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Abstract Climate change is predicted to cause continued
increases in global temperatures, greater variability in
precipitation and in some cases, more frequent insect pest
outbreaks. Here we seek to understand how abiotic and
biotic stresses associated with climate change can affect
plant-herbivore interactions in a model crop species (soy-
bean, Glycine max (L.) Merr.) by answering three ques-
tions: (1) Do the combined effects of abiotic and biotic
stresses associated with climate change cause synergistic
negative effects on plant biomass? (2) Can abiotic stress
affect resistance of plants to insect herbivores? (3) Does
genetic variation in plant traits modify a plant’s response to
stress? We performed three experiments in controlled
growth environments using up to 51 soybean genotypes
selected to vary in numerous traits associated with drought
and resistance against pests (e.g., insect herbivores, nem-
atodes, and pathogenic fungi), and up to 3 generalist-
feeding herbivorous noctuid moth species (Helicoverpa
zea, Heliothis virescens, and Spodoptera exigua) that
commonly feed on soybean in North America. Drought and
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herbivory had the largest and the most consistent negative
effects on plant performance, reducing the above- and
below-ground biomass by 10-45 %, whereas increased
temperature had little to no effect on plants. Drought also
increased susceptibility to generalist noctuid herbivores,
but these results varied dramatically in magnitude and
direction among plant genotypes. Our experiments show
that the effects of abiotic and biotic stress on soybean
biomass were largely due to the additive effects of these
stresses, and there exists substantial genetic variation in the
soybean germplasm pool we studied that could be used as a
source of parental stock in breeding new crops that can
more effectively tolerate and resist the combined negative
effects of insect herbivory and drought.

Keywords Herbivore resistance - Legume - Plant defense -
Plant stress hypothesis - Pulsed stress hypothesis -
Wilt avoidance

Introduction

Earth’s climate is rapidly changing and most climate
models predict continued increases in temperature and
greater variability in precipitation (IPCC 2007). The effects
of these changes on communities and ecosystems are less
certain, although it is widely believed that ongoing envi-
ronmental change could profoundly alter the ecology and
evolution of species’ populations (Parmesan 2006; Wil-
liams and Jackson 2007; Tylianakis et al. 2008; Hoffmann
and Sgro 2011). For example, increased temperatures over
the last several decades are correlated with shifts in spe-
cies’ phenology (Walther et al. 2002; Willis et al. 2008),
altered range distributions (Parmesan 2006; Kelly and
Goulden 2008), and changes in species’ abundances and
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interactions (Roy et al. 2004; Adams et al. 2009; O’ Connor
2009; van Mantgem et al. 2009). Here we seek to disen-
tangle some of this complexity using multifactor experi-
ments that examine how drought, temperature, herbivory,
and plant genotype could simultaneously influence plant-
herbivore interactions in a model agricultural species.

Increases in temperature and drought may facilitate
corresponding increases in the frequency and severity of
insect population outbreaks (Logan et al. 2003; Rouault
et al. 2006; Easterling et al. 2007; Paritsis and Veblen
2011). The Plant Stress Hypothesis predicts that environ-
mental stress increases a plant’s susceptibility to insect
herbivory by altering leaf chemistry and whole plant
physiology (White 1984; Koricheva et al. 1998). Specifi-
cally, abiotic stress can cause a reduction in plant defense
compounds and an increase in available nitrogen and
digestible proteins relative to carbon availability, leading to
more palatable food for some insect herbivores (White
1984; Huberty and Denno 2004; White 2009; Gutbrodt
et al. 2011). Thus, the compounded effects of environ-
mental stress and increased population outbreaks could
lead to non-additive synergistic reductions in plant per-
formance in natural and managed ecosystems (Logan et al.
2003). Conversely, drought can lead to increased concen-
trations of the secondary metabolites in some plant species
(Hale et al. 2005), and effects on herbivore performance
can vary according to taxonomy and feeding behavior of
insect species (Huberty and Denno 2004; Mody et al. 2009;
White 2009). It is, therefore, important to understand how
environmental factors influence plant-herbivore interac-
tions from the perspective of both the plant and the
herbivore.

The predicted changes in the biotic and abiotic envi-
ronments associated with climate change could have large
negative effects in agricultural systems (Battisti and Naylor
2009; Long and Ort 2010; Sinclair 2011). Many studies
have investigated how crops respond to predicted changes
in abiotic stress factors such as drought, temperature, or
atmospheric gas concentrations (English-Loeb et al. 1997;
Daane and Williams 2003; Easterling et al. 2007; Zavala
et al. 2008; Battisti and Naylor 2009; Mody et al. 2009;
Gutbrodt et al. 2011; White et al. 2011). Comparatively
fewer studies have examined the potential interactive
effects of abiotic and biotic stress factors on plant perfor-
mance in agricultural or natural systems (Hawkes and
Sullivan 2001; Hale et al. 2005; Olson et al. 2009). For two
major abiotic and biotic stress factors, drought and her-
bivory, this knowledge gap is critical. Understanding
whether the combined effects of drought and herbivory
lead to synergistic negative effects on plants or indepen-
dent negative effects is essential to predict the potential
impacts of climate change (Darling and Cote 2008). Such
knowledge is especially important in agriculture where
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climate change could threaten sustainable food production
(Battisti and Naylor 2009; Long and Ort 2010).

Most crops are composed of a diverse array of varieties
that exhibit variation in ecologically important traits
(Matson et al. 1997). These traits include tolerance to
drought and other abiotic stresses, resistance to pests,
increased yield potential, and improved nutritional content
(Sinclair 2011). As a result, many varieties may already
possess some ability to withstand environmental change as
well as herbivorous insect outbreaks. Despite important
advances in plant breeding, in many cases we do not know
the durability or stability of these advances over a wide
range of environmental factors associated with climate
change. Therefore, it is necessary to identify genotypes,
traits, and genes which most effectively impart robust
resistance and tolerance to environmental stresses associ-
ated with climate change (Sinclair 2011).

Here we seek to understand how the combined effects
of drought, increased temperature, herbivory, and plant
genotype can affect plant-herbivore interactions in a model
crop system, soybean (Glycine max (L.) Merr.). In order to
address this goal we conducted three experiments in con-
trolled environments to answer the following questions: (1)
How do the combined effects of drought, temperature, and
herbivory affect plant performance, quantified here as
allocation to the above- and below-ground biomass? (2) Do
drought or temperature affect a plant’s resistance to insect
herbivores? (3) Do plant genotypes vary in their response
to abiotic stress and resistance to insect herbivores, and are
such responses genetically correlated? Our results and
conclusions provide insight into how multiple environ-
mental factors associated with climate change can simul-
taneously influence a model crop species.

