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Abstract

1. Plants face multiple biotic and abiotic stressors simultaneously. Many species can

tolerate and resist stress, but countermeasures differ between roots and leaves.
Since herbivores and environmental conditions modulate costs and benefits
of plant defence traits, stress responses are context-dependent. We examined
whole-plant tolerance and resistance responses to individual and combined ef-

fects of above and belowground herbivory under variable water conditions.

. We manipulated water availability and access by two common herbivores

(Spodoptera exigua caterpillars and Meloidogyne incognita nematodes) to Solanum
lycocarpum. Plants were either watered based on historical regional averages or
the 30% reduction predicted by IPCC studies. Herbivory treatments included iso-
lated above (AG) and belowground (BG) attacks, simultaneous (AGBG) attacks and
no-herbivory controls. We then parameterized generalized linear mixed-effects
models with data on plant survival, leaf and root biomass accumulation, root com-

plexity and terpenoid concentration.

. Foliar herbivory increased terpenoid concentrations in roots relative to no-

herbivory plants under control water but decreased concentrations in both roots
and leaves under drought. Similarly, root feeders increased concentrations of ter-
penoids in leaves under control water but decreased concentrations only in roots
under drought. Plants challenged with AGBG herbivory had greater whole-plant
biomass (i.e. tolerance) and lower total concentrations of defensive compounds
(i.e. resistance) than plants exposed to no-herbivore controls, regardless of water
conditions. Importantly, the capacity of plants to grow or produce terpenoids
changes when herbivory level is considered. In plants exposed to AGBG herbivory,
greater nematode infection was related to decreases in whole-plant biomass and
marginal increases in total terpenoid concentration. Ultimately, accounting only
for individual AG and BG responses would have led to different conclusions and
underestimated the magnitude of S. lycocarpum's compensatory responses. A
‘whole-plant’ approach revealed that belowground herbivory is the primary driver

of tolerance in plants surviving moderate water stress.
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1 | INTRODUCTION

Plants are often simultaneously attacked by multiple herbivore
species, and the damage they cause can negatively affect plant
performance. One way in which plants offset the negative effects
of herbivory on fitness is via tolerance, which is the ability to with-
stand damage without fitness loss (Belsky, 1986) or respond to it
with elevated growth and reproduction (Fornoni, 2011; Strauss &
Agrawal, 1999; van der Meijden et al., 1988). Plants can also confront
consumers by using physical and/or chemical defences to reduce
herbivore preferences or performance (Agrawal & Fishbein, 2006;
Karban & Baldwin, 1997; War et al., 2012). Both strategies incur
potential costs to plants, including altered patterns of nutrient allo-
cation, reduced resistance to pathogens, delayed or limited reproduc-
tion (Mundim et al., 2012; Neilson et al., 2013; Siemens et al., 2003,
2010; Stevens et al., 2007), and changes in traits associated with
alternative anti-herbivore strategies such as escape (Karban &
Baldwin, 1997; Agrawal, 2000; Agrawal & Fishbein, 2006). The mag-
nitude of these costs can be modulated by herbivore identity, amount
of damage and local abiotic conditions (Strauss et al., 2002)—factors
that can also exert strong selective pressures on plant defensive
traits (Herms, 1999; Huot et al., 2014; Tiffin, 2000).

A central tenet of many theoretical frameworks for studying tol-
erance is that plants in low-stress and resource-rich environments
can tolerate herbivory better than those in high-stress locations
with limited water, light or nutrients (e.g. Coley et al., 1985; Herms
& Mattson, 1992; Wise & Abrahamson, 2005). Plants which over-
compensate (i.e. regrow more than what was lost) after drought
stress are expected to suffer physiological changes (e.g. less robust
leaves with lower dry mass per area, lower investment in second-
ary defences) that can penalize future growth and reproduction,
and be more vulnerable to biotic attacks (McKiernan et al., 2016).
Counter-intuitively, studies have shown an inverse association be-
tween drought stress and costs of plant tolerance (English-Loeb
et al., 1997; Hawkes & Sullivan, 2001; Seki et al., 2007). Plants un-
dergoing water deficiency can switch to a ‘stress mode’ that leads
to changes in photosynthesis and root phloem metabolics (Fabregas
etal., 2018). Plant tolerance costs are thus determined by how a plant
efficiently and timely senses stress and adopts strategies to over-
come resource-limited conditions. There is also no clear trend in how
plant defences respond to drought stress (Holopainen et al., 2018;
Mundim & Pringle, 2018), with studies finding decreases (McKiernan
et al., 2014), increases (Blanch et al., 2008; Nogués et al., 2014;

4. Synthesis. Whole-plant responses to stress in variable environments are complex,
and their comprehensive understanding requires accounting for belowground her-

bivores and root responses.

above and belowground herbivores, drought, growth and biomass overcompensation, leaf and

root damage, secondary metabolites, water limitation and stress

Podda et al., 2019) and no change (Gerson & Kelsey, 2004) in de-
fences. Ultimately, the notion that plants tolerate herbivory while in
resource-rich conditions or produce defences in poor-resource areas
appears to be overly simplistic or even misleading.

The mismatch between theoretical predictions and empiri-
cal observations may be due in part to how frameworks initially
account for the dynamic biotic and abiotic environment in which
plants are embedded. Because plants are often simultaneously at-
tacked by multiple herbivore species, empirical tests of tolerance
have been expanded to consider how water limitation shapes tol-
erance to individual and synergistic effects of multiple consumers.
However, most tests focus exclusively on aboveground herbivory
and the resulting aboveground plant responses, overlooking the
ubiquitous community of underground herbivores and their often
large impact on plant growth, performance and survival (e.g. Barber
et al., 2011; Maron, 1998). For example, it has been recently shown
that drought promotes root herbivory by increasing the number of
root-feeding nematodes (Franco et al., 2019). Although studies com-
paring plant responses to both above- and belowground herbivory
remain rare, there is increasing evidence that countermeasures
to damage differ between roots and leaves (Johnson et al., 2016;
Mundim & Pringle, 2018). Defensive responses to belowground
damage can also extend aboveground and vice-versa, with conse-
quences for both plants and the herbivores in each location (Huber
et al.,, 2016; Mundim et al., 2017; Wurst & van der Putten, 2007;
Waurst et al., 2008). Finally, the extent to which plants can tolerate
belowground herbivory (i.e. root damage)—both in isolation and in
concert with aboveground damage—remains poorly understood,
as does how this tolerance might be influenced by resource levels.
Collectively, this suggests our current knowledge of plant responses
to stress is incomplete, and that a more comprehensive understand-
ing of tolerance and resistance as systemic defensive strategies re-
quires a ‘whole-plant’ perspective.

In light of these gaps in our knowledge, and to understand the
effects of multiple stressors on whole-plant tolerance and resis-
tance, we examined plant responses to the individual and combined
effects of above and belowground herbivory under variable water
conditions. First, we predicted that conclusions regarding tolerance
and resistance to herbivory would differ if above and belowground
processes and responses were considered separately, collectively or
in concert with water availability. For a plant, possessing both high
tolerance and resistance to herbivory would seem redundant and

be expected to result in high levels of growth and defences in the
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absence of abiotic or biotic pressures (e.g. enemy- and drought-free
conditions) (Leimu & Koricheva, 2006; Ramula et al., 2019). However,
as plants normally face multiple stressors under natural conditions,
allocation costs—those associated with turning resources away from
growth towards defences—should be balanced when both leaves
and roots are under attack. Costs are expected to be higher for
plants growing under limited water conditions. As drought reduces
nutrient uptake and limits resource production and access (Bechtold
& Field, 2018), more frequent or intense drought periods are ex-
pected to alter plant physiology and metabolic pathways (Bechtold
& Field, 2018; Seki et al., 2007), likely constraining investments in
resistance.

