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Abstract

1.

The response of herbivorous insects to plant drought stress can range from
positive to negative, and it has been challenging to understand the causes of
this variation. We tested whether plant trait values associated with aridity gradi-
ents might underlie this variation and how such effects vary between two insect

feeding guilds.

. Here, we propose that plants trait values associated with adaptation to arid

environments would result in positive effects of experimental drought on her-
bivores, with such plant species adaptively shifting resources away from resist-
ance to maintain performance under stress. In contrast, plants with trait values
associated with adaptation to mesic environments would result in negative ef-
fects of drought because such species lose vigour and thus decrease their host

quality.

. We tested these predictions using experimental manipulations in 13 milkweed

species (genus Asclepias) adapted to a wide range of environmental conditions
and the herbivore performance of a specialist leaf-chewer (monarch butter-
fly; Danaus plexippus) and sap-feeder (oleander aphid; Aphis nerii). We exposed
plants to physiologically calibrated species-specific watering regimes to maxi-
mize (100%) or reduce (50%) stomatal conductance and then monitored herbi-

vore performance.

. The effects of drought stress on herbivore survival ranged from strongly posi-

tive (50% increase) to strongly negative (80% decrease) among milkweed spe-

cies, but these effects were inconsistent between the two herbivores.

. Plant trait values associated with adaptation to aridity were correlated with

monarch survival in the predicted manner, such that milkweed species with high
water-use efficiency (WUE) and low relative water content (RWC) increased
monarch survival under drought. In contrast, aphid survival was unrelated to

arid-adapted trait values.
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1 | INTRODUCTION

Drought stress is common in many ecosystems (Kramer, 1983) and
can affect virtually every plant function (English-Loeb et al., 1997),
but its effects on herbivores are notoriously variable and difficult
to predict (Gely et al., 2020). Indeed, the response of herbivores
to plant drought stress can range from instigating herbivore out-
breaks (Mattson & Haack, 1987) to population declines (i.e. Carnicer
et al., 2019). Hundreds of empirical studies and many hypotheses
have sought to characterize the effects of drought on herbivores,
but the specific mechanisms driving herbivore response to drought
stress in plants are still poorly understood. Climate change is pre-
dicted to intensify drought events in many parts of the world
(Sheffield & Wood, 2008) with significant consequences for ecosys-
tem functioning and services, as well as economic activities such as
forestry and agriculture. Thus, to better address the ecological and
economic impacts of climate change, it is imperative that we develop
a conceptual framework that allows us to predict herbivore response
to plant drought stress.

The high variability of drought effects on herbivores has led
to competing hypotheses: the plant stress hypothesis (PSH) and
the plant vigour hypothesis (PVH). These hypotheses offer op-
posing predictions and have both received some empirical sup-
port (i.e. Bauerfeind & Fischer, 2013; Grinnan et al., 2013). The
PSH (White, 1969) was proposed to explain patterns of insect
outbreaks following drought events. This theory posits that herbi-
vores benefit from drought-stressed plants due to (1) an increase
in plant nutritional quality as plants flush nutrients (i.e. carbo-
hydrates, nitrogen) to maintain osmotic potential under drought
and (2) a decrease in plant defences as plants divert resources
(i.e. carbon and nitrogen) from costly defence mechanisms to en-
hance survival under drought (Gutbrodt et al., 2011). In contrast,
the PVH states that reduced plant performance from drought-
stressed plants negatively affects herbivore fitness (Price, 1991).
Low water availability reduces photosynthetic rate, above-ground
dry mass and leaf turgor (Eck et al., 2001; Gutbrodt et al., 2011,

6. Drought-induced changes in plant quality were negatively associated with both
herbivore survivals. Specifically, milkweed species that increased cardenolides
concentration under drought conditions decreased monarch and aphid survival.

7. Synthesis. We demonstrated that the indirect effects of drought on herbivores
varied tremendously among closely related plant species and between co-
occurring insect herbivores. We in turn present evidence that some of this vari-
ation is explained by plant traits associated with adaptation to arid versus mesic
environments for leaf-chewers but not sap-feeders and that such effects are

mediated by drought-induced changes in chemical defences.

Aphis nerii, aridity gradients, Asclepias genus, Danaus plexippus, host plant quality, plant stress
hypothesis, plant water-use strategies, plant vigour hypothesis

Ryan, 2011) and these effects are predicted to negatively affect
insects that preferentially feed from fast-growing vigorous plants
(Grinnan et al., 2013).

Multiple review papers and meta-analysis have tested and re-
fined these predictions (Gely et al., 2020; Huberty & Denno, 2004,
Jactel et al., 2012; Koricheva & Haukioja, 1997; Larsson, 1989;
Mattson & Haack, 1987). In general, there is consensus that her-
bivore feeding guilds respond differently to drought-stressed
plants, since herbivores that feed from different plant tissues can
differentially experience drought-induced changes in plant nu-
trition, chemistry, and growth. These studies have also revealed
that the effects of drought on herbivores are often nonlinear and
depend on the mode and duration of the drought. Most feeding
guilds are expected to initially benefit from a moderate drought
as plant nutritional quality increases, but severe and prolonged
drought typically have debilitating effects on both, plants and
herbivores (Gely et al., 2020; Mattson & Hack, 1987). However,
different drought types (i.e. short, long, moderate, or severe) are
often not well defined by researchers, and experimental studies
often fail to provide direct evidence that plants are indeed water
stressed (Huberty & Denno, 2004; Larsson, 1989). Huberty and
Denno (2004) suggested that plants must experience intermittent
periods of turgor recovery to allow nutrients to become avail-
able to sap-feeders (pulse stress hypothesis). Several other fac-
tors have also been considered to mediate herbivore response to
drought, including herbivore diet breadth such as specialist versus
generalist (Gely et al., 2020; Gutbrodt et al., 2011), as well as her-
bivore sub-guild such as scenescence feeders versus flush feeders
(White, 2009). Despite these advances, there is still considerable
unexplained variation in the drought response of certain feeding
guilds (i.e. leaf-chewers and leaf miners; Gely et al.,, 2020) and
we have yet to unify these hypotheses under a single predictive
framework.

Surprisingly, the role of plant traits values associated with
water-use strategies in mediating drought effects to herbi-
vores is largely understudied. It is widely recognized that plant
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physiological responses to drought vary greatly within and among
species depending on their drought adaptation or acclimation
capacity (Lopez-lglesias et al., 2014; Mody et al., 2009; Ordofiez
et al.,, 2009; Reich, 2014; Turtola et al., 2005). Despite this vari-
ation, most drought experiments have been based on individual
plant species and, while a diversity of plant-herbivore systems
have been studied, we are aware of no work using a consistent
methodology to explicitly test for how plant adaptation to arid-
ity influences herbivore-plant dynamics under water-deficit
conditions.