Materials and methods
Study system

Soybean is a member of the Fabaceae family and is a
leguminous herbaceous crop of global importance, with an
estimated yield of 258 million metric tons and $39 billion
in sales in 2010 alone (American Soybean Association
2010). Soybean varieties have been bred for a diverse array
of phenotypic traits, including increased resistance to
drought and herbivory (Carter et al. 2004). For these rea-
sons, soybean represents an important model for under-
standing the effects of environmental stresses associated
with climate change on plant-herbivore interactions in
agricultural systems.

In order to capture the breadth of genetic diversity
available in soybean as parental stock for varietal devel-
opment through plant breeding, we used 51 genotypes
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representing a wide range of insect resistance, drought
resistance in the form of delayed canopy wilting, and zone
of adaptation (see Online Supplemental Material, Supple-
mental Table 1). Zone of adaptation in these genotypes
ranged from Nebraska to Georgia in the USA, and was
quantified as “maturity group,” a categorical descriptor of
development time and photoperiod response where each
ascending number indicates an approximate 1 week delay
in harvest maturity under natural day length (Fehr and
Caviness 1977; Supplemental Table 1); our maturity
groups ranged from II to VIL

We used three agricultural Lepidopteran pest insects in
the Noctuidae, all common on soybean in the southeastern
USA (Kogan and Kuhlman 1987; Micinski et al. 2008).
These insects included Heliothis virescens Fabricius
(Noctuidae), the tobacco earworm; Helicoverpa zea Boddie
(Noctuidae), the corn earworm; and Spodoptera exigua
Hiibner (Noctuidae), the beet armyworm. All three species
are generalist feeders, meaning that they feed on soybean
and many other plant species from other plant families.

Experimental procedures

In order to understand the combined effects of drought,
temperature, herbivory, and plant genotype on plant and
insect performance, we conducted three experiments in
controlled environmental conditions. Plant performance
was quantified as allocation to the above- and below-
ground biomass. Biomass is one of the most commonly
used measures of plant performance in ecological studies
(Hawkes and Sullivan 2001; Geber and Griffen 2003;
Leimu and Koricheva 2006b), and it is typically highly
correlated with multiple components of plant fitness
(Hawkes and Sullivan 2001), including in soybean (Shi-
mada et al. 1992; Cox and Cherney 2011). Although an
important measure of crop performance, we did not mea-
sure seed yield because of the wide range in phenology
(maturity groups II through VII) in the genotypes under
study, which would be expected to have a 5 weeks range in
maturity. Such large differences in maturity can confound
and overwhelm treatment effects (Hartwig 1973). The
potential for confounding from phenological effects was
minimized by growing plants under a sufficiently long light
period such that pod filling was effectively delayed until
after the termination of the experiments. Also, the use of
pots can induce root binding when soybean is grown to
maturity, making seed yield results open to interpretation.
Insect performance was measured as a gain in mass from
freshly hatched neonate caterpillars until they were 7 days
old (Glynn et al. 2004; Hale et al. 2005; Johnson and
Agrawal 2005; Campitelli et al. 2008; Mody et al. 2009).
The gain in insect mass during the first instars of growth

correlates with insect survival (Johnson et al. 2009) and is
one of the most commonly used measures of plant resis-
tance against insects (Leimu and Koricheva 2006a; Car-
mona et al. 2011). We describe the detailed methods used
for each of these experiments below.

Experiment 1: effects of drought and herbivory on plant
performance

In order to address question 1, we tested the combined
effects of drought and herbivory on the above- and below-
ground biomass of soybean using a factorial design. We
conducted the experiment in a greenhouse at North Caro-
lina State University during summer 2009 using the
soybean variety “NC-Roy” (Burton and Carter 2005), a
popular conventional variety grown in North Carolina.
Eighty plants were grown in round clay pots (1,650 ml,
15 cm diameter), with a 1:1 mix of steam sterilized sand
and topsoil. Plants were fertilized 6 days after seeds were
sown with 4.2 g of Osmocote slow-release fertilizer pellets
(14-14-14, N-P-K; The Scotts Co., Marysville, OH, USA)
dispersed on the soil surface, and 11-12 ml of micronu-
trient fertilizer (8 mg/L water; Scotts Peters Professional
STEM PFertilizer, The Scotts Co., Marysville, OH, USA).
We initiated drought treatments at a standard plant
developmental stage and terminated drought based on
observed plant wilting. Specifically, we initiated drought to
a random half of plants by withholding water when the 3rd
to 4th trifoliate leaf of plants were fully expanded, which
corresponded to 18 days after planting. Plants were asses-
sed for drought response daily and each plant was “res-
cued” by watering when >90 % of leaves lost turgor and
the apical meristem wilted to an angle >45° to the vertical
axis. Given these criteria, “Drought treated” plants were
subject to stress for an average of 4.2 days (range:
3-5 days) and they received water daily for the remainder
of the experiment. This type of drought treatment was
termed a “pulsed drought” by Huberty and Denno (2004),
which they argue is more representative of natural condi-
tions than experimentally imposed continuous droughts.
We added herbivorous insects to plants shortly after the
end of the drought treatment, as opposed to during the
drought, because the positive or negative effects of drought
on insect herbivores are expected to be the greatest when
plants are recovering from water stress (White 1984; Hu-
berty and Denno 2004). We tried to simulate the effects of
a pest outbreak to match those predicted to become more
frequent with climate change (IPCC 2007). Specifically,
26 days after planting, herbivory was imposed on a random
half of both the previously drought-treated and control
plants by placing the 3rd instar H. virescens caterpillars
(F. Gould Lab, Dept of Entomology, NC State University)
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directly onto plants enclosed in white polyester tulle. We
used H. virescens to impose damage to plants in experi-
ments 1 and 2 because it a common pest of soybean
(Turnipseed and Kogan 1976; Kogan and Turnipseed
1987), it quickly removes the target amount of tissue and
we had a large colony on site. We visually estimated per-
cent herbivory on each leaf of the plant to the nearest 5 %
and subsequently removed herbivores from a plant when
caterpillars consumed 25-30 % of the leaf tissue (mean
damage £ 1 SE = 253 £ 2.3 %, n = 40 plants) on an
entire plant. This amount of herbivory is representative of
the amount of tissue removed by chewing insect herbivores
during a modest outbreak in the field (Turnipseed and
Kogan 1976; McPherson et al. 2001). The number of cat-
erpillars added to plants varied depending on the rate of
damage, and caterpillars were moved between plants to
ensure that plants received the same amount of damage
over a short period of time.