Second, we predicted that belowground herbivory is relatively
more important than aboveground herbivory as a driver of plant tol-
erance (regrowth) under simultaneous attacks, but that this is only
revealed with a ‘whole-plant’ perspective. Roots are responsible for
resource uptake and storage, and act as sensors for water-deficit
conditions (Brunner et al., 2015; Carvalho & Foulkes, 2018). In
drought conditions, root growth takes precedence over leaf growth
(Brunner et al., 2015). Moreover, belowground herbivores such as
Meloidogyne nematodes obtain nutrients originally destined to abo-
veground parts (Kaplan et al., 2011). Since plants are governed by
root-shoot relationships (Bonifas & Lindquist, 2006), it is essential to
compare simultaneous above and belowground herbivore effects on
the same plant in order to correctly understand their relative impor-
tance. We tested these predictions using shadehouse experiments
with the tropical shrub Solanum lycocarpum (Solanaceae) and two of
its common herbivores: Spodoptera exigua caterpillars and the nema-

tode Meloidogyne incognita.

2 | MATERIALS AND METHODS
2.1 | Study system

Solanum lycocarpum (Solanaceae) is a common perennial, decidu-
ous and pioneer shrub in South America's savanna woodlands
(Lorenzi, 2002) such as Brazil's Cerrado. Commonly known as
‘lobeira’ or ‘wolf's apple’, these plants inhabit open vegetation
physiognomies as well as disturbed areas such as abandoned pas-
tures and roadsides. Leaves are protected by trichomes and thorns
(Lorenzi, 2002), whereas roots, leaves and fruits contain terpenoids
and alkaloids (e.g. Dall’Agnol & von Poser, 2000; Sa et al., 2000).
Armyworm larvae (Spodoptera exigua) are common generalist leaf
herbivores of S. lycocarpum in natural areas, as well as an important
pest for other agricultural Solanum species such as tomatoes and
egg-plants (Liburd et al., 2000). The roots of many Solanum species,
including S. lycocarpum, are damaged by the root-knot nematodes
Meloidogyne incognita, an endogenous generalist sedentary root-
feeder that infects species from a broad spectrum of plant families
(Shurtleff & Averre, 2005). M. incognita migrates through the soil and
burrow into roots, where they form large galls, highly specialized

feeding structures to support root-knot nematode development and

reproduction (Shurtleff & Averre, 2005). These nematodes are se-
vere threats to many crops, causing considerable yield and economic
losses worldwide (Forghani & Hajihassani, 2020).

2.2 | Experimental design

To test how reduced water availability and simultaneous herbivory
influence whole-plant tolerance, we performed a 2 x 4 factorial ex-
periment. In September 2013, we transplanted n = 197 Solanum ly-
cocarpum seedlings with fully expanded cotyledons (mean total leaf
area +SE: 2.27 + 0.069 cm?) into transparent seedling propagation
bags (12-cm diameter x 20 cm tall) containing a 1:3 ratio of sand and
nematode-free soil. We then randomly assigned n = 45 seedlings to
each of two water treatments: (1) c. 200 ml of water every 48 hr
(hereafter c), and (2) c. 200 ml of water every 72 hr (hereafter d). The
first simulates the ambient wet season precipitation between 1992
and 2012 (Table S5), while the second simulates the IPCC's 2050 pre-
diction for precipitation in the Cerrado - a 30% decrease (Boulanger
etal., 2007; Christensen et al., 2007). For additional details about the
water treatments see Appendix 1 in Supporting Information.

Seedlings were grown under the water treatments for acclima-
tization until February 2014 (~170 days). After adjusting to the new
water conditions, we randomly assigned approximately n = 10 of the
surviving plants from each water treatment to one of four herbivory
treatments: aboveground herbivory (AG), belowground herbivory
(BG), above- and belowground herbivory (AGBG), or no-herbivory,
and randomly arranged them in the shadehouse. Since roots exhibit
great plasticity in response to environmental changes, we measured
structural features that could influence plant tolerance. For this, we
set aside n = 15 randomly selected seedlings to record their total
root length and spread (root complexity). Afterwards, we recorded
the dry weight of their roots and leaves.

On 20 February 2014, plants in the AGBG and BG treatments
were inoculated with 10 ml of water containing c. 5,000 M. incog-
nita eggs; this solution was delivered with a pipette to three points
around the roots (Bonetti & Ferraz, 1981). The root-knot eggs were
obtained from a colony maintained in Impatiens walleriana at the
UFU's Department of Agronomy Nematology Research Lab. The
number of eggs with which we inoculated plants was ~50% of the
amount present in the soil surrounding naturally occurring Solanum
lycocarpum seedlings (F. Mundim, unpublished data).

Root-knot nematodes take up to 10 days to develop, emerge
from the egg (infective J2 stage), migrate, and infect roots (Shurtleff
& Averre, 2005). We therefore began aboveground herbivory on 2
March 2014 so that all above and belowground herbivory began
on approximately the same date (Mundim et al., 2017). One sec-
ond instar or later Spodoptera exigua larva was placed on a leaf
of AG and AGBG treatment plants until it consumed 10% of total
leaf area. We repeated this herbivory treatment every 10 days to
ensure a continuous induced defensive response comparable to
the continuous BG infection (see Mundim et al., 2017). Plants in

the no-herbivory treatment were not exposed to any leaf or root
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herbivores. The manipulation of herbivory and water continued for
130 days, during which the nematodes had at least three cycles of
reproduction and caterpillar leaf damage occurred at least 12 times.
Over the course of the experiment (300 days) plants were not re-
productive. We surveyed plants daily to record individual mortality
and rotated them weekly to random positions in the shadehouse to
avoid spatial effects.

In June 2014, 10 days after the last leaf damage by cat-
erpillars, all surviving plants were removed from the soil and
washed. Leaves, stems and roots were then separated. To infer
leaf replacement after caterpillar damage, we measured the leaf
damage cumulative leftover (the summed percentage of cat-
erpillar damage remaining after all events of AG herbivory; see
Appendix 2 in Supporting Information). We also measured the
total root length and complexity using the software package
Imace) (Rasband, 1997). We used the centripetal link based or-
dering system to quantify the topological complexity of the root
system (see Berntson, 1997). The total number of nematode galls
were counted. Plants were dried and weighed for calculation
of the total final biomass above and belowground. Dried roots,
stems and leaves were then stored separately in paper bags for
subsequent chemical analyses (see Jiang et al., 2016; Lakshmi
et al., 2017).

Control data for root length and architecture, as well as leaf and
root dry biomass and terpenoid concentration (non-herbivory, AG
herbivory and BG herbivory under control water) were originally
presented in Mundim et al. (2017).

2.3 | Plant defensive chemistry

Solanum species have broad profiles of terpenoids in leaves and
roots (War et al., 2012), but we have previously found that ses-
quiterpenes present the most treatment-dependent variation
between plant parts (see Mundim et al., 2017). We therefore
used the concentration of root and leaf sesquiterpenes and oxy-
genated sesquiterpenes as a metric of plant chemical responses
to herbivory. We used an Agilent 7890A gas chromatogram (GC)
combined with a G7000B mass spectrometry (MS) in electron im-
pact and single quad mode for the GC/MS analyses. A general ses-
quiterpene section of the chromatogram was assigned between
14 tand 20 min retention time (RT) by sesquiterpene specific ex-
tracted ion chromatograms (molecular ion at m/z 204) prepared
of a subset of the chromatogram. We used e-b- caryophyllene
as standard to estimate sesquiterpene quantities based on peak
area. As described in Mundim et al. (2017), a combined total ion
peak area was used for the quantitative estimates after that back-
ground, random and noise peaks had been eliminated. Although
we were able to identify some peaks (see Table S1), this process
of summarizing eliminated the need to identify and re-assign indi-
vidual peaks in varying and complex chromatographic profiles. For
further details regarding the chemical analyses see Appendix 3 in

Supporting Information.

2.4 | Statistical analyses

We used R v3.6.1 (R Core Team, 2019) for all analyses and the em-
means function in the emmeaNs package (Lenth et al., 2019) for Tukey's
post-hoc multiple pairwise comparisons.

