost all experimental
tests of these frameworks are aboveground herbivory
and the subsequent aboveground (AG) plant responses
(see van Dam et al. 1996, Karban and Baldwin 1997,
Strauss and Agrawal 1999, Fine et al. 2006, Mundim and
Bruna 2016), which ignores the effects of belowground
(BG) herbivores and plant defenses of belowground plant
structures such as roots and rhizomes (e.g., Bardgett
et al. 1999, Bais et al. 20006).

Root-feeding herbivores can enhance the production
of root exudates (Denton et al. 1999, Bais et al. 2000),
reduce plant growth (Bardgett et al. 1999, Bais et al. 2006)
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and elevate defenses against other belowground herbi-
vores (Bais et al. 2006). It has therefore been suggested
that conclusions regarding plant-herbivore theory
derived from experimental tests conducted with
aboveground herbivores can be readily extended to BG
subsystems (van Dam 2009). For instance, it has been
hypothesized that severing of roots by BG herbivores
should drive plants to invest in root growth to com-
pensate for the loss of absorptive surface, in much the
same way foliar herbivory results in the rapid production
of new leaves necessary for photosynthesis (van Dam
2009). Recent work, however, suggests it is premature to
assume that belowground responses should parallel those
aboveground. Under abiotic stress, for example, more
energy should be allocated to protection of roots given
that plant performance can be severely reduced in lim-
iting soil conditions (Erb and Lu 2013).

Despite the fact that the above and belowground
plant-herbivore subsystems are often independently con-
ceptualized and evaluated, they are not physiologically
independent. For instance, defenses could be optimally
allocated across the above and belowground plant com-
partments (Huang et al. 2014) such that a belowground
herbivore could induce aboveground defenses and vice-
versa (Huang et al. 2013, 2014). Such “asymmetrically
induced systemic responses” (sensu Huang et al. 2012)
could alter the outcome of interactions with other herbi-
vores (Bais et al. 2006, Barber et al. 2015) and plant per-
formance (Bardgett and Wardle 2010, Barber et al. 2011,
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Zvereva and Kozlov 2012). Accounting for such asym-
metries, however, requires a whole-plant perspective,
experimentally manipulating herbivory in one plant com-
partment and measuring plant responses in the other.
Studies to have taken this whole-plant approach are rare
(e.g., Soler et al. 2005, van Dam et al. 2005, Erb et al.
2009). Even fewer have measured responses in both plant
compartments, and those to have done so have only
measured the defensive chemistry of plants following her-
bivory (see Huang et al. 2013, 2014). Without measuring
both growth and defense, and doing so both above- and
belowground, it is impossible to determine if plant
responses are limited to within one compartment or
extend across the entire plant. Such information is
essential to development of more precise and compre-
hensive plant defense theory, especially in light of ongoing
global change (Mundim and Bruna 2016).

We experimentally manipulated AG and BG herbivory
of seedlings of the tropical shrub Solanum lycocarpum
(Solanaceae) to address the following questions: (1) Does
AG herbivory result in the expression of BG defenses? (2)
Does BG herbivory result in the expression of AG
defenses? (3) Are patterns of root growth and root defense
following belowground herbivory similar to those in
leaves following herbivory aboveground? (4) Do above
and belowground herbivory result in similar patterns of
plant growth and biomass allocation? Our results indicate
that evaluating both above and belowground responses
to herbivory is necessary to accurately interpret patterns
of growth, defense, and their implications for theoretical
predictions.

MATERIALS AND METHODS

Solanum lycocarpum (Solanaceae) is a perennial,
deciduous, pioneer shrub common in the more open
physiognomies and disturbed areas of South America’s
savanna woodlands, known as the cerrado (Lorenzi
2002). This species is commonly known as lobeira or
wolf’s apple because its large fruits are central to the diet
of the maned wolf, Chrysocyon brachyurus (Dietz 1984).
The leaves of S. lycocarpum are protected by trichomes
and thorns (Lorenzi 2002), while roots, leaves and fruits
are protected by terpenoids, alkaloids, and other chemical
compounds (e.g., Dall’Agnol and von Poser 2000, Sa
et al. 2000).