We harvested the above- and below-ground biomass of
each plant 2.5 weeks following the removal of insects (days
48 and 49). The above- and below-ground tissues were
dried at 38 °C for 3 days and weighed. Shoot:root ratio was
calculated for each plant.

The effects of drought and herbivory on soybean biomass
were analyzed as a two-factor analysis of variance (ANOVA)
using the model: Biomass = Meang,ean + Drought + Her-
bivory + Drought x Herbivory 4 Error. We examined the
residuals of the untransformed data for each variable sepa-
rately to determine whether assumptions of homogeneity of
variance and normality were met; assumptions were met for
all but below-ground biomass, for which we used a square-
root transformation. All treatment factors were treated as fixed
effects and analyses were performed in PROC GLM in SAS
(SAS Institute Inc. 2009).

Experiment 2: effects of drought, temperature,
and herbivory on plant performance

In order to further understand the combined effects of
drought, temperature, and herbivory on soybean perfor-
mance (question 1), we conducted a factorial experiment
using custom-made reach-in growth chambers at NC State
University phytotron in 2009 and 2010, which provided
precise control over temperature and lighting. We used a
total of eight “C-chambers” (1.1 m* growing area;
1,760 W fluorescent lamps plus 600 W incandescent
lamps), which allowed us to achieve a light intensity of
450 pumol m~2 s~'. Each chamber held twelve pots with
one plant grown per pot, using the variety NC-Roy. The
experiment was staggered over three trials as we could not
use all chambers simultaneously; each trial included
ambient and increased temperature chambers. We set
chambers to a 13.5:9.5 h light:dark cycle (equivalent to
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photoperiod in June in southeastern USA) with two 30 min
transition periods to simulate sunrise and sunset.

Our manipulation of light and temperature was designed
to mimic ambient conditions in the early growing season of
soybean, and also included a temperature treatment that
slightly exceeded the 2 °C target threshold for global
temperature increase proposed at the Copenhagen Accord
and adopted by the United Nations (UN) and European
Union (EU) (UNFCCC 2009). The early growing season
(June) was chosen because (1) the stage of growth exhib-
ited by our plants was the most similar to local field soy-
bean at that time of year, and (2) because this is the month
in which a recent study showed the strongest correlation
between increased temperatures and decreased precipita-
tion in the USA during the past 80 years (Portmann et al.
2009). These treatments were applied by setting the tem-
perature of 4 chambers to a 28.9 °C:16.1 °C (ambient)
day:night cycle, and the other 4 chambers to
31.1 °C:18.3 °C (2.2 °C increase) day:night regime. The
mean relative humidity in the chambers was measured at
28 and 26 % in ambient and increased temperature cham-
bers, respectively.

Soybean seed were planted in round plastic pots
(1,650 ml, 15 cm diameter) with a 1:1 mixture of sterilized
sand and soil. Within 7 days of planting, we added 2.5 g of
Osmocote (14-14-14, N-P-K) slow-release fertilizer pel-
lets to the soil surface and micronutrient fertilizer as
described in Experiment 1.

Drought was initiated and ended using the same stan-
dardized criteria of plant developmental stage and pheno-
typic indicators of water stress as in Experiment 1. Since the
plants grew more slowly in the growth chambers than in the
greenhouse, the duration of experiment 2 was longer than
experiment 1. Specifically, drought was induced on day 20
after planting by withholding water from a randomly chosen
half of the plants. We relieved the drought using the same
criterion used for Experiment 1, and we maintained a daily
watering schedule thereafter. Plants were drought-treated for
an average of 8.8 days (range: 611 days).

Herbivory was imposed shortly after the cessation of
drought following the same rationale as in experiment 1. We
placed the 3rd instar Heliothis virescens onto one-half of
soybean plants on days 36-41, depending on the length of
drought within the trial. We again removed caterpillars when
the targeted 25-30 % of leaf tissue was removed
(mean = 30.0 £ 1.2 %). All plants were isolated in bags
constructed of white polyester Organza fabric (Casa Collec-
tion, New York City, NY, USA) which we removed at the end
of the herbivory period (average: 5 days of herbivory; range:
3-9 days) so that the use of bags would have minimal effect on
plant growth. Plants were allowed to resume normal growth
for 1 week before harvest, which occurred between days 46
and 56, depending on the length of drought and herbivory
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within each trial. The above- and below-ground biomass were
harvested, dried, and weighed as in Experiment 1.

Analysis of Experiment 2 required a more complex statis-
tical model. The unit of replication varied among the three main
treatment factors: The unit of replication for the Temperature
treatment was the individual chamber, whereas the unit of
replication for the Drought and Herbivory treatments was each
plant. In order to increase our replication of the number of
independent replicates of the Temperature treatment, we con-
ducted multiple experimental trials, repeating the same exper-
imental design each time. The “full model” for all analyses was
as follows: Biomass = Meangyer + Trial + Temperature +
Trial x Temperature + Chamber(Temperature) + Drought
+ Herbivory + Trial x Drought + Trial x Herbivory +
Temperature x Drought 4+ Temperature x Herbivory +
Temperature x Drought x Herbivory + Error. All effects
in italics were treated as random effects and appropriate
denominator terms and degrees of freedom were determined
using the “test” statement in PROC GLM in SAS. In order to
decrease the parameterization of the model and to increase
statistical power, we removed non-significant interactions
(cut-off P > 0.15) and blocking effects (trial and chamber)
by a backwards sequential stepwise procedure. We applied
this procedure to each performance variable separately by
starting at the highest-order interaction term. We continued
the backwards removal of parameters until we reached the
“reduced model” shown in Table 3; simpler interactions and
main effects were retained when higher order interactions
containing the simpler terms were found to be significant,
according to our criterion. Residuals were examined for
homogeneity of variance and normality, which determined
that all variables met assumptions of ANOVA, except
shoot:root ratio, for which we applied a log-transformation.