We propose that plant traits values associated with aridity gra-
dients can provide a means of integrating the PSH and PVH, and
thus improve predictions of herbivore responses to plant drought
stress. Plant traits that underlie adaptation to arid versus mesic
conditions include multiple morphological, physiological, and bio-
chemical adaptations to avoid or tolerate drought (i.e. stomatal
regulation, low specific leaf area [SLA], high water-use efficiency
[WUE], nitrogen and phosphorous content (Ordofiez et al., 2009;
Passioura, 1996; Reich, 2014; Wright et al., 2001, 2005)). We hy-
pothesized that herbivores respond positively to drought-stressed
plant species with aridity-associated traits values because these
plants adaptively shift resources away from costly defensive
compounds and increase nutrient content to maintain homeosta-
sis under water-limiting conditions (PSH). In contrast, herbivores
respond negatively when feeding on drought-stressed plants
with mesic-associated traits because these plants are unable to
maintain homeostasis, lose vigour and decline in quality (PVH)
(Figure 1). Our predictions are underlain by the more general ob-
servation that costly physiological investments lead to trade-offs
in plant response to conflicting stresses (i.e. abiotic vs. abiotic)
and that plants adapted to different environments evolve unique
positions along such trade-off axes that are appropriate to their
specific environments (Agrawal, 2020; Blumenthal et al., 2020;
Coley et al., 1985). Indeed, recent evidence suggests that drought-
adapted species are genetically predisposed to prioritize invest-
ment in response to drought stress (i.e. proline and abscisic acid
responsible for stomatal regulation) over their investment to face
herbivore attack (i.e. jasmonic and salicylic acid) (Montesinos-
Navarro et al., 2020).

To test our hypothesis, we imposed a physiologically cali-
brated water stress treatment on 13 milkweed species (Asclepias
spp.) and tested for effects of aridity adaptation on the perfor-
mance of two specialist herbivores from distinct feeding guilds,
a leaf-chewer (monarch caterpillars; Danaus plexippus) and a sap-
feeder (oleander aphids; Aphis nerii). The Asclepias genus has di-
versified into wet and arid habitats, while herbivore defence traits
remained consistent among species across habitats (Agrawal,
Fishbein, Halitschke, et al., 2009), thus allowing us to mechanis-
tically investigate how water stress indirectly affects herbivores.
By taking a comparative approach and measuring nine functional
traits, we sought to explicitly link traits values based on habitat
affiliations with herbivore drought response. To our knowledge,
this study represents the first formal test for how plant traits

PVH
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FIGURE 1 Schematic showing the mechanisms and hypotheses
linking drought adaptation traits and herbivore response to drought
in arid and mesic-adapted species. PSH indicates the plant stress
hypothesis, and PVH indicates the plant vigour hypothesis. Plant
trait values are represented by a gradient from arid (light orange) to
mesic (green). Plant quality and herbivore performance shown from
low (light grey) to high (dark grey). Black thick arrows indicate an
increase (pointing up) or decrease (pointing down) in performance.

values associated with aridity gradients mediate drought effects

on herbivores.

2 | MATERIALS AND METHODS
2.1 | Studysystem

Milkweed (Asclepias genus, Apocynaceae) is a large plant
genus consisting of over 140 known species widely spread on
the American continent and the Caribbean (Woodson, 1954).
Asclepias species have diversified into a variety of habitats in-
cluding tropical and temperate forests, deserts, wetlands, prai-
ries and savannas (Agrawal, Fishbein, Jetter, et al., 2009). Plants
in this genus have evolved a combination of antiherbivore de-
fence strategies (defence syndrome), latex and cardenolides
(cardiac glycosides) being the most characteristic defensive
types (Agrawal & Fishbein, 2006). Latex is exuded by plant tis-
sues to deter further feeding damage by entangling herbivore's
mouth parts (Agrawal et al., 2014). Cardenolides (cardiac glyco-
sides) are a group of highly toxic steroidal compounds that im-
pact the function of Na+/K+-ATPases (Agrawal et al., 2014). Both
types of defence have been shown to decrease survival and slow
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growth in monarch caterpillars (Agrawal et al., 2014; Agrawal &
Fishbein, 2006; Zalucki et al., 2001) and the development and
fecundity of oleander aphids (Birnbaum & Abbot, 2018). The
monarch larvae and the oleander aphid are highly specialized
to feed on all milkweed species despite their toxicity; they are
broadly distributed and interact strongly in nature (Agrawal &
Konno, 2009; Dobler et al., 2011). Thus, the Asclepias genus al-
lows one to compare herbivore response to plant drought stress
in species adapted to contrasting environments but with consist-
ent defence types.

2.2 | Study design

We selected 13 Asclepias species from a wide range of habitats,
from arid (i.e. A. californica) to humid tropical environments (i.e. A.
curassavica), which vary tremendously in traits associated with ad-
aptation to mesic and dry habitats (Figure S1). The selected species
were distributed throughout the Asclepias phylogeny (Figure S2), in-
creasing opportunities to effectively control for non-independence
and test for evolutionary convergence between plant traits and in-
direct drought effects on herbivores. We grew plants from seeds
for 2months in a greenhouse and watered them to saturation twice
a week. All plant species were grown in 10 cm? pots fill with pot-
ting soil and fertilized every 2weeks with ‘All-purpose Miracle Gro’
fertilizer (see Supplementary material 1.1 for details about germina-
tion and greenhouse protocols). For each plant species, 8-10 healthy
plants were randomly divided into control or drought treatment.
Replication among the 26 species-by-treatment combinations (13
species, 2 water treatments) ranged from 3 to 5 plants, with a total

sample size of 121 plants.

2.3 | Water treatment

To impose a consistent physiological stress among species adapted
to different moisture environments, we standardized water
treatments based on the stomatal response to water availability
(Cowan, 1978). We developed response curves for each Asclepias
species by taking measurements of stomatal conductance with a
leaf porometer (Decagon Devices; model SC-1) over a gradient of
soil moisture conditions (see Supplementary material 1 for a de-
tailed description of how response curves were constructed).
Using these curves, we determined the amount of water needed to
achieve the target pot weight at which a species reached its maxi-
mum stomatal conductance (100%; control) and a 50% reduction in
stomatal conductance (drought) (Figure S3) (Skelton et al., 2015).
Plants were watered twice a week, with each watering restoring
the pot to its respective target weight. We imposed this treatment
for 2weeks. This duration was used because it imposes plants to
drought stress while avoiding confounding effects of drought accli-
mation such as morphological adaptations in new leaves and roots
(Touchette et al., 2007).