As in many other Solanum species, the aboveground
parts of S. Iycocarpum are frequently attacked by gener-
alist herbivores such as Armyworm larvae (Spodoptera
spp.). The roots of S. lycocarpum are damaged by the
root-knot nematode Meloidogyne incognita, an endog-
enous root-feeder that infects species from a broad
spectrum of plant families (e.g., S. Ilycopersicum
(Solanaceae), Gossypium spp. (Malvaceae), Daucus carota
(Apiaceae); Shurtleff and Averre 2005). While the infective
stage in many phytophagous nematodes are adults (e.g.,
Pratylenchus, Radopholus), in M. incognita they are the
second-stage juveniles (J2; Shurtleff and Averre 2005).
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They migrate through the soil and burrow into roots in
which they feed, develop, and reproduce; adult females
form large galls on roots (Shurtleff and Averre 2005).

In August 2013, we collected fruits from 10 Solanum
lycocarpum shrubs and removed all pulp from seeds under
running water with a strainer. The seeds were then placed
in a shadehouse in germination trays filled with a 1:3 ratio
of sand and soil; the soil was collected in an area of cerrado
at the Universidade Federal de Uberlandia’s (UFU) Panga
Ecological Station (19°10" S, 48°24’ W). In November
2013, n = 45 seedlings with fully expanded cotyledons
(mean total leaf area = SE: 2.27  0.069 cm?) were trans-
planted into 12 cm diameter X 20 cm tall transparent bags
containing the same ratio of sand and soil from Panga
Station. We randomly assigned n = 15 plants to each of
three treatments—AG herbivory, BG herbivory, or no-
herbivory controls—then arranged them at random in the
shadehouse. Several plants died in the three months
between this assignment and application of experimental
herbivory (final sample sizes, n = 10 AG,n =9 BG,n =14
control); there was no significant difference between treat-
ments in the leaf area of plants at the time experimental
herbivory was initiated (F 3, = 0.014; P = 0.986).

On 20 February 2014, the plants in the BG herbivory
treatment were inoculated with 10 mL of water in which
we diluted ~5,000 M. incognita eggs; this solution was
delivered to three points around the base of the plant with
a pipette (see Bonetti and Ferraz 1981). The eggs were
obtained from a colony maintained at the UFU’s
Department of Agronomy Nematology Research Lab.
We estimate the number of eggs with which we inoculated
plants was ~50% of the amount present in the soil sur-
rounding naturally occurring Solanum lycocarpum seed-
lings (1.6 Meloidogyne adult males and juveniles per cm?
of soil; F. Mundim, unpublished manuscript).

It takes approximately 10 d for nematodes to emerge
from eggs, develop into J2 stage juveniles, migrate, and
infect roots (Shurtleff and Averre 2005). We therefore
began the AG herbivory treatment on 2 March 2014 so
that herbivory on plants in the AG and BG treatments
began on approximately the same date. The AG her-
bivory treatment was applied by placing one second-
instar or later Spodopteralarva on a leaf until it consumed
10% of total leaf area, which typically took about two
hours. This value of leaf area consumed was selected
because pilot studies of plant growth and Spodoptera
consumption rates suggested it would ensure plants had
sufficient tissue at the end of the experiment for chemical
analyses. Induced defensive responses in leaves of
Solanum lycopersicum can last at least 20 d (Underwood
2012). We therefore challenged plants with Spodoptera
every 10 d to ensure a continuous response comparable
to one resulting from the continuous BG infection. Plants
in the control treatment were not exposed to any leaf or
root herbivores. All plants received ~200 mL of water
every 2 d and were rotated to random positions in the
shadehouse weekly. They continued to grow throughout
the duration of the experiment (see Results), indicating
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the observed results are not due to inter-treatment differ-
ences in resource utilization or plants becoming pot
bound. After approximately 125 d of exposure to herbi-
vores all surviving plants were removed from the soil and
washed. For each plant, we measured stem length and
diameter, the final number of leaves, leaf area, total root
length, and root complexity. We then separated leaves,
stems, and roots, dried them at 60°C for 2 d, weighed
them, and stored them separately in paper bags for sub-
sequent chemical analyses.

Measuring root length and complexity immediately
prior to challenging plants with herbivores would require
uprooting them; this could damage them, induce plant
defenses, or result in plant mortality. We therefore
measured total root length, root complexity, and initial
dry mass of leaves and roots in n = 15 plants set aside at
the time experimental seedlings were transplanted. These
values were then used as the initial ones for all experi-
mental plants. We used the software package Imagel
(Rasband 1997) to calculate leaf areas and total root
lengths. We used the centripetal link based ordering
system to quantify the topological complexity of the root
system (see Fitter 1987, Berntson 1997).