Experiment 3: effects of drought, temperature,
and plant genotype on plant performance and resistance
to herbivores

In order to determine the impact of drought on herbivore
performance and, thus, resistance to herbivores (question
2), as well as genetic variation in response to drought
and resistance to insects (question 3), we conducted a
Drought x Genotype factorial experiment. The motivation
for this experiment was to understand whether our results
from Experiments 1 and 2 were consistent among a diverse
array of soybean varieties, and to understand whether there
existed plant genotypes that were simultaneously resistant
to drought and to common herbivorous insects of soybean.
The experiment was conducted in the same greenhouse as
Experiment 1 during the summer of 2009. The experiment
used 51 soybean genotypes (Online Supplemental Table 1)
with 10 replicate plants per genotype for a total of 510
plants, where plants and treatments were completely

randomized. Soybean seed were planted as described in
Experiment 1 with the exception of using a 1:1 mix of
sterile sand and a germinating soil mixture.

In order to examine the effects of temperature on plants,
we used an existing temperature gradient in the green-
house. We characterized this gradient using five Extech®
Instruments THI10 Temperature Dataloggers (Extech
Instruments Corp., Waltham, MA, USA) evenly spaced
along the length of the bench. The average day and night
temperatures during this time were 30.1 and 25.8 °C,
respectively, with a 3 °C linear gradient along the length of
the greenhouse bench, created by the effects of an evapo-
rative cooler at one end of the greenhouse. Plants were
allowed to experience ambient day:night light cycles
because the experiment was conducted in a greenhouse
during long days in July and early-August.

We applied the initiation and cessation of drought using
the same standardized criteria as in experiments 1 and 2.
We imposed drought to half of the replicates (5 plants from
each genotype) from each genotype at the 3rd to 4th true
leaf development stage described in experiments 1 and 2,
which corresponded to 24 days after planting. We scored
wilt daily and ended the drought when a plant exhibited the
wilting phenotype described in experiment 1. Plants
experienced drought for an average of 11 days (range:
3-15 days), and this varied between plants and from pre-
vious experiments because we only watered plants once
they exhibited the same wilting phenotype used for the first
two experiments. Once a plant exhibited this wilting phe-
notype we watered the plant daily until harvest. The ability
for a plant to avoid wilting may provide an important
physiological mechanism to mitigate negative effects of
drought (Charlson et al. 2009). We, therefore, quantified
wilt avoidance as the number of days it took a plant to
reach the critical wilt stage at which we watered plants.

In order to determine how drought, temperature, and
plant genotype influence a plant’s resistance to insect
herbivores, we used detached leaf no-choice bioassays of
caterpillar growth on leaf disks as described in Johnson
et al. (2009). Such bioassays provide a highly repeatable
and standardized high-throughput method for assaying
resistance of plants to herbivores, especially in their ear-
liest larval stages when insects are the most susceptible to a
plant’s defenses yet are difficult to track on live plants
(Glynn et al. 2004; Hale et al. 2005; Campitelli et al. 2008;
Mody et al. 2009). Moreover, petri-dish bioassays from lab
experiments are frequently well correlated with bioassays
measured on whole plants (Glynn et al. 2004) and with
measures of resistance in the field (Johnson et al. 2009),
even though systemic induced responses following damage
are impaired in detached leaf assays (Karban and Baldwin
1997). We performed bioassays shortly after the cessation
of drought (day 41 of the experiment), to assess the
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resistance of all plants to three common agricultural insect
pests of soybean (H. virescens, H. Zea, S. exigua). Three
round holes (11.34 cm?) were punched from the 2nd fully
expanded trifoliate leaf below the primary apical meristem
of each plant with a Marvy Uchida LVEJCP craft punch
(Uchida of America, Torrance, CA, USA). Leaf punches
were placed individually into 60 x 15 mm polystyrene
petri dishes lined with moistened filter paper. Newly hat-
ched caterpillars of H. virescens, H. zea, and S. exigua
ordered from Benzon Research (Carlisle, PA, USA) were
placed individually on punched leaves, such that we
assayed resistance of each plant to all three insect species,
with 10 replicate plants per genotype distributed equally
between drought and non-drought treatments. The insects
were allowed to feed on a leaf punch in the petri dish for
1 week, at which point the insects were removed and
placed in 1.5 ml centrifuge tubes. They were allowed to
void their gut contents for ca. 24 h and were then frozen
until weighing. We measured the wet mass of insects (in
mg) as a measure of plant resistance (less mass corre-
sponded to greater resistance exhibited by the plant) on a
Mettler AT20 FACT microbalance digital scale (Mettler-
Toledo, Columbus, OH, USA).

Plant growth rate was measured as the daily increase in
plant height of each plant during the first 3 weeks of growth
following germination. On day 59, we harvested the above-
ground biomass from all soybean plants by cutting plants at
the soil surface and placing them in a paper bag. The bags
were dried at 38 °C and weighed as in Experiment 1.

We analyzed these data using restricted maximum likeli-
hood (REML) in Proc Mixed in SAS because of the complex
mixed model design (Littell et al. 1996; Fry 2004; SAS
Institute Inc.). These analyses employed the following full
model: Plant Biomass (or Insect Biomass) = Meangyeran +
Drought + Temperature + Maturity ~ Group + Genotype
(Mat. Grp.) + Drought x Temperature 4+ Drought x Matu-
rity Group + Drought x Genotype(Mat. Grp) + Temper-
ature x Maturity Group + Temperature x Genotype(Mat.
Grp.) + Drought x Temperature x Maturity ~ Group +
Drought x Temperature x Genotype(Mat. Grp.) + Error.
Temperature varied continuously among plants and was
treated as a covariate in analyses. Factors in italics were all
treated as random effects and their significance was tested
using log-likelihood ratio tests based on the comparison of
—2 x restricted log-likelihood of nested models, fit to a x*
distribution with 1 degree-of-freedom (Littell et al. 1996;
Agrawal et al. 2002). All other effects were treated as fixed
and their significance was assessed using F tests and the
appropriate degrees of freedom. As with Experiment 2,
we reduced the complexity of models using a backwards
stepwise selection procedure and assessed whether our
residuals met assumptions of homogenous variance and
normality.

@ Springer

In order to identify genetically variable plant traits
correlated with plant and insect responses, we estimated the
genetic variance for phenotypic traits and calculated
genotype means using the raw untransformed data using
PROC GLM. We then calculated Pearson Product Moment
correlation coefficients based on the genotypic means and
their corresponding P values.