2.4 | Herbivore bioassay

After 2weeks in their respective water regimes, we placed a single
monarch larva and one aphid on each intact plant. Adult monarchs
obtained from the University of California-Irvine campus and a cap-
tive colony housed at University of California-Davis were caged and
oviposited on Asclepias curassavica as a source of neonate caterpil-
lars. Oleander aphids were similarly collected from the University
of California-Irvine campus and reared on Asclepias fascicularis. For
aphids, we placed a gravid female on each plant, which was then re-
moved after reproducing, leaving one aphid nymph per plant. After
7 days, we exhaustively searched each plant for caterpillars and
aphids, assuming that any missing herbivores had died. This assump-
tion is supported by the fact that neonate movement among plants
is extremely difficult (both in greenhouse and field conditions), and
we found only a single instance of two herbivores on the same plant
(two monarch larvae on A. humistrata). We maintained plants in their
respective water regimes during the bioassay period for a total of
3weeks (2weeks prior to bioassays and 1 week during the bioassay)

under the water manipulation treatments.

2.5 | Plant trait selection and measurements
2.5.1 | Plant trait selection

We selected a set of leaf traits, each associated with water-use strat-
egies and host quality to herbivores. For water-use-associated traits,
we selected SLA, relative water content (RWC), intrinsic WUE and
maximum stomatal conductance (gS maX), all traits that have previ-
ously been associated with drought tolerance and/or avoidance
strategies (Passioura, 1996; Taiwo et al., 2020; Touchette et al., 2007;
Volaire et al., 2014). Low SLA (or high leaf mass area, its inverse) acts
as a drought avoidance strategy to prevent water loss (Reich, 2014;
Wright et al., 2001, 2005). High g
growing acquisitive plant species that maximize photosynthesis and

< max Values are associated with fast-
are less drought tolerant, while species with low g, are typically
slow-growing, water conservative, and thus are more drought tol-
erant (Reich, 2014; Wright et al., 2001). Plant species with drought
tolerance strategies can also operate at low water content through
resilience in plant metabolism (Taiwo et al., 2020). Species with high
WUE, defined as the amount of water used (through transpiration)
per unit dry matter produced (Touchette et al., 2007), are able to
operate under water-deficit conditions (Lopez-lglesias et al., 2014;
Touchette et al., 2007; Volaire et al., 2014). However, intrinsic WUE
has also been associated with adaptation to aridity gradients and
growth strategies (Moreno-Gutiérrez et al., 2012). For host-quality
traits, we selected traits shown to affect herbivore performance
under drought: nutrients content (protein, non-structural carbohy-
drates and nitrogen; Couture et al., 2015; English-Loeb et al., 1997;
Gutbrodt et al., 2011, 2012; Lenhart et al., 2015; Mattson &
Haack, 1987) and defensive traits (latex and cardenolides; Couture
et al., 2015; Hahn & Maron, 2018). We recognize many other host
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quality traits could be affected by drought and could have been
included in our analysis. For example, phenolic compounds have
been found to increase under plant drought stress in several stud-
ies (Sarker & Oba, 2018; Turtola et al., 2005, among others) and
these changes influence herbivore performance under drought
(i.e. English-Loeb et al., 1997; Estiarte et al., 1994). To reduce type
1 error, we limited the number of traits used in our analysis to the
defence traits most representative of the milkweed system and nu-
tritional traits that have been found to play an important role in her-
bivore drought response.

2.5.2 | Plant trait measurements

Trait measurements were obtained from 3 to 5 newly expanded
and undamaged leaves collected from each experimental plant at
the conclusion of the greenhouse experiment. Excised leaves were
transferred to a paper envelope and immediately frozen at -20°C
for later characterization of plant traits. Due to the relatively short
duration of the experiment, all leaves were formed prior to the ini-
tiation of the drought treatment. For water-use-associated traits,
we measured leaves from plants in the control treatment as repre-
sentative of their constitutive trait values because we were inter-
ested in testing whether plant adaptation to aridity gradients—not
plant drought response—mediate herbivore response to drought.
To measure SLA, leaf area (cmz)/dry mass (mg), frozen leaves were
scanned, weighed, dried at 60°C for 2days, and reweighed to the
nearest mg. Leaf water content was calculated as percentage, esti-
mated from the difference between leaf fresh weight and leaf dry
weight. Dried leaves were pulverized using a Mixer Mill (Retsch MM
400) for stable isotope and macronutrient analyses. Foliar carbon
isotopes ratio (*3C and '2C) was estimated from pulverized foliar tis-
sue as an indicator of WUE for a subset of samples (n = 46) at the
UC-Irvine Mass Spectrometry facility. Plants with high WUE tend
to be less fractionated in 3C and therefore have less negative 5°C
values (Moreno-Gutiérrez et al., 2012). Maximum stomatal conduct-
ance (g, ,.,,) Was the raw stomatal conductance values achieved by
each species when at its maximum level of stomatal conductance.
To quantify drought-induced changes in host plant quality, we
measured plant defences and nutritional content of plants in con-
trol and drought treatments. Latex exudation and cardenolides
concentration were measured as the typical plant defensive traits
in milkweeds (Agrawal & Fishbein, 2006). Latex exudation was es-
timated by excising 2-3mm off the tip of a new, undamaged, fully
extended leaf. The latex produced within 30seconds was collected
on pre-weighed 1 cm? filter paper discs which were then placed in
pre-weighted 2 ml Eppendorf tubes. The tubes were immediately
reweighed to estimate the mass of wet latex collected (Mooney &
Agrawal, 2008). This procedure was carried out in the greenhouse
after leaf collection to avoid inducing plant chemical defences.
Cardenolides concentrations were analysed from a subsample of
plants (n = 47) from pulverized foliar tissue. We determined the con-
centration of cardenolides (mg / g dry tissue) from pulverized foliar

tissue (n = 47) by high-performance liquid chromatography following
the methods of Zist et al. (2019) in the Ecology and Evolutionary
Biology department at Cornell University (Supplementary material
1).

The nutritional profiles of milkweed were characterized from
pulverized leaf tissue by quantifying nitrogen, protein and total
non-structural carbohydrate concentrations for a subset of samples
(n = 46). An increase in nitrogen and carbohydrates as a result of os-
motic adjustments under drought is the main proposed mechanism
for increased herbivore performance under drought (Bauerfeind &
Fischer,2013; Lenhartetal., 2015; Mattson & Haack, 1987). Nitrogen
content (mg/g of dry tissue) was estimated during stable isotope
analysis at the UC-Irvine Mass Spectrometry facility. Soluble carbo-
hydrates and carbohydrates from starch were extracted separately
following protocols described by Chow and Landhausser (2004) and
quantified colourimetrically using the phenol-sulfuric acid assay
(DuBois et al., 1956) optimized for microplate reading (Masuko
et al., 2005). Protein was extracted by sonication following protocols
described in Lenhart et al. (2015) and quantified colourimetrically
using the Bio-Rad Bradford micro assay (Bradford, 1976) in a micro-
plate reader. Total carbohydrates and protein content were also esti-
mated in a per mass basis (mg/g dry mass). Refer to the supplemental
material for a detailed description of carbohydrate and protein ex-

traction and analyses (Supplementary material 1).