We evaluated the effects of water availability, above- and below-
ground herbivory, and their interaction on survival of Solanum lyco-
carpum plants using a Weibull regression model. The survivorship (0
or 1) at N observation days of plants in the different treatments was
calculated and compared using the survreg function from the survivaL
package (Therneau et al., 2018).

We determined how water and herbivory treatments influenced
the total final dry weight (g) of leaves and roots of Solanum lycocar-
pum using linear mixed-effects models via the Ime function (Bates
et al., 2015) in the NnumEe package (Pinheiro et al., 2016). The main ef-
fects were a combination of water treatments (control and drought),
herbivore treatments (no-herbivory, AG herbivory, BG herbivory
and AGBG herbivory), plant part (leaves and roots) and their interac-
tion. The random effects attributable to variation among individual
plants were included by treating each plant as a split-plot, with the
combined water and herbivory treatments as whole-plot treatment
and the location of measurements (i.e. roots, leaves) as the within-
plot treatment (Mundim et al., 2017).

For root architecture and plant defensive chemistry, we tested
the effect of water and herbivory treatments on root complexity,
root length and whole-plant final concentration of terpenoids. The
terpenoid concentrations were square-root-transformed to improve
model fit. We used generalized linear mixed-effects models via the
glmmTMB function (Magnusson et al., 2019), assuming a normal dis-
tribution for root length and terpenoid concentration, and a Poisson
distribution for root complexity. Water treatment, herbivory treat-
ment and their interaction were treated as fixed effects. We used
Spearman's rank correlations to evaluate the relationship between
terpenoid concentration and final biomass of leaves and roots under
control and drought conditions.

Finally, we determined the extent to which simultaneous above
and belowground herbivory affected plant tolerance and resis-
tance, as well as their relative importance, by accounting for her-
bivory level (i.e. quantity) effects on plant biomass and terpenoid
concentration. We used ANCOVA to analyse how the amount of
nematode infection (humber of galls per dry weight (g) of roots) and
leaf damage cumulative leftover (summed percentage of caterpil-
lar herbivory over time) affect whole-plant biomass and terpenoid
concentration between water treatments for the different herbiv-

ory treatments.

3 | RESULTS
3.1 | Plant survival

Of the original n = 218 experimental Solanum lycocarpum plants,
52.3% (n = 114) died over the course of the 300-day experiment,
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with 38.53% of the mortality occurring in the first 35 days
of water manipulation (Figure 1). Survival was lower in plants
under drought than in those exposed to control levels of water
(;(2 =94.15,df = 2, p < 0.001). Herbivory alone decreased survival
(;(2 = 2494, df = 4, p < 0.001). Similarly, herbivory combined with
drought decreased survival (;(2 = 59.03, df = 14, p < 0.001), but
water-limited plants exposed to BG or AGBG herbivory survived
60% and 20% less, respectively, relative to no-herbivory and AG
herbivory treatments (Figure 1B). Water limitation was the main
factor decreasing survival, and root herbivory amplified its delete-

rious effect (Figure 1B).

3.2 | Plant biomass allocation

Experimental drought and herbivory had complex and generally
contrasting effects on final biomass of S. lycocarpum plants. Drought
decreased biomass overall, while the plant response to herbivory
was context-dependent (Figure 2; Table S2). Aboveground herbivory
resulted in a strong decrease in root biomass under control water
(Figure 2C), but a slight increase of leaf and root biomass under
drought conditions (Figure 2B and D, respectively). Belowground
herbivory resulted in increased root biomass regardless of water
conditions, while combined AGBG herbivory resulted in the high-
est biomass gain in both water treatments (Table S2). In fact, plants
in the AGBG treatment could almost entirely compensate for the
drought effect and only weighed 10% less than AGBG control plants
(Figure 2; Table S2).

3.3 | Root architecture

Water stress decreased root complexity and root length
(Zmo = -2.65, p = 0.008; ZL10 = -2.67, p = 0.007; see Controls in
Table 1). Root herbivory (BG and AGBG) increased complexity and
marginally increased length, while leaf (AG) herbivory decreased
root complexity but did not change length (Table 1; Table S3).
Drought-stress in concert with herbivory had a greater effect on
root complexity than they did in isolation, while herbivory was the

factor with the greatest impact on root length (Table S3).

3.4 | Plant defensive chemistry

Solanum lycocarpum responses to experimental drought and her-
bivory were context-dependent. Whole-plant terpenoid concentra-
tions doubled under drought-only stress (ZL10 =2.68,p < 0.008; see
no-herbivory in Figure 3E,F), mainly driven by roots (ZMO =212,
p = 0.03; Figure 3C,D). Under control water, single herbivory (AG
or BG) increased plant total terpenoid concentrations (Figure 3),
but simultaneous AGBG attacks led to lower concentrations at the
whole-plant level (Figure 3; Table S3). Conversely, drought-stressed
plants under a single herbivory (AG or BG) had lower levels of
whole-plant terpenoids than control and AGBG herbivory plants
(Figure 3; Table S3). Overall, the proportional concentration of ter-
penoids in roots was at least two times higher than in leaves, except
for BG herbivory (Figure 3; Table S3). For AGBG plants, our analy-

ses also revealed a negative relationship between root terpenoid
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FIGURE 1 (A)Effects of water treatments on the survivorship of Solanum lycocarpum seedlings. The dashed line indicates the beginning
of the herbivory treatments—after 170 days of water treatment. Shaded areas indicate 95% confidence intervals. Circle = control water;
triangle = drought treatment. The light grey rectangle represents the (B) Effect of herbivory on the survivorship of seedlings under drought
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the figure shows only events where death occurred, plants were surveyed daily to record individual mortality

85U80|7 SUOWIWIOD BAEa.D 8|l (dde au Ag peusenob a1e Ssolle YO ‘8sn JO'S3|n 10} Aeid 1T 8ul|UO /8|1 UO (SUONIPUOD-PUB-SWBY WD A8 | 1M ATeIq 1 U1 |UO//SANY) SUORIPUOD Pue SWIB 1 8y} 89S *[7202/60/92] U0 Ariqi8ulluo A8|iM ‘epLold JO AsAIUN Ad ¥8IET Si/Z-G9ET/TTTT OT/I0p/ W00 A3 1M AReq 1 |BulUO'S puIno ssq//sdny wouy papeojumod ‘2 “T202 ‘Si722S9ET



2734 | Journal of Ecology

MUNDIM ET AL.

(A) Control — Leaf

(B) Drought — Leaf

FIGURE 2 Herbivore impact on plant

05 05— biomass (mean =+ SE of final plant weight
in g dw) in control water conditions (left
04 044 a column) and drought conditions (right
_ _ T column) for leaves (A and B), roots (C
5 G5 5 s and D) and the whole-plant (E and F). In
= = these scenarios, tolerance (dashed lines) is
@ @ determined not only by resource (water)
£ 02 A a £ 02 3 . R
i:% & 4 % ab availability, but also by herbivore type,
a
iI .......... I B E herbivory location (AG or BG) and if it
0.1 0.1 a a .
occurs in more than one plant part. Values
I . above the dashed lines are considered
0.0 0.0 i i
. s o ohe No G 50 AGEG overcompensation, while those beneath
herbivory  herbivory  herbivory  herbivory herbivory  herbivory  herbivory  herbivory represent undercompensation. Leaves and
(C) Control — Root (D) Drought — Root roots are represented by their dry weight,
1257 1257 while the whole-plant is represented by
é the dry weight of leaves, roots and stem.
1.00 1.00 | Herbivore treatments consisted of: no-
5 % T b herbivory; single herbivory: AG (leaf only)
kel e} e el H .
S 0754 & bc S 0754 or BG (root only); simultaneous herbivory:
@ ab @ AGBG (leaf and root attacks). Lower case
g £ ab letters are differences between herbivory
S 050 £ ------------------------ S 0.50— ab .
0 . o B I treatments while uppercase letters are
a i differences between water treatments
0.25 % e B e EEEEEEEEEEEEEEE (without herbivory stress). Different
letters indicate significant differences
0.0 0.0 among treatments (p < 0.05) based on
No AG BG AGBG No AG BG AGBG .
herbivory  herbivory  herbivory  herbivory herbivory  herbivory  herbivory  herbivory pOSt hoc Tu key s tests
(E) Control — Whole-plant (F) Drought — Whole-plant
1.50 b 1.50
b
1.25 1.25—
A ab
1.00 5 1.00
— = ab
3 3
S B TR PP, PP PP R
g 0757 @ 0.75- 5
g £
§ a S
m m B
0.50] 0.50— a
0.25— 0.25—
0.0 0.0
No AG BG AGBG No AG BG AGBG
herbivory  herbivory  herbivory  herbivory herbivory  herbivory  herbivory  herbivory

concentrations (i.e. resistance) and root biomass (i.e. tolerance), ir-
respective of water conditions (Spearman's correlation, control:
r=-0.90, p = 0.002; drought: r = -0.75, p = 0.03).