Results

Experiment 1: effects of drought and herbivory on plant
performance

Drought and herbivory had strong independent negative
effects on all measures of plant biomass, including the
above-ground, the below-ground, and the total biomass
(Table 1). Specifically, drought reduced the above- and
below-ground biomass by 24 and 10 %, respectively, while
herbivory reduced the same measures of performance by 20
and 19 %, respectively (Fig. 1a, b). Drought and herbivory
exhibited a weak non-significant interaction that affected the

Table 1 Analysis of variance results from Experiment 1 showing the
effects of drought and herbivory on plant performance

df SS F P

Total biomass
Model 3 193.42 17.50 <0.001
Drought 1 84.52 22.94 <0.001
Herbivory 1 104.67 28.40 <0.001
D x H 1 7.98 2.16 0.15
Error 75 276.39

Below-ground biomass (square-root transformed)
Model 3 2.62 10.01 <0.001
Drought 1 0.51 5.89 0.018
Herbivory 1 2.13 24.45 <0.001
D x H 1 0.001 0.01 0.92
Error 75 6.55

Above-ground biomass
Model 3 85.85 16.78 <0.001
Drought 1 48.19 28.26 <0.001
Herbivory 1 33.66 19.75 <0.001
D x H 1 5.79 5.79 0.069
Error 75 127.86

Above-ground: below-ground biomass ratio
Model 3 6.85 4.18 0.009
Drought 1 0.26 0.47 0.49
Herbivory 1 5.60 10.26 0.002
D x H 1 091 1.67 0.20
Error 75 40.95

Any transformations applied to the data to meet assumptions of
ANOVA are shown in parentheses
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above-ground biomass (P = 0.069), which was caused by
smaller negative effects of herbivory on drought-treated
plants compared to control plants (Fig. 1a). No other com-
ponent of plant biomass exhibited such an interaction (all
P > 0.15) (Fig. 1; Table 1). Therefore, the abiotic and biotic
stressors manipulated in this experiment had no clear syn-
ergistic negative effect on allocation to plant biomass.
Drought and herbivory did differentially affect the relative
allocation to the above-ground and the below-ground bio-
mass, such that drought had no significant effect on the ratio
of the above- to below-ground biomass (Table 1), while
herbivory caused a 23 % increase in the ratio (Fig. 1c).

Experiment 2: effects of drought, temperature,
and herbivory on plant performance

The use of growth chambers allowed us to simultaneously
manipulate and test the combined effects of drought, her-
bivory, and temperature on plant performance. Consistent
with Experiment 1, drought and herbivory reduced most
components of plant biomass (Online Supplemental Fig. 1;
Table 2). In experiment 2, the average reduction in bio-
mass due to drought (43—45 %) was larger than the effect
of herbivory (12-13 % reduction) (Online Supplemental
Fig. 1; Table 2), even though herbivores removed slightly
more tissue in this experiment (30 %) compared to the
previous experiment (25 %). Increased temperature had
neither discernible effect on the above-ground or the
below-ground biomass (P > 0.45 for all main effects of
temperature; Table 2), nor did this factor show any clear
interactions with either drought (P > 0.13) or herbivory
(P = 0.39), so these interactions were removed from the
final statistical models as described in the “Materials and
Methods.”

As with Experiment 1, drought and herbivory showed
weak non-significant interactions that affected the above-
ground biomass (P = 0.066, Table 2) and shoot:root ratio
(P = 0.074). In both cases, interactions resulted from
weaker effects of herbivory on drought-treated plants
compared to control plants. Drought and herbivory did not
interact to affect the total biomass (P = 0.12) or the below-
ground biomass (P = 0.43). Thus, if there is an interaction
between stressors that does affect plant biomass, it is non-
synergistic and it is very weak compared to the main
effects of these stressors (Table 2).

The effect of drought and herbivory on the ratio of the
above- to below-ground biomass was inconsistent with
Experiment 1. In Experiment 2, drought and herbivory
significantly reduced the ratio by 3.5 % (F = 0.74,
P = 0.48) and 9.5 % (F = 24.56, P < 0.001), respectively
(Online Supplemental Fig. 1); whereas herbivory caused
the ratio to increase in Experiment 1 (Fig. 1c).

Experiment 3: effects of drought, temperature,
and plant genotype on plant performance and resistance
to herbivores

Plant biomass and wilt avoidance

As with the previous experiments, drought significantly
reduced the above-ground biomass (37 % reduction), while
temperature had no direct independent effect on plant
biomass (Table 3). There was, however, a significant
interaction between drought and temperature that was
associated with a negative effect of higher temperatures on
plant biomass in non-drought plants, but no effect of
increased temperature was observed when plants were
subjected to drought (Fig. 2).

Soybean genotypes varied in the above-ground biomass by
90 % from the smallest to the largest genotype, and this effect
was not dependent on either drought (Genotype x Drought:
P =0.38) or temperature (Genotype x Temperature,
P = 0.5). The lack of an interaction reveals that the 51 soy-
bean genotypes did not express genetic variation for their
ability to tolerate drought or high temperatures, where toler-
ance was quantified as the degree to which biomass is reduced
in the presence of drought stress or increased temperature
(Strauss et al. 1999; Agrawal et al. 2004; Nufiez-Farfan et al.
2007). Genotypes did, however, vary in their ability to avoid
wilting (Table 3), as some genotypes began to wilt after
3 days, while others had not wilted after 15 days.

Effects of drought and temperature on plant resistance
to herbivores

On average, drought increased susceptibility (=decreased
resistance) of plants to herbivores, where the three cater-
pillar species gained 16-24 % more biomass on leaves
excised from plants that had previously experienced
drought than they did on leaves excised from control plants
(Fig. 3). This increase in susceptibility was qualitatively
consistent across all herbivores and statistically significant
for H. virescens and H. zea, but not S. exigua (Table 4). By
contrast, increasing temperature resulted in an overall
decrease in insect biomass of 8—17 % (Table 4). Given that
insect growth was assayed on leaf disks at room tempera-
ture in the lab, these results show how temperature can
affect the physiology and chemistry of leaves to influence a
plant’s resistance against herbivores (i.e., an indirect effect
on herbivores mediated by plants), as opposed to any direct
effect of temperature on insect performance which was not
the focus of this study. These correlations between tem-
perature and insect biomass were significant for two
(H. virescens and H. zea) of the three herbivore species
(Table 4), but they explained relatively little variation in
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Table 2 ANOVA results from
Experiment 2 showing the
effects of drought, temperature,
and herbivory on plant
performance