2.6 | Statistical analysis
2.6.1 | Overview

Our general approach to the analysis was to (i) measure trait val-
ues associated with aridity gradients in all milkweed species, (ii)
quantify variation in drought effects on host plant quality and her-
bivore response with an effect size metric (log response ratio of
drought vs. control), (iii) test for milkweed species variation in her-
bivore response to our imposed drought stress, and (iv) explore the
mechanisms underlying this variation separately for each herbivore
through species correlations between drought effect size on herbi-
vores and plant species traits related to adaptation to aridity (four
traits) and plant quality (five traits) (Figure 1). Therefore, this study
addressed the same hypotheses with respect to two separate her-
bivore species a plant traits. Furthermore, these traits could reason-
ably be assessed based on either variation in constitutive values (i.e.
under the control treatment) or changes in those trait values induced
by drought. We took several approaches to address the concern for
inflated type 1 error given the large number of tests (i.e. 13 species,
two treatments, nine traits) while not unnecessarily reducing statis-
tical power (Garcia, 2004).

We chose to assess the effects of constitutive values (only) for
traits underlying adaptation to arid versus mesic environments, and
we did not assess whether drought altered these traits or whether
such changes in traits explained variation in herbivore response.
This approach is consistent with our hypothesis that variation in
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the adaptation of milkweed species to drought drives variation in
herbivore response to drought. Although we explored reducing the
dimensionality of the trait data through principal component analy-
sis (PCA), the resultant PCs did a poor job of explaining variation in
drought adaptation traits (Supplemental material 2). Consequently,
we tested our hypotheses with trait-by-trait analyses.

In contrast to aridity-associated traits, we choose to assess
changes in trait values for plant quality traits. This approach is con-
sistent with our hypothesis that variation in drought effects on her-
bivores is mediated by changes in the quality of milkweed species
in response to drought. Here, to reduce type 1 error, we performed
a single multivariate test to determine whether there was species
variation in the response of host plant quality traits to drought, but
then performed a trait-by-trait analysis to associate those changes
with herbivore response.

We tested for phylogenetic signal for each set of traits in the
‘phylotools’ R package (Revell, 2012) and corrected for potential ef-
fects of phylogenetic signal using a phylogenetic independent con-
trasts approach (PIC; Freckleton, 2000).

Finally, we explored the overall pattern in our results using
the dbinom R function to quantify the probability of the observed
number of significant (@ = 0.05) associations between plant traits
and herbivore response based on the total number of tests con-
ducted. All statistical analyses were performed in R studio (R Studio
Team, 2015; version 3.5).

2.6.2 | Drought effects on host plant quality traits

To test whether plant defensive traits and plant nutritional con-
tent were affected by the water treatment, we first conducted a
PerMANOVA. Then we identified which specific traits were affected
by drought by conducting nonparametric ANOVAs based on permu-
tations using cardenolides, latex, nitrogen, protein and carbohydrate
content as the representative plant defences and nutritional quality

traits.

2.6.3 | Drought effects on herbivore survival

We used logistic regression models to test for the main drought
effect and the interactive effect of drought and Asclepias species
on the survival of both herbivores. To examine whether Asclepias
species transmit similar drought effects to both herbivores, we
first calculated effect sizes (log response ratios, Ln R) using the
formula LnR = In (Xy /X;), where X, represents the average herbi-
vore survival for a given species in the drought treatment and X,
was the average herbivore survival of given species in the con-
trol or the well-watered treatment (Cohen, 1988). A positive Ln
R indicates that drought increased herbivore survival, O indicates
no effects and a negative Ln R indicates that drought decreased
herbivore survival in a given species. We then conducted correla-
tions of these effect size values to detect associations between

the drought effect on monarchs and the drought effect on olean-

der aphids.

2.6.4 | Drought effect on herbivores as mediated by
drought adaptation traits

We tested for correlations between each plant trait associated with
aridity gradients (SLA, WUE, RWCand g, . ) and drought effects on
the survival of the two herbivores (Ln R).

2.6.5 | Drought effect on herbivores as mediated
by changes in host plant quality

Once we identified which traits were affected by drought, we exam-
ined whether herbivore survival was associated with drought-induced
changes in host plant quality. We first estimated the effect sizes (Ln R)
for each host plant quality using the same formula,LnR = In ()_(1 /)_(2)
, but here x; represented the average trait value under drought treat-
ment and X, was the average trait value under the control treat-
ment. Then we tested for correlations between drought effects on
each plant quality trait affected by the drought treatment (Ln R) and

drought effects on the survival of the two herbivores (Ln R).

3 | RESULTS

3.1 | Variation in aridity-associated plant traits and
drought effect on host plant quality

Plant trait values associated with aridity are presented in Figure S1
(Carvajal-Acosta, 2022a). Milkweed species varied considerably in
SLA, WUE, RWC and g, .., but did not co-varied as a coordinated
syndrome (Supplemental material 2). Our PerMANQOVA results re-
vealed that the differences among the values of host plant quality
traits were driven by the water treatment (p = 0.001) and that this
treatment effect also varied among Asclepias species (species x treat-
ment interaction: p = 0.001). Our subsequent trait-by-trait analy-
sis showed that all plant quality traits were affected by drought
(p<0.05) except for latex flow (p = 0.152; Table 2). However, the
magnitude and direction of the effects differed among milkweed
species. For each of the four affected plant traits, approximately
half of the species increased and half decreased host plant quality
trait values, with the exception of cardenolides, where most species
increased concentrations under drought (eight increased vs. four de-
creased) (Figure S5; Carvajal-Acosta, 2022b).

3.2 | Drought effect on herbivore survival

Monarch survival was 71% across all Asclepias species and water
treatments. The effect of drought treatment on monarch survival
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differed among Asclepias species (plant speciesxtreatment inter-
action, p = 0.043; main effects: species p = 0.09 and treatment
p = 0.28) (Figure S5-A; Carvajal-Acosta, 2022a, 2022b). Oleander
aphid survival was 56% across all Asclepias species and water treat-
ments. Similarly, the effect of drought on aphid survival differed
among host species (plant speciesx treatment interaction, p = 0.09)
and was strongly influenced by Asclepias host species (p = 0.002)
(Figure S5-B).

We found no correlation between drought effects (Ln R) on
monarch and oleander aphid survival among plant species (r*=0.02,
p = 0.612) indicating that Asclepias species differentially transmit-
ted drought effects to these herbivores in contrasting feeding guilds
(Figure 3 and Figure S5). Milkweed species occurred in all quadrants
of the correlation plane, with five milkweed species transmitting
concordant drought effects to the two herbivores (three positive,
two negative), two species transmitted contrasting effects (i.e. posi-
tive effects on one herbivore but negative effects on the other) and
four species transmitted no effect to one herbivore and either posi-

tive or negative effects on the other (Figure 2).