3.5 | Herbivory

All plants exposed to belowground herbivores (BG and AGBG) were
successfully infected by the nematode M. incognita (number of galls
overall mean + SE: 13.94 + 2.91), and 99% of the plants had leaf

damage cumulative leftover following the consecutive caterpillar

herbivory. Infection (number of galls/g of root) and leftover dam-
age were similar between water treatments (le =0.076,p =0.78;
F1,39 = 2.44, p = 0.13; respectively; Figure 4). Under control water,
infection of plants in the BG treatment was higher than in AGBG
treatment plants (F1,16 = 5.128, p < 0.04; Figure 4A), and plants ex-
posed to AG herbivory had five times more leftover damage than
those in the AGBG treatment (F, ,;, = 24.28, p < 0.001; Figure 4B).
Under drought, infection was similar between herbivory treatments
(F1,13 = 0.0001, p = 0.99; Figure 4), but leftover damage was 2.3
times higher in AG plants than in those exposed to AGBG herbivory
(F1,20 =5.66,p < 0.03; Figure 4).
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TABLE 1 Root complexity, and total final root length (cm), of
Solanum lycocarpum plants exposed to treatments of decreased
and control water, as well as of aboveground herbivory (AG),
belowground herbivory (BG), simultaneous herbivory (AGBG)
and no-herbivory. Measurements occurred after 300 days of
experimentation. Lower case letters are differences within an
herbivory treatment while uppercase letters are differences
between precipitation treatments (without the herbivory stress),
based on Tukey's post hoc comparisons (p < 0.05)

Total final root

Root complexity! length (cm)

Decreased water treatment

No-herbivory 25.45 + 2.94%A 173.99 + 18.83**

AG herbivory 12.0 + 3.18° 185.42 + 35.31°
BG herbivory 37.42 + 7.75%¢ 250.97 + 76.45%°
AGBG herbivory 47.78 + 9.51° 329.6 + 61.56°

Control water treatment

No-herbivory 31.5 + 3.74%8 237.55 + 16.44%®

AG herbivory 18.10 + 4.11° 24414 + 35.87°
BG herbivory 49.33 + 9.22%¢ 320.92 + 47.38%
AGBG herbivory 58.11 + 9.42° 336.64 + 34.427

For root complexity, we used the centripetal link-based ordering
system (see Mundim et al., 2017).

The relationship of herbivory level (i.e. nematode infection and
leaf leftover damage) with plant biomass and terpenoid concentra-
tion differed between water and herbivory treatments (Figures S1
and S2) and when compared to herbivory presence or absence
(Figures 2 and 3). Water treatment had no effect on whole-plant
biomass, regardless of herbivory level (Figure S1). Total terpenoid
concentration differed between water treatments for AG and AGBG
herbivory (Figure S2a,b). There was no relationship between leaf
leftover damage and either whole-plant biomass or total terpenoid
concentration (Figures S1 and S2). Higher nematode infection de-
creased whole-plant biomass regardless of herbivory treatment
(Figure S1), and also total terpenoid concentration under AGBG her-
bivory irrespective of water treatment (Figure S2d).

4 | DISCUSSION

For decades it has been argued that fast-growing plants in resource-
rich environments should have greater tolerance of herbivory (see
Nunez-Farfan et al., 2007; Strauss & Agrawal, 1999). Our results with
a fast-growing species reveal that this predicted high tolerance and in-
vestment in defence are context-dependent in ways that only become
apparent when expanding to consider belowground processes. Under
moderate drought stress (30% reduction) plant responses were rapid
and elastic, as plants produced defences while also sometimes over-
compensating in growth. However, the capacity of plants to grow or
produce terpenoids in drought conditions was associated with nema-
tode infection rates. Taking a ‘whole-plant’ approach, including the

ecologically realistic situation of simultaneous above- and belowground

herbivory, allowed us to demonstrate that belowground herbivory is a
primary driver of tolerance under limited water conditions.

We found that whole-plant biomass of individuals attacked
solely by belowground herbivores was comparatively higher than
that of plants attacked only aboveground (Figure 2). Furthermore,
whole-plant biomass was greater when plants were simultaneously
attacked above and belowground, regardless of water availability
(Figure 2). The observed increase in root biomass (i.e. tolerance)
under BG herbivory came at the expense of the production of
chemical defences (i.e. resistance) under drought conditions. Our
findings, however, indicate that plant responses change as a func-
tion of herbivory level. Greater nematode infection was related to
decreases in biomass and marginal increases in terpenoid concen-
tration (Figures S1 and S2), which could potentially be responsible
for the observed increases in mortality (Figure 1B). Importantly, we
observed reduced leaf replacement (i.e. reduced tolerance) after
multiple events of AG herbivory, but increased tolerance in plants
simultaneously attacked in leaves and roots (Figure 4B). Moreover,
plants attacked simultaneously showed lower nematode infection
than those attacked solely belowground (Figure 4A). Collectively,
these results indicate that root damage takes precedence in elicit-
ing plant regrowth, underscoring the importance of accounting for
belowground effects on plant responses to herbivory and evalu-
ating these responses at the whole-plant level—something that is
still relatively rare in studies of plant-herbivore interactions. Recent
studies have suggested belowground processes can be major drivers
of plant chemical responses (Erb et al., 2009; Johnson et al., 2016;
Mundim et al., 2017). Our results indicate that this is true for plant
biomass and architecture as well, and that roots are likely the lynch-
pin of whole-plant allocation to growth versus defence.

Simultaneous herbivory by caterpillars and nematodes had con-
sistent effects on both leaf and root chemistry regardless of water
limitation. However, the independent effects of these herbivores
were more complex. Root feeders led to increased concentrations
of terpenoids in leaves relative to controls under non-limiting water,
but decreased concentrations in roots when water was limiting.
Similarly, foliar herbivory resulted in increased terpenoid concentra-
tions in roots under control water, but decreased concentrations in
both roots and leaves under drought. This indicates that plant re-
sponses to herbivory are context-dependent. When attacked in a
single compartment (i.e. leaves or roots), they can regrow the at-
tacked tissue while reinforcing defences in the non-attacked com-
partment (Mundim et al., 2017) under control water. However, when
attacked in leaves and roots simultaneously, something common in
natural settings, they can regrow the attacked tissue in both com-
partments while severely decreasing defence production in leaves
regardless of water conditions, and in roots under control water. It is
important to note, however, that the increased root terpenoid con-
centration under limiting water is likely due to drought effects on
specific terpene synthesis, and could reflect an acclimation to this
stress (e.g. Kleiber et al., 2017; Selmar & Kleinwéachter, 2013). A more
mechanistic understanding of tolerance and resistance to herbivory

will require studies manipulating both the location and intensity of
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vertical black lines indicate the standard error. Different letters indicate significant differences among herbivory treatments (p < 0.05) based

on post hoc Tukey's tests

herbivore feeding as well as resource availability over multiple plant
generations.

Despite decades of theoretical and empirical attention, a clear
understanding of how resource availability influences the costs and

benefits of tolerance has proven elusive.