For each response variable we
include results from analysis of
variance (ANOVA).
Transformations applied to the
data are shown in parentheses.
The denominator mean-square
(MS) used to estimate F-values
are denoted by “Error”,
followed by the MS expression
in [ ]. Parentheses denote nested
factors. We used fractional
denominator degrees of
freedoms for some tests and
rounded them to the nearest
whole number in the table,
except in one case noted
because of the large
contribution of multiple error
components

df SS F P

Total biomass
Drought 1 2,454.55 23.23 0.040
Error [drought X trial] 2 213.25
Trial 2 1,585.51 7.25 0.121
Error [drought x trial] 2 218.73
Temperature 1 0.37 0.03 0.864
Herbivory 1 123.51 9.86 0.002
Drought x herbivory 1 31.20 2.49 0.118
Drought x trial 2 218.73 8.73 <0.001
Error [error] 84 1,052.57

Above-ground biomass
Drought 1 1,632.51 19.73 0.047
Error [drought x trial] 2 166.71
Trial 2 1,322.23 7.71 0.115
Error [drought x trial] 2 171.47
Temperature 1 1.12 0.14 0.706
Herbivory 1 103.64 13.28 0.001
Drought x herbivory 1 27.19 3.48 0.066
Drought x trial 2 171.47 10.99 <0.001
Error [error] 84 655.55

Below-ground biomass
Drought 1 74.56 43.69 0.021
Error [drought x trial] 2 3.49
Trial 1 11.07 4.37 0.125
Error [drought x trial] 3 7.88
Temperature 1 1.31 0.6 0.494
Herbivory 1 0.38 0.22 0.687
Chamber [temperature] 3 6.39 3.88 0.012
Error [drought x trial] 2 3.59
Drought x trial 2 35 3.19 0.047
Herbivory x trial 2 3.6 3.28 0.043
Error [error] 79 43.33

Above-ground:below-ground biomass ratio (log transformed)
Drought 1 0.05 0.70 0.49
Error [drought X trial] 2 0.14
Trial 1 2.56 40.97 0.018
Error [0.81[drought x trial] + 0.19[error]] 2 0.14
Temperature 1 0.004 0.03 0.881
Error [chamber (temperature)] 3 0.40
Herbivory 1 0.44 23.70 <0.001
Chamber [temperature] 3 0.40 7.17 <0.001
Drought x herbivory 1 0.06 3.29 0.074
Drought x trial 2 0.14 3.90 0.024
Drought x temperature 1 0.04 2.34 0.130
Error [error] 79 1.47

herbivore performance (range in Pearson product moment
correlation coefficient, r: —0.08 to —0.25).

Several soybean genotypes in this study appeared con-
sistently resistant to foliar feeding across insect species and
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drought treatments, and these results confirm previous
findings for specific cultivars. For example, the PI 416937
and breeding line G04-Ben229IR-M, which were previ-
ously known to have insect resistance properties (see
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Fig. 1 Effects of drought and herbivory on soybean performance
during Experiment 1. We show the combined effects of drought and
herbivory on a the above-ground biomass, b the below-ground
biomass, and ¢ the ratio of the above- to below-ground biomass. Main

Table 3 Results from Experiment 3 on the effects of drought and
temperature on the soybean above-ground biomass and wilt avoidance

Explanatory factor ndf ddf FIy? P
Above-ground biomass
Drought 1 499 11.50 0.001
Temperature 1 499 0.72 0.396
Maturity group 5 499 3.89 0.005
Temperature x drought 1 499 9.02 0.003
Genotype (mat. group) 1 50.20 <0.001
Wilt avoidance
Temperature 1 199 0.06 0.80
Maturity group 5 45 1.38 0.25
Genotype (mat. group) 1 6.2 0.006

The above-ground biomass was measured as the dry biomass of
individual plants. Wilt avoidance was measured as the number of days
until >90 % of leaves wilted and the apical meristem was at an angle
of >45° to the vertical axis. Abbreviations ndf and ddf refer to
numerator and denominator degrees of freedom used for F tests,
respectively. The effect of genotype was based on a log-likelihood
ratio test fit to a x” distribution with 1 degree-of-freedom

Online Supplemental Table 1), showed this same attribute
in the present study (Kraemer et al. 1988; Zhu et al. 2007).
Similarly, two derivatives from PI 416937, slow-wilting
N06-7564 and G00-3209, also appeared uniformly resis-
tant. Unexpectedly, cultivars Manokin, Boggs, and N6202
and slow-wilting breeding line N98-7265 were also con-
sistently resistant to caterpillar feeding. Although Manokin
and Boggs are resistant to some races of the soybean cyst
nematode (Heterodera glycine), neither of these genotypes
nor their antecedents have been identified as resistant to
foliar feeding insects previously.

Despite the consistency of some genotypes to be insect-
resistant across drought and control environments, many
genotypes interacted strongly with the drought treatment to

effects of drought and herbivory are all statistically significant at
P < 0.05, except for the above:below-ground ratio; drought x her-
bivory interactions were not significant at P < 0.05. Detailed results
are reported in the text and Table 2

affect resistance (Fig. 3; Table 4). Some plant genotypes
showed decreased susceptibility following drought (e.g.,
soybean aphid-resistant PIs 567301B and 567352B and slow-
wilting breeding line N05-7462) while still others exhibited
increased susceptibility (e.g., soybean aphid-resistant types PI
243540 and Wyandot BC4, aphid-resistant slow-wilting types
PI 471931 and Egyptian breeding line H2L.16, and cultivar
control types Benning and Cook) (Fig. 3).

Within a given treatment (i.e., control or drought), all
three herbivore species were significantly positively corre-
lated in their performance across genotypes (control treat-
ment range in r-values: 0.39-0.50, all P < 0.005; drought
treatment range in r-values: 0.38-0.56, all P < 0.007),
indicating that if a soybean genotype was susceptible to one
herbivore species, it was typically susceptible to the other
herbivore studied. However, the performance of herbivores
were not correlated, based on genotypic means, between
control and drought treatment (P > 0.1 for all r values). In
other words, the susceptibility of a genotype to S. exigua (or
the other herbivores) in the control treatment was unrelated
to its susceptibility to S. exigua (or a different herbivore
species) in the drought treatment. Therefore, for some soy-
bean genotypes, it seems likely that drought stress alters the
expression of traits and underlying genes that normally
confer resistance to herbivores.