3.3 | Drought effect on herbivore survival
as mediated by plant traits associated with
aridity gradients

Phylogenetic signal was weak for all plant traits associated with arid-
ity gradients (Table 1); therefore, we interpreted our results based
on RAW correlations. For completeness, we report both RAW and
PIC results in Table 1 and PIC correlations are shown in Figure Sé.
Drought effects on monarch survival (Ln R) varied from positive to
negative and survival was positively correlated with two traits asso-
ciated with drought tolerant strategies, WUE and RWC. Specifically,
species with higher WUE (less negative §'3C values) led to higher
survival of monarchs under drought conditions (Ln R) (p = 0.015,
r? = 0.42). The effects of drought on monarch survival (Ln R) were
negatively correlated with RWC (p = 0.058, r?> = 0.28; Table 1) so
that monarch performed better under drought conditions in those

species with low RWC (Figure 4). Conversely, SLA and gs___values

max

were not correlated with monarch survival (p = 0.586 and p = 782,
respectively).

Drought effects on oleander aphid survival (Ln R) also ranged
from positive to negative but were uncorrelated with Asclepias
aridity-associated traits. We found no significant correlations be-

tween SLA, water content, WUE, or gs and drought effects on

max
oleander aphid survival (Ln R) (Table 1, Figure 3; PIC correlations

shown in Figure Sé).

3.4 | Drought effect on herbivore survival as
mediated by changes in host plant quality traits

Phylogenetic signal was weak for most drought-induced changes in
plant-quality traits except for changes in total carbohydrate con-
tent (Table 3). Thus, we interpreted our results based on RAW cor-
relations but report both PIC and RAW results. Drought effect on
both herbivores survival was uncorrelated with drought-induced
changes in nutritional content (nitrogen, protein, and total carbohy-
drates). Latex flow was excluded from this analysis because it was
not affected by drought (Table 2). We detected a significant corre-
lation between drought effect on cardenolide concentrations and
drought effects on both, monarch and oleander aphid survival (Ln R;
p =0.037 and p = 0.005, respectively; Table 3). Specifically, species
where drought increased cardenolides concentrations, were associ-
ated with negative drought effects on oleander and (Ln R; Figures 3

and 4). PIC correlation shown in Figure S7.

3.5 | Inflated type 1 error

Overall, we tested for 8 associations between plant traits and the
performance of each herbivore, for 16 total associations, and de-
tected five significant results. The probability of five significant
(a = 0.05) associations out of 16 tests is low (p = 0.0008). Inspecting
the responses of monarch and oleander aphids separately, the prob-
ability of detecting four significant associations in monarchs by

chance alone is low (p = 0.0004), while one significant association in

71@- 1 ! Asclepias species
% 0.8 ®9 ! o 1. A. amplexicalis
) m 06 | 2. A. asperula
FIGURE 2 Correlation between = i 3. A. californica
drought effects on monarch larvae and - 04 ! °5 4. A. curassavica
oleander aphid survival. Each point = 0.2 ‘55 11 5. A. exaltata
represents the effects of drought on T>° 0 ,”7777W"i”””””78.7‘.19”;”. 777777777777777777 6. A. humistrata
herbivore survival per each Asclepias = o2 @ 3 7. A latifolia
species. Positive values indicate an 2 0.2 ® 13 i 8. A.mexicana
increased survival under drought while S -0.4 | ¢4 % A obovata.

K o . = ! 10. A. perennis
negative values indicate a decreased in © -0.6 : 11. A. sullivantii
survival under drought. The horizontal O .08 ! 12. A. tuberosa
grey dotted line indicates that there is = A i 13. A. vestita
no drought effect on monarch survival, 1 -08 -06 04 02 0 02 04 06 08 1

and the dotted vertical line indicates
that there is no effect on oleander aphid
survival.

S

Aphid survival (Ln R) fﬂ\\
2 &
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TABLE 1 Effect of drought on herbivore survival mediated by plant trait values associated with aridity gradients

Monarch (p-values, r?)

Aphid (p-values, r?)

Phylogenetic
Species traits signal Raw (p) Raw (r?) PIC (p)
SLA 2 =7.34e-05° 0.586 0.02 0.20
RWC 1 =7.34e-05° 0.019* 0.28 0.058.
IS ) =7.34e-05° 0.782 0.007 0.053.
WUE 1 =4.92e-05" 0.042* 0.32 0.015*

Note: Latex was not found to be affected by drought and therefore was not included in this analysis. gs

PIC (r?) Raw (p) Raw (r?) PIC (p) (F:IZ():
0.066 0.436 0.04 0.63 0.02
0.28 0.362 0.07 0.57 0.08
0.29 0.568 0.03 0.39 0.06
0.42 0.937 0.006 0.10 0.21

max is maximum stomatal conductande; RWC

stands for relative water content; SLA stands for specific leaf area, and WUE stands for water-use-efficiency measured ass'®C.

?Phylogenetic signal test performed on the effect sizes of traits. 2 = 0 indicates no phylogenetic signal, whereas 1 = 1 indicates a strong phylogenetic

signal.
*Significance codes: 0 “***' 0.001 **'0.01 " 0.05‘' 0.1 " 1.

aphids could have been detected by change (p = 0.28), out of eight
respective set of tests. Thus, while we have evidence that our meas-
ured traits mediated drought effects on monarchs, it is less clear for

aphids.

4 | DISCUSSION

In this study, we proposed that aridity-associated plant traits may
underlay herbivore response to plant drought stress. We tested this
hypothesis in the Asclepias genus and two herbivore specialists with
distinct feeding strategies. The species in the Asclepias plant genus
have diversified into a variety of environments and employ similar
herbivore defensive mechanisms. With a physiologically custom-
ized treatment, we show that the effects of drought on herbivores
varied dramatically among these closely related plant species—in
both magnitude and direction—ranging from strong decreases to in-
creases in the survival of both herbivore species on drought stressed
compared to control plants (Figure 2 and Figure S5). Past attempts at
predicting drought stress effects on insects have struggled to unify
varying empirical results without regard to plant traits, focusing on
herbivore feeding guild or the characteristics of the drought. While
such factors are undoubtedly important, our findings clearly estab-
lish that plant traits associated with aridity gradients can play a cen-
tral role in mediating drought effects on herbivores.

The effects of drought on herbivores varied tremendously
among milkweed species but were uncorrelated between our two
species in different feeding guilds (Figure 2), suggesting that the ef-
fects of drought may be driven by mechanisms that differ between
both herbivores. These results are consistent with previous studies
indicating that feeding guilds respond to plant drought stress dif-
ferently (Gely et al., 2020; Huberty & Denno, 2004; Koricheva &
Haukioja, 1997). This is because certain feeding guilds may be more
responsive to water-stressed plants than others because they dif-
ferentially experience changes in plant nutrition, allelochemistry
and growth (the insect performance hypothesis; Larsson, 1989). It
is worth noting that this study focuses on the effect of drought on
only two species representing distinct feeding guilds. Although it

is possible that different herbivore species belonging to the same
feeding guild may perform differently under plant drought stress,
previous metanalysis have shown that species belonging to the same
feeding guild tend to exhibit similar responses to drought (Huberty
& Denno, 2004; Jactel et al., 2012; Koricheva & Haukioja, 1997).
Similarly, we investigated the effects of drought in highly specialized
herbivore species. It has been suggested that plant drought stress
may affect specialized insects differently than generalist, with spe-
cialist benefiting from moderate drought and generalist from severe
droughts (Gely et al., 2020). White (2009) suggested that trophic
sub-guild may also be an important factor on herbivore drought re-
sponse, as senescence feeders may respond positively to drought,
while flush feeders may be negatively affected. Thus, it would be
important to test the generality of these finding in other less spe-
cialized systems, multiple herbivore species, as well as different her-
bivore sub-guilds.