Reduced resource availability is predicted to decrease tolerance
and performance, especially when the limiting resources are ob-
tained primarily via roots. We found that whole-plant biomass gain
was independent of water availability. Simultaneously attacked

plants under drought did not have decreased tolerance compared
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to those under control water. Solanum species are very resilient and
adapted to growth and development in unfavourable habitat con-
ditions such as water stress or acidic and nutrient-poor soils (Vidal
et al., 1999). Thus, this pattern could have resulted from a poten-
tial inefficacy of the water variation treatment. We based the 30%
water reduction on IPCC estimates for precipitation variation in the
next decade, which could have been insufficient and thus rendered
the decreased water level unable to affect plant response patterns.
However, we detected strong negative effects of water limitation
on root complexity and positive effects on total terpenoid concen-
tration, indicating the efficacy of the treatment in eliciting plant
responses. Therefore, our results highlight that to some extent,
there is a nonlinear cost to benefit function to invest in tolerance
due to limiting resources. Although the plant invests in tolerance
and resistance even in low water levels, it is reasonable to assume
that the pressure of being attacked in more than one part at the
same time elicits a strong expression of tolerance regardless of the
environmental limitation.

Our findings have important implications for the understanding
of plant responses to herbivory and the improvement of theoreti-
cal frameworks for the study of plant tolerance. For example, the
limiting resource model (Wise & Abrahamson, 2005) has been an
important addition to the field of plant-herbivore interactions by
synthesizing and streamlining information from multiple previous
models of trade-offs between tolerance and resistance in a flexi-
ble and general framework. We suggest generalizing the model to
account for the realistic condition of simultaneous attacks of roots
and leaves, herbivore identity, herbivore specialization (also see Gao
et al., 2008), herbivory intensity, as well as the potential for whole-
plant responses. In addition, there is mounting evidence suggesting
that simultaneous allocation of resources to tolerance and resistance
are prevalent among plants (e.g. Mundim et al., 2017; Nunez-Farfan
et al., 2007; Pilson, 2000). We therefore suggest that future stud-
ies should focus on further elaborating the evolutionary ecology of
whole-plant tolerance-resistance responses in variable environmen-
tal conditions. We argue that only a whole-plant perspective can
provide complete and general answers for open questions such as
whether tolerance is an evolutionarily stable strategy or how much
investment in tolerance is possible before suffering negative con-
sequences. In fact, without considering whole-plant responses, the
mechanisms underpinning the evolution of tolerance and resistance
under limiting resource conditions would likely be very different and
potentially misleading.

ACKNOWLEDGEMENTS

We thank M. A. Santos and the Nematology Research Lab at the
Federal University of Uberlandia for providing nematode eggs. We
also thank the editors and reviewers for comments and sugges-
tions that improved this manuscript. During this study, F. Mundim
and E. Vieira-Neto were supported by assistantships from the UF
College of Agricultural and Life Sciences and Fellowships from
Brazil's Science without Borders Program (Projects 237960/2012-5
and 202012/2012-3). E. Bruna was supported by a Special Visiting

Researcher Fellowship from the Science without Borders Program
(Project 061/2012).

AUTHORS' CONTRIBUTIONS

F.M.M. and E.M.B. conceived the ideas and designed the method-
ology; FM.M., EH.MV.-N. and H.A. collected the data; FM.M,,
E.H.M.V.-N. and E.M.B. contributed to writing the manuscript. All
authors contributed to the analyses and interpretation of data, criti-

cally contributed to the drafts and gave final approval for publication.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1111/1365-2745.13684.

DATA AVAILABILITY STATEMENT
All data and metadata are available at the Dryad Digital Repository
(https://doi.org/10.5061/dryad.m905qfv18) (Mundim et al., 2021).

ORCID
Fabiane M. Mundim https://orcid.org/0000-0002-0149-1783
Ernane H. M. Vieira-Neto https://orcid.org/0000-0002-6557-7252

Emilio M. Bruna https://orcid.org/0000-0003-3381-8477

REFERENCES

Agrawal, A. (2000). Benefits and costs of induced plant defense for
Lepidium virginicum (Brassicaceae). Ecology, 81(7), 1804-1813.
https://doi.org/10.2307/177272

Agrawal, A. A., & Fishbein, M. (2006). Plant defense syndromes. Ecology,
87(7), $132-5149. https://doi.org/10.1890/0012-9658(2006)87[132:
PDS]2.0.CO;2

Barber, N. A., Adler, L. S., & Bernardo, H. L. (2011). Effects of above- and
belowground herbivory on growth, pollination, and reproduction
in cucumber. Oecologia, 165(2), 377-386. https://doi.org/10.1007/
s00442-010-1779-x

Bates, D., Maechler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting lin-
ear mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48.

Bechtold, U., & Field, B. (2018). Molecular mechanisms controlling plant
growth during abiotic stress. Journal of Experimental Botany, 69(11),
2753-2758. https://doi.org/10.1093/jxb/ery157

Belsky, A. J. (1986). Does herbivory benefit plants? A review of the ev-
idence. The American Naturalist, 127(6), 870-892. https://doi.org/
10.1086/284531

Berntson, G. M. (1997). Topological scaling and plant root system archi-
tecture: Developmental and functional hierarchies. New Phytologist,
135(4), 621-634. https://doi.org/10.1046/j.1469-8137.1997.00687.x

Blanch, J.-S., Pefiuelas, J., Sardans, J., & Llusia, J. (2008). Drought, warm-
ing and soil fertilization effects on leaf volatile terpene concentra-
tions in Pinus halepensis and Quercus ilex. Acta Physiologiae Plantarum,
31(1), 207. https://doi.org/10.1007/s11738-008-0221-z

Bonetti, J. I. S., & Ferraz, S. (1981). Modificacbes do método de Hussey
& Barker para extracdo de ovos de Meloidogyne exigua em raizes de
cafeeiro. Fitopatologia Brasileira, 6, 553.

Bonifas, K. D., & Lindquist, J. L. (2006). Predicting biomass partitioning
to root versus shoot in corn and velvetleaf (Abutilon theophrasti).
Weed Science, 54(1), 133-137. https://doi.org/10.1614/WS-05-
079R1.1

Boulanger, J. P., Martinez, F., & Segura, E. C. (2007). Projection of future
climate change conditions using IPCC simulations, neural networks

85U80|7 SUOWIWIOD BAEa.D 8|l (dde au Ag peusenob a1e Ssolle YO ‘8sn JO'S3|n 10} Aeid 1T 8ul|UO /8|1 UO (SUONIPUOD-PUB-SWBY WD A8 | 1M ATeIq 1 U1 |UO//SANY) SUORIPUOD Pue SWIB 1 8y} 89S *[7202/60/92] U0 Ariqi8ulluo A8|iM ‘epLold JO AsAIUN Ad ¥8IET Si/Z-G9ET/TTTT OT/I0p/ W00 A3 1M AReq 1 |BulUO'S puIno ssq//sdny wouy papeojumod ‘2 “T202 ‘Si722S9ET


https://publons.com/publon/10.1111/1365-2745.13684
https://publons.com/publon/10.1111/1365-2745.13684
https://doi.org/10.5061/dryad.m905qfv18
https://orcid.org/0000-0002-0149-1783
https://orcid.org/0000-0002-0149-1783
https://orcid.org/0000-0002-6557-7252
https://orcid.org/0000-0002-6557-7252
https://orcid.org/0000-0003-3381-8477
https://orcid.org/0000-0003-3381-8477
https://doi.org/10.2307/177272
https://doi.org/10.1890/0012-9658(2006)87%5B132:PDS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B132:PDS%5D2.0.CO;2
https://doi.org/10.1007/s00442-010-1779-x
https://doi.org/10.1007/s00442-010-1779-x
https://doi.org/10.1093/jxb/ery157
https://doi.org/10.1086/284531
https://doi.org/10.1086/284531
https://doi.org/10.1046/j.1469-8137.1997.00687.x
https://doi.org/10.1007/s11738-008-0221-z
https://doi.org/10.1614/WS-05-079R1.1
https://doi.org/10.1614/WS-05-079R1.1