Given that drought changed the susceptibility of many
genotypes to herbivores, we sought to identify genetically
variable plant traits that predicted the susceptibility to her-
bivores. Genotypic correlations showed that a genotype’s
ability to avoid wilting was positively related to its resistance
to herbivores (Fig. 4, Online Supplemental Table 2). In
other words, plants that avoided wilting tended to be the most
resistant to herbivores. Resistance was not strongly corre-
lated with genetic variation in plant growth rate or their
ability to tolerate drought, and thus this association between
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Fig. 2 Interaction between drought and temperature on the above-
ground biomass of soybean during Experiment 3. Higher tempera-
tures decreased plant biomass in control plants but had no clear effect
on biomass in drought-treated plants. Since temperature varied
continuously along a gradient in the greenhouse, we show the
predicted mean biomass calculated separately in control and drought
treatments from the equation of the line for biomass versus
temperature, where “low temperature” represents the predicted mean
at the lowest temperature extreme and “high temperature” represents
the predicted mean at the highest temperature extreme. The total
temperature gradient was 3 °C

wilt avoidance and resistance to herbivores is not likely to be
a simple property of larger plants showing faster wilting
when grown in pots (Online Supplemental Table 2).

Discussion

Our experiments provide insight into the interaction of
abiotic and biotic stress factors associated with climate
change and their influence on plant biomass and plant-her-
bivore interactions in soybean. Four specific results from our
work are the most important in this regard. First, drought and
herbivory had consistently strong negative effects on plant
performance (Fig. 1, Online Supplemental Fig. 1), but these
factors did not strongly interact with one another. Therefore,
we find little evidence for synergistic negative effects of
multiple stressors. Second, the modest increases (2-3 °C) in
temperature had weak negative effects on soybean perfor-
mance (Fig. 2) and small positive indirect effects on soy-
bean’s resistance to herbivores (Table 4). Third, drought
tended to decrease resistance of plants to generalist cater-
pillars, but this effect varied dramatically among soybean
genotypes (Fig. 3). Fourth, the ability of soybean to avoid
wilting is genotypically correlated with resistance to mul-
tiple generalist noctuid herbivores (Fig. 4). As a whole, our
results provide insight into how environmental stresses
linked to climate change may negatively influence plants.
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Fig. 3 Reaction norm plots showing the effects of plant genotype and
drought on the performance of three insect herbivores during
Experiment 3. Plant genotype and drought interacted to affect
a Heliothis virescens, b Helicoverpa zea, and ¢ Spodoptera exigua.
These figures illustrate large genotypic differences in how drought
affects the susceptibility of soybean to generalist herbivores. In each
panel, lines depict the norm of reaction for a single genotype in
treatments with either continuous watering (control) or plants that
experienced drought prior to a no-choice bioassay. In order to depict
the range of genotypic responses, a shows two heavy solid lines
where two arbitrary soybean genotypes were more susceptible to
herbivores on drought-treated plants than control plants, and two
heavy dotted lines where two arbitrary genotypes were less suscep-
tible to herbivores on drought-treated plants than control plants. Black
circular dots represent the overall mean in control and drought
environments
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Table 4 Effects of drought, temperature, maturity group, and plant
genotype on insect biomass for three generalist-feeding herbivore
species (Experiment 3)

df Fly? P
Heliothis virescens
Drought 1,95 9.42 0.003
Temperature 1,366 7.66 0.006
Maturity group 5,95 0.55 0.74
Genotype (maturity group) 1 0.10 0.38
Genotype x drought 1 2.50 0.057
Helicoverpa zea
Drought 1,50 12.90 0.001
Temperature 1,373 10.40 0.001
Maturity group 5,45 2.61 0.024
Genotype (maturity group) 0.10 0.376
Genotype x drought 5.90 0.008
Spodoptera exigua
Drought 1,50 2.95 0.092
Temperature 1,353 0.06 0.8
Maturity group 5,45 1.38 0.25
Genotype (maturity group) 0 0 0.5
Genotype x drought 0.016 5.20 0.011

Insect bioassays were conducted as no-choice feeding assays in which
insects were allowed to feed on leaf tissue for 7 days. For each fixed
effect we provide the numerator (first number) and denominator
(second number) degrees of freedom, whereas the random effect of
genotype and Genotype x Drought were tested using nested log-
likelihood ratio tests fit to a > distribution with 1 df

Effects of drought, herbivory, and temperature on plant
performance

Drought and herbivory had consistent negative effects on
plant biomass that were largely independent of one another.
Many studies have reported negative impacts of drought
(e.g., Hoogenboom et al. 1987; Liu et al. 2003; James et al.
2008) and herbivory (Turnipseed and Kogan 1976; Ka-
malay et al. 1997; Rypstra and Marshall 2005; Costamagna
et al. 2007) on the performance of soybean. Comparatively
fewer studies, however, have examined the combined
effects of these factors on agricultural plants (Shimada
et al. 1992; Hawkes and Sullivan 2001; Huberty and Denno
2004). This is an important problem because the combi-
nation of multiple stressors can lead to unpredictable non-
additive effects on the performance of organisms, as has
been seen in other environmental contexts and biological
systems (Relyea 2003; Darling and Cote 2008; Silva et al.
2010). The results from our factorial experiments show that
drought and herbivory did not have synergistic negative
effects on plant performance of the soybean variety we
used in Experiments 1 and 2. Any interactions between
these factors were weak, suggesting that it may be possible
to predict the effects of these stressors by studying these
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Fig. 4 Genotypic correlations between wilt avoidance and insect
performance. We show genotypic correlations between herbivore
susceptibility and wilting avoidance for a Heliothis virescens,
b Helicoverpa zea, and ¢ Spodoptera exigua. Susceptibility to
herbivores was measured as the gain in mass of herbivores during a
no-choice bioassay. Wilt avoidance was measured as the number of
days until >90 % of leaves lost turgor and the apical meristem bent
over. Each point represents the least-squares genotypic mean of insect
biomass and wilt avoidance

factors in isolation. This conclusion is also largely con-
sistent with the results from a meta-analysis of mostly non-
crop plants, which examined the combined effects of her-
bivory and variation in the abiotic environment (water,
nutrients, and light) (Hawkes and Sullivan 2001).