For leaf-chewing monarchs, we found evidence that the varia-
tion in drought effects was associated with plant traits values asso-
ciated with aridity gradients. These results are consistent with our
proposed hypothesis that species with plant traits values associated
with aridity adaptation transmit positive drought effects to herbi-
vores, whereas plant traits values associated with mesic environ-
ments transmit negative drought effects. Intrinsic WUE and RWC
were each associated with drought effects on monarch survival in
the predicted manner, indicating that species with drought tolerant
strategies transmit positive drought effects to monarchs (Table 1,
Figure 3). In contrast, SLA and 3. max Were uncorrelated with monarch
survival. If the selected traits co-vary as a coordinated syndrome
that confer arid-adapted species drought resistance, we would ex-
pect a correlation between monarch survival and all aridity associ-
ated traits. However, the lack of co-variation of these traits in our
PCA (Supplementary material 2) suggests that Asclepias species may
have adapted unique water-use strategies when diversifying into
different habitats. Alternatively, it is also likely that SLA and g, ..
values do not represent a drought adaptation strategy in this genus.
Thus, although intrinsic WUE and RWC explained monarch response
in drought stressed Asclepias; this may not be the case in other plant
taxa with different water-use strategies.
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FIGURE 3 Raw correlations between
plant trait values associated with aridity
gradients and drought effects on monarch
larvae (top panel) and aphid (lower panel)
survival. Each point represents the mean
constitutive trait values of each milkweed
species. The grey dotted line indicates
that there is no effect of drought on
herbivore survival. Asclepias species are
numbered as follows: 1. A. amplexicalis,

2. A. asperula, 3. A. californica, 4. A.
curassavica, 5. A. exaltata, 6. A. humistrata,
7. A. latifolia, 8. A. mexicana, 9. A. obovata,
10. A. perennis, 11. A. sullivantii, 12. A.
tuberosa, 13. A. vestita. PIC correlations
are reported in Figure Sé.

TABLE 2 Effect of drought on plant traits values associated with

plant quality
Trait Species
Cardenolides <0.001***
Latex <0.001***
Nitrogen 0.002***
Protein <0.001***
Total <0.001***
carbohydrates
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<0.001***
0.1528
0.0506
<0.001***
<0.001***

We proposed that plant species with traits values associated

with aridity maintain homeostasis and increase in quality trans-

mitting positive drought effects to herbivores whereas plants with

Species x Tmt

<0.001***
0.958
0.002***

<0.001***

<0.001***

***Note: Significance codes: 0 “**' 0.001 **'0.01 *’0.05 0.1 " 1.

mesic traits values are expected to decline in quality transmitting
negative drought effects. Indeed, monarch survival was driven by

drought-induced changes in chemical defences, with monarch sur-

vival decreasing on milkweed species that increased cardenolides
concentrations under drought (Table 3; Figure 3). Our results are in
agreement with past research suggesting that plant secondary chem-
istry plays a major role in driving herbivore drought responses (i.e.
Couture et al., 2015; English-Loeb et al., 1997; Gutbrodt et al., 2011;
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TABLE 3 Effect of drought on herbivore survival mediated by drought-induced changes in plant quality traits
Monarch (p-values, r?) Aphid (p-values, r?)
Phylogenetic PIC
Species traits (In R) signal Raw (p) Raw (r?) PIC (p) PIC() Raw(p) Raw (r?) PIC (p) (r)
Cardenolides A= 7.34e-05% 0.037* 0.33 0.584 0.02 0.058 0.29 0.005* 0.52
Nitrogen A = 7.34e-05° 0.301 0.12 0.29 0.10 0.852 0.003 0.214 0.13
Protein A= 7.34e-05% 0.529 0.03 0.402 0.06 0.743 0.01 0.126 0.19
Total carbohydrates A =0.91879° 0.819 0.004 0.571 0.03 0.390 0.06 0.983 <57¢05

Note: Latex was not found to be affected by drought and therefore was not included in this analysis.

?Phylogenetic signal test performed on the effect sizes of traits. 1 = O indicates no phylogenetic signal whereas ) = 1 indicates a strong phylogenetic

signal.

*Significance codes: 0 ***' 0.001 **' 0.01 " 0.05 "' 0.1 ‘" 1.
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FIGURE 4 Raw correlations between
drought effects on plant quality traits and
drought effects on monarch (top panel)
and aphid (lower panel) survival. Each
point represents the effect size of drought
on plant quality trait values of each
milkweed species. The grey dotted line
indicates that there is no effect of drought
on the survival of oleander aphids. 1. A.
amplexicalis, 2. A. asperula, 3. A. californica,
4. A. curassavica, 5. A. exaltata, 6. A.
humistrata, 7. A. latifolia, 8. A. mexicana, 9.
A. obovata, 10. A. perennis, 11. A. sullivantii,
12. A. tuberosa, 13. A. vestita. PIC
correlations are reported in Figure S7.
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Kuczyk et al., 2021), although drought stress altered plant chemistry
and herbivore performance in contrasting ways. Regarding our find-
ing about the lack of drought effect on latex flow, although we ex-
pected drought to negatively affect latex flow, we were not surprised
by these results. Past drought experiments on A. syriaca show that
water stress had either no effect (Hahn & Maron, 2018) or caused a
very small decrease in latex production (Couture et al., 2015).