2738 Journal of Ecology

MUNDIM ET AL.

and Bayesian statistics. Part 2: Precipitation mean state and seasonal
cycle in South America. Climate Dynamics, 28, 255-271. https://doi.
org/10.1007/s00382-006-0182-0

Brunner, |, Herzog, C., Dawes, M. A., Arend, M., & Sperisen, C. (2015).
How tree roots respond to drought. Frontiers in Plant Science, 6, 547.
https://doi.org/10.3389/fpls.2015.00547

Carvalho, P., & Foulkes, M. J. (2018). Roots and uptake of water and
nutrients. In R. A. Meyers (Ed.), Encyclopedia of sustainability sci-
ence and technology (pp. 1-24). Springer. https://doi.org/10.1007/
978-1-4939-2493-6_195-3

Christensen, J. H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held,
I., Jones, R., Kolli, R. K., Kwon, W.-T., Laprise, R., Magana Rueda,
V., Mearns, L., Menéndez, C. G., Raisdnen, J,, Rinke, A., Sarr, A., &
Whetton, P. (2007). Regional climate projections. In S. Solomon, D.
Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, &
H. L. Miller (Eds.), Climate change 2007: The physical science basis.
Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 847-940). Cambridge
University Press.

Coley, P. D., Bryant, J. P., & Chapin, F. S. (1985). Resource availability and
plant antiherbivore defense. Science, 230(4728), 895-899. https://
doi.org/10.1126/science.230.4728.895

Dall’Agnol, R., & Lino von Poser, G. (2000). The use of complex poly-
saccharides in the management of metabolic diseases: The case of
Solanum lycocarpum fruits. Journal of Ethnopharmacology, 71(1-2),
337-341. https://doi.org/10.1016/S0378-8741(00)00165-3

English-Loeb, G., Stout, M. J., & Duffey, S. S. (1997). Drought stress in
tomatoes: Changes in plant chemistry and potential nonlinear con-
sequences for insect herbivores. Oikos, 79(3), 456-468. https://doi.
org/10.2307/3546888

Erb, M., Lenk, C., Degenhardt, J., & Turlings, T. C. J. (2009). The underesti-
mated role of roots in defense against leaf attackers. Trends in Plant
Science, 14(12), 653-659. https://doi.org/10.1016/j.tplants.2009.08.006

Fabregas, N., Lozano-Elena, F., Blasco-Escamez, D., Tohge, T., Martinez-
Anddjar, C., Albacete, A., Osorio, S., Bustamante, M., Riechmann, J.
L., Nomura, T., Yokota, T., Conesa, A., Alfocea, F. P,, Fernie, A. R., &
Cafno-Delgado, A. I. (2018). Overexpression of the vascular brassi-
nosteroid receptor BRL3 confers drought resistance without penal-
izing plant growth. Nature Communications, 9(1), 4680. https://doi.
org/10.1038/s41467-018-06861-3

Forghani, F., & Hajihassani, A. (2020). Recent advances in the devel-
opment of environmentally benign treatments to control root-
knot nematodes. Frontiers in Plant Science, 11, 1125. https://doi.
org/10.3389/fpls.2020.01125

Fornoni, J. (2011). Ecological and evolutionary implications of plant tol-
erance to herbivory. Functional Ecology, 25(2), 399-407. https://doi.
org/10.1111/j.1365-2435.2010.01805.x

Franco, A. L. C., Gherardi, L. A., de Tomasel, C. M., Andriuzzi, W. S.,
Ankrom, K. E., Shaw, E. A., Bach, E. M., Sala, O. E., & Wall, D. H.
(2019). Drought suppresses soil predators and promotes root herbi-
vores in mesic, but not in xeric grasslands. Proceedings of the National
Academy of Sciences of the United States of America, 116(26), 12883.
https://doi.org/10.1073/pnas.1900572116

Gao, Y., Wang, D., Ba, L., Bai, Y., & Liu, B. (2008). Interactions between
herbivory and resource availability on grazing tolerance of Leymus
chinensis. Environmental and Experimental Botany, 63(1), 113-122.
https://doi.org/10.1016/j.envexpbot.2007.10.030

Gerson, E. A., & Kelsey, R. G. (2004). Piperidine alkaloids in North
American Pinus taxa: Implications for chemosystematics. Biochemical
Systematics and Ecology, 32(1), 63-74. https://doi.org/10.1016/
S0305-1978(03)00174-1

Hawkes, C. V., & Sullivan, J. J. (2001). The impact of herbivory on plants in
different resource conditions: A meta-analysis. Ecology, 82(7), 2045-
2058. https://doi.org/10.1890/0012-9658(2001)082[2045:TIOHOP]
2.0.CO;2

Herms, D. A. (1999). Physiological and abiotic determinants of compet-
itive ability and herbivore resistance. Phyton-Annales Rei Botanicae,
39(4), 53-64.

Herms, D. A., & Mattson, W. J. (1992). The dilemma of plants: To grow or
defend. The Quarterly Review of Biology, 67(3), 283-335. https://doi.
org/10.1086/417659

Holopainen, J. K., Virjamo, V., Ghimire, R. P., Blande, J. D., Julkunen-Tiitto,
R., & Kivim3enpai, M. (2018). Climate change effects on secondary
compounds of forest trees in the northern hemisphere. Frontiers in
Plant Science, 9, 1445. https://doi.org/10.3389/fpls.2018.01445

Huber, M., Bont, Z., Fricke, J., Brillatz, T., Aziz, Z., Gershenzon, J., & Erb,
M. (2016). A below-ground herbivore shapes root defensive chem-
istry in natural plant populations. Proceedings of the Royal Society B:
Biological Sciences, 283(1827), 20160285. https://doi.org/10.1098/
rspb.2016.0285

Huot, B., Yao, J., Montgomery, B. L., & He, S. Y. (2014). Growth-defense
tradeoffs in plants: A balancing act to optimize fitness. Molecular
Plant, 7(8), 1267-1287. https://doi.org/10.1093/mp/ssu049

Jiang, Z., Kempinski, C., & Chappell, J. (2016). Extraction and analysis of
terpenes/terpenoids. Current Protocols in Plant Biology, 1, 345-358.
https://doi.org/10.1002/cppb.20024

Johnson, S. N., Erb, M., & Hartley, S. E. (2016). Roots under attack:
Contrasting plant responses to below- and aboveground insect her-
bivory. New Phytologist, 210(2), 413-418. https://doi.org/10.1111/
nph.13807

Kaplan, I., Sardanelli, S., Rehill, B. J., & Denno, R. F.(2011). Toward a mech-
anistic understanding of competition in vascular-feeding herbivores:
An empirical test of the sink competition hypothesis. Oecologia,
166(3), 627-636. https://doi.org/10.1007/s00442-010-1885-9

Karban, R., & Baldwin, I. T. (1997). Induced responses to herbivory. The
University of Chicago Press.

Kleiber, A., Duan, Q., Jansen, K., Verena Junker, L., Kammerer, B,
Rennenberg, H., Ensminger, I., Gessler, A., & Kreuzwieser, J. (2017).
Drought effects on root and needle terpenoid content of a coastal
and an interior Douglas fir provenance. Tree Physiology, 37(12), 1648~
1658. https://doi.org/10.1093/treephys/tpx113

Lakshmi, V., Mahdi, A. A., Agarwal, S. K., & Kumar, R. (2017). Isolation and
characterization of bioactive terpenoids from the leaves of Ceriops
tagal Linn. Herbal Medicine, 3(2:11), 1-5. https://doi.org/10.21767/
2472-0151.100031

Leimu, R., & Koricheva, J. (2006). A meta-analysis of tradeoffs between
plant tolerance and resistance to herbivores: Combining the evi-
dence from ecological and agricultural studies. Oikos, 112(1), 1-9.
https://doi.org/10.1111/j.0030-1299.2006.41023.x

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2019).
Estimated marginal means, aka least-squares means (1.4) [R-core].
R-Core Team.