We calculated the relative growth rates (RGR) of total
leaf area and total root length as

(InL,—InL))
L=

RGR =

where L, is the initial total leaf area or total root length,
L, is the final total leaf area or root length, and #,-#; is the
length of the experiment in days. We also used the dry
biomass of leaves, and roots at the end of the experiment
to calculate the relative allocation of biomass below and
aboveground (i.e., the root:shoot ratio).

Solanum species are known to use a broad profile of ter-
penoids for defense (War et al. 2012), and our preliminary
analyses with gas chromatography/mass spectrometry
(GC/MS) found most treatment-dependent variation was
in an area of the chromatogram consisting primarily of ses-
quiterpenes. We therefore used the concentration of root
and leaf sesquiterpenes as a metric of plant chemical
responses to AG and BG herbivory. The roots and leaves
from each experimental seedling were weighed, frozen with
liquid nitrogen, and ground. The pulverized tissue was then
diluted in a 1:2 volume of dichloromethane (CH,Cl,) and
incubated in an ultrasonic bath for 30 min. The tubes were
centrifuged and 100 uL of supernatants from the final
extracted volume were pipetted for analyses. We used an
Agilent 7890A gas chromatogram (GC) (Agilent Tecno-
logies, Santa Clara, California, USA) combined with a
G7001B mass spectrometry (MS) in electron impact and
single quad mode for the GC/MS analyses. We injected a
1-uL sample, using cool on column, on a 30 m X 0.25 mm
ID Agilent DBS5 column with 0.25 pL film thickness with
helium carrier at a constant flow of 35 cm/min. The column
was initially held at 30°C for 1 min and then temperature
programmed to increase 10°C/min to 280°C and held at
that temperature for 4 min (total time = 30 min).
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We focused on peaks in the 15-21 min retention time
(RT). To estimate sesquiterpenes quantities based on
peak area, known amounts of e-b- caryophyllene were
injected to give an ng/au factor. For each sample, all
peaks within the retention time range were integrated to
give their area after values similar to the blank solvent
and values from background compounds were elimi-
nated. We then eliminated values caused by instrument
background fluctuations (i.e., “noise,” here those
<55,000 pmol). We eliminated solitary RT values and
those appearing in fewer than three samples per treatment
to avoid any biases related to the sample size of seedlings
per treatment, then normalized the values for each RT
peak by dividing the area by the dry mass (dm) of the
plant sample. Finally, we calculated total sesquiterpenes
concentration by summing all the normalized peak values
for each plant sample. Note that it is possible, albeit
unlikely, that some of the peaks in the 15-21 min retention
time are not sesquiterpenes, so in the strictest terms, the
concentrations we report here should be considered
putative. Nevertheless, we found no evidence that par-
ticular peaks were overrepresented in individual treat-
ments, so we are confident that any potential
misidentifications would lead us to overestimate the mag-
nitude but not the direction of the effects.

To determine if the different types of herbivory influ-
enced growth and terpenoid concentrations we used
linear mixed models. The response variables were rel-
ative growth rate (RGR), terpenoid concentration, and
biomass. The main effects were herbivore treatment
(i.e., AG herbivory, BG herbivory, control), plant part
(i.e., leaves, roots), and their interaction. The random
effects attributable to variation among individual seed-
lings were included by treating each plant as a split-plot,
with herbivory type as the whole-plot treatment and the
location of measurements (i.e., roots, leaves) as the
within-plot treatment (B. Bolker, personal communi-
cation). To test for the effects of herbivore type on
root:shoot ratio, total biomass, total terpenoid concen-
tration, final stem length, final stem diameter, final
number of leaves, final length of the primary root, and
root complexity we used ANOVA after confirming the
residuals met the assumptions of the test with graphs
and the Lilliefors test. To determine if there was a dif-
ference among treatments we computed post hoc Tukey
HSD tests. We conducted all analyses using the R sta-
tistical programming language (v3.2.4; R Core Team
2016) with package lme4 (Bates et al. 2015), nlme
(Pinheiro et al. 2016), and the glht function in package
multcomp (Bretz et al. 2010). Data are available from
the Dryad Digital Repository.