Conversely, drought-induced changes in milkweed nutritional
quality (total carbohydrates, nitrogen and protein content) ap-
peared to have no effect on monarch response to plant drought
stress (Table 2; Figure 5). Increases in nutritional compounds in
drought-stressed plants have been proposed as the main mecha-
nism driving herbivore performance under drought conditions (PSH;
White, 1969), but empirical evidence has been mixed regarding their
importance (i.e. Lenhart et al., 2015; Walter et al., 2012). This in-
cludes studies involving Asclepias species. For example, Hahn and
Maron (2018) found no evidence that monarch mortality in drought-
stressed A. syriaca was associated with changes in nutritional con-
tent (nitrogen) and speculate that monarch's drought response was
driven by changes in cardenolides, but this trait was not measured
in this study. In contrast, Couture et al. (2015) found that monarch
larvae performed better in A. syriaca subjected to intermittent water
stress and was associated with an increase in nitrogen foliar content.
One plausible explanation for the lack of association between nu-
trients and monarch survival is that our assessment of fitness was
based on survival, and changes in nutritional content may be more
evident in other components of fitness such as growth or reproduc-
tion. In addition to survival, larval weight is an important component
of herbivore fitness that influences survival and adult reproduc-
tive success (Coley et al., 2006; Grafen, 1988; Travers-Martin &
Miiller, 2008). However, we were unable to explore the effects of
drought on larval mass because the effects of drought on monarch
mortality were so strong in some species that replication was insuf-
ficient. In this regard, it has been suggested that, while an increase in
nutrient content during drought can make more nutrients available to
herbivorous insects, increased production of plant defences is likely
to offset potential positive effects on plant nutritional quality (Gely
et al., 2020). Therefore, it is also possible that changes in cardeno-
lides concentrations may have a stronger effect due to higher herbi-
vore mortality than drought-induced changes in nutritional content,
which is more likely to affect growth and reproduction.

In contrast to the monarch's findings, our hypothesis was not sup-
ported for the oleander aphid, whose performance under drought
was not correlated with plant drought traits (Table 1; Figure 4).
However, the performance of oleander aphids was associated with
drought-induced changes in cardenolides concentrations in the
same manner as monarchs. Sap-feeders have traditionally been pre-
dicted to benefit from higher nutrient content in drought-stressed
plants (Larsson & Bjérkman, 1993) but, similar to monarchs, drought-
induced changes in plant nutritional quality (carbohydrates, protein
and nitrogen) did not influence oleander aphid survival. One poten-
tial explanation for the lack of response to changes in nutritional
content is that our drought treatment simulated a continuous rather

than an intermittent drought; thus, nutrient effects might have be-
come apparent only with a return of plant turgor as suggested by
the pulse stress hypothesis (Huberty & Denno, 2004). As mentioned
previously, it is also likely that other components of fitness not mea-
sured here were impacted, or that aphids responded more strongly
to changes in chemical defences than in nutrient concentrations. It
is interesting to note the consistent response to drought-induced
changes in cardenolides in both feeding guilds despite the distinct
correlation patterns with aridity-associated traits. Unlike monarchs,
oleander aphid survival was more strongly affected by the identity
of the host species than the drought treatment. Therefore, it is pos-
sible that intra-specific variation in traits not measured in this study
(i.e. trichomes) better explained aphid survival than aridity-related
traits.

We note that our interpretation of the findings is based on raw
and not phylogenetically corrected trait values as we detected no
phylogenetic signal in our analysis for most water-use and host
quality-associated traits (Tables 1 and 3). We recognize that esti-
mating phylogenetic signal can be problematic with small datasets
or highly under-sampled phylogenies (Miinkemdiller et al., 2012) and
including a larger number of species may have yielded different re-
sults. However, previous studies have successfully estimated phy-
logenetic signal in the milkweed system consistent with Brownian
motion (lambda = 1) with 10-20 Asclepias species (Rasmann &
Agrawal, 2011). Nevertheless, our phylogenetically corrected and
raw trait analysis do not differ significantly, and we report both for
comparison.

Unstudied here, but potentially important, is how variation in
drought characteristics mediate herbivore responses (Sconiers &
Eubanks, 2017). For instance, intermittent versus continuous drought
events have been shown to have contrasting effects on insect herbi-
vores, not only for sap-feeders (Huberty & Denno, 2004; Koricheva
et al., 1998) but also for leaf chewers (Mody et al., 2009). Similarly,
variation in the duration, intensity and timing of the drought may have
nonlinear effects on plant nutrients and secondary chemistry, and
consequently on herbivore preference or performance (English-Loeb
et al., 1997; Gutbrodt et al., 2011, 2012; Lenhart et al., 2015; Luo &
Gilbert, 2021). In this study, we standardized the drought treatment to
elicit a comparable physiological response to drought across species.
However, given the nonlinearity of drought effects, a more intense
(or less intense) drought can yield different results. Furthermore, re-
cent research suggests that drought sensitivity increases with dry-
ness as plants from more arid environments have faster and stronger
responses to drought than their counterparts along an aridity gradi-
ent (Xu et al., 2021). An aspect worth exploring in future studies is
whether arid- versus mesic-adapted species differentially respond to
various drought durations and/or intensities. Although the character-
istics of the drought do matter, our goal was to assess the importance
of aridity-gradient modulated traits in mediating drought effects
on herbivores while avoiding confounding effects of acclimation or
compensation (i.e. through the production of new leaves with altered
traits). Thus, we measured herbivore performance within a relatively
short drought period so that insects responded to rapid changes in
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plant physiological responses and not compensation or acclimation.
Finally, it should be noted that our drought treatment elicited a phys-
iological response in all milkweed species, as drought affected almost
all plant traits associated with host plant quality except for latex flow
(Table 2 and Figure S4). We also noted other signs of plant physiolog-
ical stress, such as leaf shedding. However, milkweed species exhib-
ited a wide range of responses to drought stress, with some Asclepias
species either increasing or decreasing in host plant quality (i.e. toxic-
ity and nutrients) under drought conditions (Figure S4).

To our knowledge, this represents the first study to systemati-
cally test for the role of plant traits in mediating drought response
to herbivores by comparing herbivore drought response on multiple
plant species adapted to contrasting environments and ensuring
that all plant species experienced the same level of drought stress.
We showed that plant trait variation associated with aridity gradi-
ents could be the key to predicting the effects of drought on her-
bivores. For two distinct feeding guilds, we observed the dynamics
predicted by both, the PSH and PVH (drought increasing and de-
creasing herbivore performance, respectively) depending on host
plant species; thus, plant traits may be important in resolving the
apparent conflict between these hypotheses. It is worth noting that
we tested our hypothesis with respect to recently evolved trait vari-
ation among a genus of herbaceous plants and it will be important
to test whether these dynamics hold in a community context with
co-existing plant species and multiple leaf-feeding and sap-feeding
taxa. However, this may be challenging as more distantly related
plant species may vary not just in the magnitude of trait expres-
sion, but also in the type of traits. Another aspect worth exploring
is whether the characteristic of drought (duration or intensity) in-
teracts with the adaptation of the plant to aridity gradients. In this
sense, it would be important to test our framework within a wider
range of drought types and/or water-use strategies (i.e. acclimation).
In conclusion, resolving some of the variation in how drought stress
impacts herbivores can be achieved by linking plant drought adapta-
tion strategies to functional traits that span abiotic and biotic inter-
actions. Progress in this field is important given projections for the

increasing frequency and severity of drought with climate change.

AUTHOR CONTRIBUTIONS

Kailen Mooney conceived the ideas, designed methodology and con-
tributed to data analysis and interpretation. Nayeli Carvajal contrib-
uted to conception of experimental design, conducted greenhouse
experiment and plant nutrient analyses, collected and analysed the
data and led the writing of the manuscript. Anurag Agrawal contrib-
uted to the experimental design, plant seed material, chemical analy-
ses and manuscript editing. All authors contributed critically to the
drafts and gave final approval for publication.