Liburd, O. E., Funderburk, J. E., & Olson, S. M. (2000). Effect of biologi-
cal and chemical insecticides on Spodoptera species (Lep., Noctuidae)
and marketable yields of tomatoes. Journal of Applied Entomology,
124(1), 19-25. https://doi.org/10.1046/j.1439-0418.2000.00418.x

Lorenzi, H. (2002). Brazilian trees: A guide to the identification and cultiva-
tion of Brazilian native trees (4th ed., Vol. 2). Instituto Plantarum de
Estudos da Flora.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler,
M., van Bentham, K., Sadat, N., Bolker, B., & Brooks, M. (2019).
Generalized linear mixed models using template model builder (0.2.3) [R-
core]. R-Core Team.

Maron, J. (1998). Insect herbivory above- and belowground: Individual
and joint effects on plant fitness. Ecology, 79(4), 1281-1293. https://
doi.org/10.1890/0012-9658(1998)079[1281:IHAABI]2.0.CO;2

McKiernan, A. B., Hovenden, M. J,, Brodribb, T. J., Potts, B. M., Davies, N.
W., & O'Reilly-Wapstra, J. M. (2014). Effect of limited water availabil-
ity on foliar plant secondary metabolites of two Eucalyptus species.

85U80|7 SUOWIWIOD BAEa.D 8|l (dde au Ag peusenob a1e Ssolle YO ‘8sn JO'S3|n 10} Aeid 1T 8ul|UO /8|1 UO (SUONIPUOD-PUB-SWBY WD A8 | 1M ATeIq 1 U1 |UO//SANY) SUORIPUOD Pue SWIB 1 8y} 89S *[7202/60/92] U0 Ariqi8ulluo A8|iM ‘epLold JO AsAIUN Ad ¥8IET Si/Z-G9ET/TTTT OT/I0p/ W00 A3 1M AReq 1 |BulUO'S puIno ssq//sdny wouy papeojumod ‘2 “T202 ‘Si722S9ET


https://doi.org/10.1007/s00382-006-0182-0
https://doi.org/10.1007/s00382-006-0182-0
https://doi.org/10.3389/fpls.2015.00547
https://doi.org/10.1007/978-1-4939-2493-6_195-3
https://doi.org/10.1007/978-1-4939-2493-6_195-3
https://doi.org/10.1126/science.230.4728.895
https://doi.org/10.1126/science.230.4728.895
https://doi.org/10.1016/S0378-8741(00)00165-3
https://doi.org/10.2307/3546888
https://doi.org/10.2307/3546888
https://doi.org/10.1016/j.tplants.2009.08.006
https://doi.org/10.1038/s41467-018-06861-3
https://doi.org/10.1038/s41467-018-06861-3
https://doi.org/10.3389/fpls.2020.01125
https://doi.org/10.3389/fpls.2020.01125
https://doi.org/10.1111/j.1365-2435.2010.01805.x
https://doi.org/10.1111/j.1365-2435.2010.01805.x
https://doi.org/10.1073/pnas.1900572116
https://doi.org/10.1016/j.envexpbot.2007.10.030
https://doi.org/10.1016/S0305-1978(03)00174-1
https://doi.org/10.1016/S0305-1978(03)00174-1
https://doi.org/10.1890/0012-9658(2001)082%5B2045:TIOHOP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B2045:TIOHOP%5D2.0.CO;2
https://doi.org/10.1086/417659
https://doi.org/10.1086/417659
https://doi.org/10.3389/fpls.2018.01445
https://doi.org/10.1098/rspb.2016.0285
https://doi.org/10.1098/rspb.2016.0285
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1002/cppb.20024
https://doi.org/10.1111/nph.13807
https://doi.org/10.1111/nph.13807
https://doi.org/10.1007/s00442-010-1885-9
https://doi.org/10.1093/treephys/tpx113
https://doi.org/10.21767/2472-0151.100031
https://doi.org/10.21767/2472-0151.100031
https://doi.org/10.1111/j.0030-1299.2006.41023.x
https://doi.org/10.1046/j.1439-0418.2000.00418.x
https://doi.org/10.1890/0012-9658(1998)079%5B1281:IHAABI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B1281:IHAABI%5D2.0.CO;2

MUNDIM ET AL.

Journal of Ecology 2739

Environmental and Experimental Botany, 105, 55-64. https://doi.
org/10.1016/j.envexpbot.2014.04.008

McKiernan, A. B., Potts, B. M., Brodribb, T. J., Hovenden, M. J., Davies, N.
W., McAdam, S. A. M., Ross, J. J., Rodemann, T., & O'Reilly-Wapstra,
J. M. (2016). Responses to mild water deficit and rewatering differ
among secondary metabolites but are similar among provenances
within Eucalyptus species. Tree Physiology, 36(2), 133-147. https://
doi.org/10.1093/treephys/tpv106

Mundim, F. M., Alborn, H. T., Vieira-Neto, E. H. M., & Bruna, E. M. (2017).
A whole-plant perspective reveals unexpected impacts of above-
and belowground herbivores on plant growth and defense. Ecology,
98(1), 70-78. https://doi.org/10.1002/ecy.1619

Mundim, F. M., Bruna, E. M., Vieira-Neto, E. H. M., & Vasconcelos, H.
L. (2012). Attack frequency and the tolerance to herbivory of
Neotropical savanna trees. Oecologia, 168, 405-414. https://doi.
org/10.1007/s00442-011-2088-8

Mundim, F. M., & Pringle, E. G. (2018). Whole-plant metabolic alloca-
tion under water stress. Frontiers in Plant Science, 9, 852. https://doi.
org/10.3389/fpls.2018.00852

Mundim, F., Vieira-Neto, E., Alborn, H., & Bruna, E. (2021). Data from:
Disentangling the influence of water limitation and simultaneous
above and belowground herbivory on plant tolerance and resistance
to stress. Dryad Digital Repository, https://doi.org/10.5061/dryad.
m905qfv18

Neilson, E. H., Goodger, J. Q. D., Woodrow, I. E., & Mgiller, B. L. (2013).
Plant chemical defense: At what cost? Trends in Plant Science, 18(5),
250-258. https://doi.org/10.1016/j.tplants.2013.01.001

Nogués, I., Llusia, J., Ogaya, R., Munné-Bosch, S., Sardans, J., Pefiuelas,
J., & Loreto, F. (2014). Physiological and antioxidant responses of
Quercus ilex to drought in two different seasons. Plant Biosystems -
An International Journal Dealing with All Aspects of Plant Biology,
148(2), 268-278. https://doi.org/10.1080/11263504.2013.768557

Nunez-Farfan, J., Fornoni, J., & Valverde, P. L. (2007). The evolution of
resistance and tolerance to herbivores. Annual Review of Ecology
Evolution and Systematics, 38, 541-566. https://doi.org/10.1146/
annurev.ecolsys.38.091206.095822

Pilson, D. (2000). The evolution of plant response to herbivory:
Simultaneously considering resistance and tolerance in Brassica rapa.
Evolutionary Ecology, 14(4), 457. https://doi.org/10.1023/A:10109
53714344

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. (2016). NIme:
Linear and nonlinear mixed effects models version: 3.1-127 (3.1-127) [R-
core]. R-Core Team.

Podda, A., Pollastri, S., Bartolini, P., Pisuttu, C., Pellegrini, E., Nali, C.,
Cencetti, G., Michelozzi, M., Frassinetti, S., Giorgetti, L., Fineschi,
S., Del Carratore, R., & Maserti, B. (2019). Drought stress modulates
secondary metabolites in Brassica oleracea L. convar. Acephala (DC)
Alef, var. Sabellica L. Journal of the Science of Food and Agriculture,
99(12), 5533-5540. https://doi.org/10.1002/jsfa.9816

R Core Team. (2019). R: A language and environment for statistical computing.
R Foundation for Statistical Computing. https://www.R-project.org

Ramula, S., Paige, K. N., Lennartsson, T., & Tuomi, J. (2019).
Overcompensation: A 30-year perspective. Ecology, 100(5), €02667.
https://doi.org/10.1002/ecy.2667

Rasband, W. S. (1997). ImagelJ: Vol. imagej.nih.gov/ij/. U.S. National
Institutes of Health.