REsuULTS

No plants died as a result of the experimental treat-
ments. Across treatments, final stem length ranged from
5.5 to 31.5 cm and final diameter ranged from 1.3 to
3.8 mm (Table 1), with no significant effect of herbivore
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TaBLE 1. Measurements of the aboveground (AG) and belowground (BG) plant parameters.
Overall Experimental treatments (mean * SE)
Range Mean £ SE AG herbivory BG herbivory Control
AG parameters
Stem length (cm) 5.5-31.5 14.63 £1.25 11.15£2.47 14.944 £+ 1.544 16.93 +2.02
Stem diameter (mm) 1.3-3.8 2412 £0.115 2.19 £0.252 2.60£0.113 2.45+£0.187
Final leaf area (cm?) 8.85-71.38 37.325+3.17 52.852 +4.268 27.687 £ 4.65 3243 £4.58
Dry biomass (g) 0.095-0.788 0.288 £ 0.031 0.212 £ 0.049 0.273 £0.034 0.352 £ 0.057
Number of leaves 2-11 5.36 £0.334 7.3+0.578 4.444 £ 0.377 4.57+0.358
Leaf terpenoids 0-13,230.97 3,596.07 + 643.3 2,782.1 £ 570.68 6,660.896 + 1594 2,207.25 + 706.363
(umol/g dry mass)
BG parameters
Final root length (cm)  61.2-583.1 262.436 £ 19.29 231.44 £35.874 308.222 £ 47.39 255.143 £21.75
Root complexityt 3.5-99 34.53 +3.82 18.1 £4.11 49.333 £9.225 36.75 £ 4.085
Dry biomass (g) 0.039-1.44 0.512 £0.065 0.239 £0.088 0.609 £ 0.108 0.645 £ 0.101
Root terpenoids 0-46,514.24  7,183.47 £2124.77  14,686.54 £ 6152.52  6,115.79 £2,276.33  2,510.49 + 772.56

(umol/g dry mass)

1 For root complexity, we used the centripetal link-based ordering system (see Fitter 1987, Berntson 1997). In this system, each
root segment is assigned an order of one. The complexity of the root system is equal to the number of segments in the system.

type on either (length F, 3, = 1.851, P = 0.174; diameter
F, 3= 0.953, P =0.396; Table 1). However, there was a
significant effect of herbivore type on both final leaf
number and the relative growth rate of leaves. The final
number of leaves on plants exposed to AG herbivores
was 1.6 times greater than that of plants in the other treat-
ments (F, 3, = 13.4, P <0.001; Table 1), while the RGR
of leaves in the AG herbivory treatment was 1.3 times
greater (Fig. 1A; Appendix S1: Table S1).

All plants in the BG herbivory treatment were infected
with nematodes (Appendix S1: Table S2). Across treat-
ments the final length of the primary root ranged from 4 to
58.5 cm and there was no inter-treatment difference
(F53;=2.301, P=0.117). Roots of plants exposed to BG
herbivory had a growth rate 1.2 times greater than roots
from control plants (Appendix S1: Table S1; Fig. 1B),
however, and root complexity was 2.7 times greater in
plants exposed to BG herbivory than in those challenged
with AG herbivory (F, 3; = 6.504, P = 0.004; Table 1).

Although there was a trend toward higher total ter-
penoid concentrations in plants exposed to herbivory,
none of the differences between treatments were signif-
icant (Appendix S1: Fig. S1; Fy34 = 291, P = 0.05;
Table 1). Instead, the responses to herbivory appear to be
in the subsystem opposite to the location of herbivore
activity. For instance, the leaves of plants exposed to AG
herbivory had terpenoid concentrations similar to those
observed in control plants. However, the concentration
of terpenoids in their roots was 2.4 times greater than in
the roots of both control plants and those exposed to
belowground herbivores (Appendix Sl1: Table SI;
Fig. 1D). Similarly, plants inoculated with nematodes
had similar root terpenoid concentrations to control
plants, but their leaves had 2.4 times more terpenoids
than both control plants and those exposed to AG herbi-
vores (Appendix S1: Table S1; Fig. 1C).

At the end of the experiment control plants had greater
total biomass than plants exposed to herbivores, although
only the difference in biomass between control and AG
plants was significant (Fig. 2A; F, 3p = 3.958, P = 0.03).
There were differences in the allocation of this biomass,
however. Across all treatments, the proportional
investment by Solanum lycocarpum seedlings in roots is
1.75 times greater than in aboveground parts
(Fy 66 = 8.441, P = 0.004). There was no significant dif-
ference when comparing the root:shoot ratios of plants
in either the AG or BG herbivory treatments with those
of plant in the control group. However, plants exposed to
AG herbivory had root:shoot ratios significantly lower
than plants exposed to BG herbivory (Table 1; Fig. 2B).