Our experiments suggest that the modest increases in
temperature (2-3 °C) have little effect on allocation to
soybean biomass. The only negative effect of increased
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temperature on soybean biomass was observed in Experi-
ment 3 (Fig. 2), where there was a slightly greater range in
temperature than Experiment 2. Even when we observed
decreased performance of soybean at higher temperatures,
this was dependent on the drought treatment, where higher
temperatures were correlated with the modest decreases in
the soybean above-ground biomass of well-watered plants
while temperature had no detectable effect on biomass of
drought-treated plants. These results tentatively suggest
that if the target for future temperature increases are lim-
ited to 2 °C (UNFCCC 2009), then increased temperature
may have little discernible impact on soybean perfor-
mance. We hasten to add that observational and manipu-
lative field experiments are needed to confirm this
speculation, including its applicability in other agricultural
systems.

Effects of drought and temperature on plant defenses
against herbivores

Our results have important implications for long-standing
predictions relating to the effects of environmental stress
on plant defenses against herbivores. The Plant Stress
Hypothesis posits that abiotic stress causes plants to
become more susceptible to some herbivores (White 1984,
2009). The generality of this hypothesis has been ques-
tioned based on the results of two meta-analyses that
examined the effects of environmental stress (drought,
pollution, and shading) on the preference and performance
of multiple insect herbivores from a variety of feeding
guilds (Koricheva et al. 1998; Huberty and Denno 2004).
Koricheva et al. (1998) showed that the performance of
piercing/sucking insects (e.g., aphids) is consistently
greater on stressed plants as predicted by the hypothesis,
while leaf-chewing insects either showed no response to
stress or exhibited decreased performance. Huberty and
Denno (2004) also found no clear effect of drought on leaf-
chewing insects, whereas they found variable effects on
piercing/sucking insects. They proposed the “Pulsed Stress
Hypothesis” based on the observation that continuous
drought stress had negative effects on piercing/sucking
insects whereas intermittent stress typically had positive
effects.

Our results are the most consistent with the Pulsed
Stress Hypothesis, but they also provide insight into the
context dependency of the effects of drought on plant
resistance against herbivores due to plant genetic variation.
All three of our herbivore species were generalist-feeding
leaf-chewing caterpillars in the Noctuidae, and they were
allowed to feed on plant tissue that was recovering from a
recent “pulsed” drought. On average, each herbivore
exhibited increased performance on previously drought-
stressed plants (Fig. 3; Table 4). Our results suggest that
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the Pulsed Stress Hypothesis may also apply to leaf-
chewing Lepidoptera with generalist diets. This conclusion
supports several other recent studies which find increased
preference and/or performance of generalist-feeding leaf-
chewing insects on drought-stressed plants (Showler and
Moran 2003; Gutbrodt et al. 2011; Mody et al. 2009;
Walter et al. 2012). However, when we look more closely,
our results on soybean depend completely on plant geno-
type as we observed all possible effects of the drought
treatment on plant susceptibility to herbivores across the 51
genotypes (Fig. 3). This reflects the large genetic variation
among soybean genotypes in how drought modifies the
expression of resistance to herbivores.

Genotypic correlations between plant drought response
and insect performance

Genetic variation in phenotypic traits can have important
ecological consequences on species interactions (Leimu
and Koricheva 2006a; Whitham et al. 2006; Johnson and
Stinchcombe 2007; Carmona et al. 2011) and it is the most
important raw material for crop improvement (Sinclair
2011). In the case of soybean, there is an abundance of
genotypes (or varieties) available to breeders and farmers.
For example, the US Department of Agriculture (USDA)
maintains germplasm for over 18,000 accessions of soy-
bean and globally there are over 156,000 accessions (Carter
et al. 2004). The current efforts to sequence the soybean
genome and transcriptomes from multiple tissues and for
many varieties strengthen this system as a model crop as
they allow breeders to gain better insight into the genes that
correspond to desired traits (Kim et al. 2010; Lam et al.
2010; Wu et al. 2010). In this context, identifying traits that
respond to drought and resistance against herbivores is an
important avenue for identifying potential traits and
germplasm for future breeding efforts (Sinclair 2011).
The observation of positive genotypic correlations in
susceptibility across three noctuid caterpillar species sug-
gests that the same pleiotropic and/or linked genetic
mechanisms may convey resistance to multiple herbivores
(Roche and Fritz 1997; Stinchcombe and Rausher 2001;
Leimu and Koricheva 2006a; Johnson and Agrawal 2007).
The practical implication of this result is that breeding
resistance against one herbivore can potentially help to
breed resistance against other herbivores (Kraemer et al.
1988; Carter et al. 2004; Zhu et al. 2006; Zhu et al. 2007).
Of particular interest was our finding that plants exhibited
significant genetic variation in wilting avoidance, whereby
plant genotypes that avoided wilting for longer periods of
time also tended to be the most resistant to noctuid cater-
pillars (Fig. 4). It is not clear whether other arthropod
herbivore species more distantly related to the ones studied
here, or herbivores that exhibit different feeding habits
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would show similar responses to the genotypes and traits
we studied. Nevertheless, our results show that identifying
these types of correlations and genotypes that maintain
performance under multiple stresses could provide breed-
ers, and eventually farmers, with new varieties that might
be better suited for future climates (Carter et al. 2004; Long
and Ort 2010; Sinclair 2011).

Evidence from our study suggests that new soybean
varieties that combine both insect and drought resistance
can be developed. For example, the exotic PI 416937,
which exhibits both a slow-wilting trait and insect resis-
tance in the field, has been used as parental stock to
develop slow-wilting breeding lines with improved agro-
nomic potential (Carter et al. 1999; Carter et al. 2003;
Narvel et al. 2004). Several of these new breeding lines
appeared insect-resistant in our study under both severe
and minimal stress, even though these new lines were not
consciously selected for insect resistance. These new
breeding lines may aid in identifying the molecular,
physiological, and metabolic mechanisms underlying
relationships between drought and insect resistance.

Conclusions and implications

Multifactor experiments are needed to disentangle the
potential additive and non-additive effects of environmental
factors on species interactions, especially those related to
climate change. This is especially important and urgent in
agriculture, where securing food production in the face of
both climate change and increasing global population sizes
is among the greatest challenge facing our time (Long and
Ort 2010; Chin et al. 2011; Lee 2011). Our experimental
results support the view that drought and herbivory will be
important factors affecting soybean growth and biomass,
while the modest increases in temperature (2—3 °C) might be
of lesser concern for plants and the insects studied here.
Importantly, our results imply that the impacts of drought,
temperature, and herbivory on plant performance can lar-
gely be understood by studying the independent effects of
each stressor, because the multiple stressors studied inter-
acted only weakly and never in a synergistic manner.
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