S4,R.C.S., Vireque, A. A, Reis, J. E. P, & Guerra, M. O. (2000). Evaluation
of the toxicity of Solanum lycocarpum in the reproductive system of
male mice and rats. Journal of Ethnopharmacology, 73(1-2), 283-287.
https://doi.org/10.1016/S0378-8741(00)00250-6

Seki, M., Umezawa, T., Urano, K., & Shinozaki, K. (2007). Regulatory met-
abolic networks in drought stress responses. Current Opinion in Plant
Biology, 10(3), 296-302. https://doi.org/10.1016/j.pbi.2007.04.014

Selmar, D., & Kleinwéachter, M. (2013). Stress enhances the synthe-
sis of secondary plant products: The impact of stress-related

over-reduction on the accumulation of natural products. Plant and
Cell Physiology, 54(6), 817-826. https://doi.org/10.1093/pcp/pct054

Shurtleff, M. C., & Averre, C. W. (2005). Diagnosing plant diseases caused
by nematodes. The American Phytopathological Society.

Siemens, D. H., Keck, A. G., & Ziegenbein, S. (2010). Optimal defense in
plants: Assessment of resource allocation costs. Evolutionary Ecology,
24(6), 1291-1305. https://doi.org/10.1007/s10682-010-9374-5

Siemens, D. H., Lischke, H., Maggiulli, N., Schurch, S., & Roy, B. A. (2003).
Cost of resistance and tolerance under competition: The defense-
stress benefit hypothesis. Evolutionary Ecology, 17(3), 247-263.
https://doi.org/10.1023/A:1025517229934

Stevens, M. T., Waller, D. M., & Lindroth, R. L. (2007). Resistance and
tolerance in Populus tremuloides: Genetic variation, costs, and envi-
ronmental dependency. Evolutionary Ecology, 21(6), 829-847. https://
doi.org/10.1007/510682-006-9154-4

Strauss, S. Y., & Agrawal, A. A. (1999). The ecology and evolution of plant
tolerance to herbivory. Trends in Ecology & Evolution, 14(5), 179-185.
https://doi.org/10.1016/50169-5347(98)01576-6

Strauss, S.Y.,Rudgers, J. A, Lau,J. A., &Irwin, R. E.(2002). Direct and eco-
logical costs of resistance to herbivory. Trends in Ecology & Evolution,
17(6), 278-285. https://doi.org/10.1016/5S0169-5347(02)02483-7

Therneau, T. M., Lumley, T. & R Core Team. (2018). Survival: Survival anal-
ysis version: 2.43-3 (2.43-3) [R-core]. R-Core Team. Retrieved from
https://github.com/therneau/survival

Tiffin, P. (2000). Mechanisms of tolerance to herbivore damage: What
do we know? Evolutionary Ecology, 14(4), 523-536. https://doi.
org/10.1023/A:1010881317261

van der Meijden, E., Wijn, M., & Verkaar, H. (1988). Defense and re-
growth, alternative plant strategies in the struggle against herbi-
vores. Oikos, 51(3), 355-363. https://doi.org/10.2307/3565318

Vidal, M. C., Stacciarini-Seraphin, E., & Camara, H. H. L. L. (1999).
Crescimento de plantulas de Solanum lycocarpum St. Hil. (Lobeira) em
casa de vegetacao. Acta Botanica Brasilica, 13(3), 271-274.

War, A. R., Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B.,
Ignacimuthu, S., & Sharma, H. C. (2012). Mechanisms of plant de-
fense against insect herbivores. Plant Signaling & Behavior, 7(10),
1306-1320. https://doi.org/10.4161/psb.21663

Wise, M. J., & Abrahamson, W. G. (2005). Beyond the compensatory con-
tinuum: Environmental resource levels and plant tolerance of herbiv-
ory. Oikos, 109(3), 417-428. https://doi.org/10.1111/j.0030-1299.
2005.13878.x

Wourst, S., Van Dam, N. M., Monroy, F., Biere, A., & Van der Putten, W.
H. (2008). Intraspecific variation in plant defense alters effects of
root herbivores on leaf chemistry and aboveground herbivore dam-
age. Journal of Chemical Ecology, 34(10), 1360-1367. https://doi.
org/10.1007/s10886-008-9537-9

Wurst, S., & van der Putten, W. H. (2007). Root herbivore identity matters
in plant-mediated interactions between root and shoot herbivores.
Basic and Applied Ecology, 8(6), 491-499. https://doi.org/10.1016/j.
baae.2006.09.015

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Mundim FM, Vieira-Neto EHM, Alborn
H, Bruna EM. Disentangling the influence of water limitation
and simultaneous above and belowground herbivory on plant
tolerance and resistance to stress. J Ecol. 2021;109:2729-
2739. https://doi.org/10.1111/1365-2745.13684

85U80|7 SUOWIWIOD BAEa.D 8|l (dde au Ag peusenob a1e Ssolle YO ‘8sn JO'S3|n 10} Aeid 1T 8ul|UO /8|1 UO (SUONIPUOD-PUB-SWBY WD A8 | 1M ATeIq 1 U1 |UO//SANY) SUORIPUOD Pue SWIB 1 8y} 89S *[7202/60/92] U0 Ariqi8ulluo A8|iM ‘epLold JO AsAIUN Ad ¥8IET Si/Z-G9ET/TTTT OT/I0p/ W00 A3 1M AReq 1 |BulUO'S puIno ssq//sdny wouy papeojumod ‘2 “T202 ‘Si722S9ET


https://doi.org/10.1016/j.envexpbot.2014.04.008
https://doi.org/10.1016/j.envexpbot.2014.04.008
https://doi.org/10.1093/treephys/tpv106
https://doi.org/10.1093/treephys/tpv106
https://doi.org/10.1002/ecy.1619
https://doi.org/10.1007/s00442-011-2088-8
https://doi.org/10.1007/s00442-011-2088-8
https://doi.org/10.3389/fpls.2018.00852
https://doi.org/10.3389/fpls.2018.00852
https://doi.org/10.5061/dryad.m905qfv18
https://doi.org/10.5061/dryad.m905qfv18
https://doi.org/10.1016/j.tplants.2013.01.001
https://doi.org/10.1080/11263504.2013.768557
https://doi.org/10.1146/annurev.ecolsys.38.091206.095822
https://doi.org/10.1146/annurev.ecolsys.38.091206.095822
https://doi.org/10.1023/A:1010953714344
https://doi.org/10.1023/A:1010953714344
https://doi.org/10.1002/jsfa.9816
https://www.R-project.org
https://doi.org/10.1002/ecy.2667
https://doi.org/10.1016/S0378-8741(00)00250-6
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1093/pcp/pct054
https://doi.org/10.1007/s10682-010-9374-5
https://doi.org/10.1023/A:1025517229934
https://doi.org/10.1007/s10682-006-9154-4
https://doi.org/10.1007/s10682-006-9154-4
https://doi.org/10.1016/S0169-5347(98)01576-6
https://doi.org/10.1016/S0169-5347(02)02483-7
https://github.com/therneau/survival
https://doi.org/10.1023/A:1010881317261
https://doi.org/10.1023/A:1010881317261
https://doi.org/10.2307/3565318
https://doi.org/10.4161/psb.21663
https://doi.org/10.1111/j.0030-1299.2005.13878.x
https://doi.org/10.1111/j.0030-1299.2005.13878.x
https://doi.org/10.1007/s10886-008-9537-9
https://doi.org/10.1007/s10886-008-9537-9
https://doi.org/10.1016/j.baae.2006.09.015
https://doi.org/10.1016/j.baae.2006.09.015
https://doi.org/10.1111/1365-2745.13684