DiscussioN

Although plants are always exposed to both above and
belowground herbivores, to date, the experiments used to
study plant-herbivore interactions have mostly focused
on aboveground herbivory and plant responses (e.g.,
Karban and Baldwin 1997, Fine et al. 2006). Furthermore,
despite extensive study on belowground herbivory in
agricultural systems (reviewed in Blackshaw and Kerry
2008), only recently have ecologists begun to incorporate
it in theoretical frameworks (Masters et al. 1993) and
empirically elucidate its breadth in natural systems (e.g.,
Bezemer et al. 2004, Erb et al. 2011, Barber et al. 2015).
Our results underscore the importance of experimentally
investigating the potential impact of belowground plant—
herbivore interactions, despite their complexity and the
challenges to doing so (Bezemer and van Dam 2005,
Johnson et al. 2012). As predicted, plants responded to
aboveground herbivory with higher leaf growth rates and
belowground herbivory with elevated rates of root
growth (Fig. 1A, B). More importantly, we show that
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(D) terpenoid concentration in roots for plants exposed to aboveground herbivory (AG), belowground herbivory (BG), and no-
herbivory controls. AG herbivory was performed by a generalist caterpillar (Spodoptera sp.) and BG herbivory was performed by a
generalist endoparasitic nematode (Meloidogyne incognita). The boxes represent the interquartile range, the horizontal black lines
indicate the medians, whiskers extend to 25% and 75% quartiles, and outliers are indicated by dots. Different letters indicate
significant differences among herbivory treatments (P < 0.05) based on post hoc Tukey’s tests.

belowground herbivory strongly influences a plant’s
aboveground defensive responses and vice-versa. This
novel result highlights a need for a whole-plant per-
spective in the theoretical frameworks used to study her-
bivory; it also adds to an emerging body of literature (see
Johnson et al. 2009, Huang et al. 2013, 2014) arguing for
a need to both reevaluate the results of prior experiments
and ensure future ones test for a broader diversity of
responses.

There is growing evidence of the potential feedbacks
between above- and belowground subsystems and how
herbivory in one could influence the other (see Soler
et al. 2007, Erb et al. 2008, 2011, Rasmann et al. 2009,
Barber et al. 2015). For instance, because the main
function of roots is nutrient uptake, changes in plant
physiology and allocation in response to root herbivory
could ultimately have negative effects on aboveground
herbivores (Erb et al. 2011, Rasmann et al. 2011). These
potential changes have been often attributed to distrib-
utive source-sink defensive allocation: plants respond

to herbivory by allocating defenses produced elsewhere
than the part being attacked (van Dam and Heil 2011).
However, we found the opposite to be true as, on
average, plants experimentally infected by nematodes
had significantly greater terpenoid concentrations in
leaves, not roots (Fig. 1). This cross-subsystem response
was even more dramatic in plants where herbivory was
aboveground, which resulted in root terpenoid concen-
trations that were 2.4-fold higher than in the other treat-
ments. This suggests BG herbivory leads plants to
protect the tissue needed for photosynthesis while the
attacked parts recover, a conclusion consistent with the
lower growth and greater defense of their leaves.
Similarly, AG herbivory likely leads plants to allocate
primary metabolites to regrowth while preemptively
protecting the undamaged roots or sequestering terpe-
noids in roots for reallocation to regrown leaves. While
it has been suggested that defensive responses could be
organ specific and compartmentalized (Rasmann and
Agrawal 2008), our study demonstrates that AG and
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(P < 0.05) based on post hoc Tukey’s tests.

BG herbivory can simultaneously trigger regrowth,
biomass allocation, and allocation to defense, and in a
different subsystem than that attacked by herbivores
(Figs. 1, 2).

A fundamental concept underlying plant responses to
herbivory is that because resources cannot be allocated
simultaneously to defense and growth, plants invest in
defending tissues with the greatest fitness value (McKey
1974). The basis for this trade-off has been shown to
depend on such factors as the duration or severity of her-
bivore and pathogen attacks, the availability of resources,
and plant species identity (e.g., Bryant et al. 1983, Coley
etal. 1985, Fine et al. 2006). While our study was designed
to test for growth—defense trade-offs, the results do
suggest properly interpreting patterns of plant-defense
trade-offs likely requires a more comprehensive evalu-
ation of where herbivores are feeding and how plants
respond to them. Simultaneously evaluating growth and
defense responses above- and belowground also suggests
that, in contrast to predictions from theory, plants facing
herbivore pressure can concurrently grow and defend:
plants in the nematode inoculation treatment both
defended leaves and produced longer and more complex
roots (Fig. 2, Table 1). This observation was only evident
with the benefit of a whole-plant perspective, however, as
measuring plant responses solely above or belowground
would have led to different conclusions about growth—
defense trade-offs.

Our results also have implications for another
important framework used to study plant-herbivore
interactions. Plants are often identified as either
resistant or tolerant to herbivores (van der Meijden
et al. 1988, Agrawal and Fishbein 2006), with the
former having traits that decrease the feeding of herbi-
vores and the latter responding to herbivory with rapid
regrowth (van der Meijden et al. 1988, Karban and

Baldwin 1997, Agrawal and Fishbein 2006). These
alternative adaptive responses have been primarily
assessed with AG herbivores (e.g., Bryant et al. 1983,
Fine et al. 2006), so it is unclear if they extend to BG
plant structures and herbivores. While the finding that
S. lycocarpum’s AG subsystem is tolerant of foliar her-
bivory is not unexpected based on prior work with
other Solanum species (Wise and Cummins 2006), it is
reassuring to see that this can be extended to the BG
subsystem as well. Most notable, however, is the
intriguing possibility that plants can actually shift
between resistance and tolerance as a function of where
herbivory is occurring and the subsequent responses of
above and belowground subsystems. If so this suggests
the “tolerant vs. resistant” dichotomy may also be
overly simplistic, and that — as with growth-defense
trade-offs — a more holistic perspective would also
advance this body of theory and empiricism.

Our study is the first to isolate simultaneous above and
belowground responses to both above and belowground
herbivores. Although it was conducted with a single plant
species, we are nevertheless cautiously optimistic the
results will be broadly applicable across plant taxa. First,
our results are consistent with those showing plants
under attack by AG herbivores can allocate chemical
defenses to their roots (e.g., Bezemer et al. 2004, Huang
et al. 2014). Second, both herbivores with which we
challenged plants are widespread generalists, so the
observed changes in plant chemistry and growth are not
simply the result of how S. lycocarpum responds to spe-
cialized behavior or feeding physiology (Karban and
Agrawal 2002). Finally, while the type and quantity of
defensive secondary metabolites varies with plant and
herbivore identity (see Adler and Wink 2001, Bezemer
et al. 2004, Chen et al. 2004, Walls et al. 2005), terpenoids
are the largest class of secondary defensive compounds,
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are found in all plants, and both directly and indirectly
deter herbivory by a wide range of pests (Mithofer and
Boland 2012).

Our results suggest four directions for future empirical
and theoretical studies of plant-herbivore interactions.
First, heterogeneity in water, soil nutrients, and other
resources can have a major influence on plant growth,
plant defense, and herbivore activity. Experimental
manipulations of resources superimposed on manipula-
tions of the location of herbivory are therefore an
important next step in gaining a more comprehensive
understanding of asymmetries in plant responses to her-
bivores. Second, future studies should consider how the
whole plant responds when challenged with sequential or
simultaneous above and belowground herbivory, since
there can be important priority and additive effects of
herbivores on plants (Erb et al. 2011). Third, better eluci-
dating the physiological mechanisms underpinning the
patterns we observed, such as the hormonal pathways
responsible for defenses or environmental conditions lim-
iting root or leaf growth, can help determine under what
circumstances asymmetric responses are more or less
likely to be observed. Fourth, plants also defend them-
selves against herbivores with biological defenses (e.g.,
mutualistic predatory ants), physical defenses (e.g.,
trichomes, spines), and many other types of secondary
compounds. Experiments quantifying the responses of
other plant defenses to above- and belowground her-
bivory are needed to both assess the generality of our
results and suggest alternative hypotheses. Finally, the
outcome of interactions between plants and herbivores
can alter their respective population and community
dynamics, other interspecific interactions, and even eco-
system processes (Huntly 1991). A whole-plant per-
spective can provide new insights into the nature of these
cascading effects, for instance on above or belowground
herbivore communities (e.g., Huang et al. 2014) and how
they are influenced by heterogeneity in environmental
conditions (Mundim and Bruna 2016).
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