ACKNOWLEDGEMENTS

We thank Dr. Louie Yang for providing monarchs and valuable advice
on their rearing and Jordan Rainbow for assisting with greenhouse
work. We also thank Dr. Travis Huxman for sharing his expertise on
plant physiological drought responses and his critical guidance for

standardizing drought treatment across milkweed species. Finally,
we thank Ron White for conducting cardenolides analysis. Funding
support was provided by NSF grants DEB-2032435 and DEB-
1457029 (to K.A.M.) and NSF 10S-1907491 (to A.A.A.). We also
thank CONACyT and UC-Mexus for doctoral funding provided to

ANCA. The authors have no conflict of interest to declare.

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-revie
w/10.1111/1365-2745.14059.

DATA AVAILABILITY STATEMENT

The datasets generated during and/or analysed during the cur-
rent study are available in the Dryad Digital Repository at http://
doi.org/10.7280/D16989 (Carvajal-Acosta, 2022b) and http://doi.
org/10.7280/D12H6C (Carvajal-Acosta, 2022a).

ORCID
Alma N. Carvajal Acosta ' https://orcid.org/0000-0002-7304-7139
Anurag A. Agrawal "= https://orcid.org/0000-0003-0095-1220

Kailen Mooney " https://orcid.org/0000-0001-7102-7794

REFERENCES

Agrawal, A. A. (2020). A scale-dependent framework for trade-offs,
syndromes, and specialization in organismal biology. Ecology, 101,
02924, https://doi.org/10.1002/ecy.2924

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

Agrawal, A. A., Fishbein, M., Halitschke, R., Hastings, A. P., Rabosky, D.
L., & Rasmann, S. (2009). Evidence for adaptive radiation from a
phylogenetic study of plant defenses. Proceedings of the National
Academy of Sciences of the United States of America, 106, 18067-
18072. https://doi.org/10.1073/pnas.0904862106

Agrawal, A. A., & Konno, K. (2009). Latex: A model for understanding
mechanisms, ecology, and evolution of plant defense against her-
bivory. Annual Review of Ecology, Evolution, and Systematics, 40, 311-
331. https://doi.org/10.1146/annurev.ecolsys.110308.120307

Agrawal, A. A., Patrick, E. T., & Hastings, A. P. (2014). Tests of the cou-
pled expression of latex and cardenolide plant defense in com-
mon milkweed (Asclepias syriaca). Ecosphere, 5, art126. https://doi.
org/10.1890/ES14-00161.1

Agrawal, A. A., Fishbein, M., Jetter, R., Salminen, J.-P., Goldstein, J. B.,
Freitag, A. E., & Sparks, J. P. (2009). Phylogenetic ecology of leaf
surface traits in the milkweeds (Asclepias spp.): Chemistry, eco-
physiology, and insect behavior. New Phytologist, 183, 848-867.
https://doi.org/10.1111/j.1469-8137.2009.02897.x

Bauerfeind, S. S., & Fischer, K. (2013). Testing the plant stress hypoth-
esis: Stressed plants offer better food to an insect herbivore.
Entomologia Experimentalis et Applicata, 149, 148-158. https://doi.
org/10.1111/eea.12118

Birnbaum, S. S. L., & Abbot, P. (2018). Insect adaptations toward plant
toxins in milkweed-herbivores systems—A review. Entomologia
Experimentalis et Applicata, 166, 357-366. https://doi.org/10.1111/
eea.12659

puop) pue suiid I, 241 908 “[2202/Z 1/LT] U0 A1eiqrT AUIUQ AD[1A “OIIXON QUBIYI0D) KQ SOV 1" SHLT-SIET/1T1101/10p/wOd AoJiAv ATeaquIout[uo’s|euinofsaq/:sdny wosy papeojumod 0 ‘ShLI§9€ |

ssdny)

110}/W09" K[ 1M

ASUAIT suowwo)) aanear) a[qesrdde ayy £q pauUIdA0S aIe SI[AIIR Y (asn JO sa[NI 10] ATRIqIT duUI[UQ) AJ[IA\ UO (SUOLIPUOD-P!



CARVAJAL ACOSTAET AL.

Journal of Ecology 13

Blumenthal, D. M., Mueller, K. E., Kray, J. A., Ocheltree, T. W.,
Augustine, D. J., & Wilcox, K. R. (2020). Traits link drought resis-
tance with herbivore defence and plant economics in semi-arid
grasslands: The central roles of phenology and leaf dry mat-
ter content. Journal of Ecology, 108, 2336-2351. https://doi.
org/10.1111/1365-2745.13454

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Analytical Biochemistry, 72, 7.

Carnicer, J., Stefanescu, C., Vives-Ingla, M., Lépez, C., Cortizas, S., Wheat,
C., Vila, R, Llusia, J., & Pefiuelas, J. (2019). Phenotypic biomarkers
of climatic impacts on declining insect populations: A key role for
decadal drought, thermal buffering and amplification effects and
host plant dynamics. The Journal of Animal Ecology, 88, 376-391.
https://doi.org/10.1111/1365-2656.12933

Carvajal-Acosta, A. N. (2022a). Data from: Milkweed trait values asso-
ciated with aridity gradients and host-plant quality. Dryad Digital
Repository, https://doi.org/10.7280/D12H6C

Carvajal-Acosta, A. N. (2022b). Data from: Herbivore response to plant
drought stress in milkweeds. Dryad Digital Repository, https://doi.
org/10.7280/D16989

Chow, P.S., & Landhausser, S. M. (2004). A method for routine measurements
of total sugar and starch content in woody plant tissues. Tree Physiology,
24,1129-1136. https://doi.org/10.1093/treephys/24.10.1129

Cohen, J. A. (1988). Statistical power analysis for the behavioral sciences
(2nd ed.). Erlbaum.

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

Coley, P. D., Bateman, M. L., & Kursar, T. A. (2006). The ef-
fects of plant quality on caterpillar growth and defense
against natural enemies. Oikos, 115, 219-228. https://doi.
org/10.1111/j.2006.0030-1299.14928.x

Couture, J. J,, Serbin, S. P., & Townsend, P. A. (2015). Elevated tempera-
ture and periodic water stress alter growth and quality of common
milkweed (Asclepias syriaca) and monarch (Danaus plexippus) larval
performance. Arthropod-Plant Interactions, 9, 149-161. https://doi.
org/10.1007/511829-015-9367-y

Cowan, I. R. (1978). Stomatal behavior and environment. In J.-C. Kader,
& M. Delseny (Eds.), Advances in botanical research (pp. 117-228).
Academic Press.

Dobler, S., Petschenka, G., & Pankoke, H. (2011). Coping with toxic
plant compounds—The insect's perspective on iridoid glycosides
and cardenolides. Phytochemistry, 72, 1593-1604. https://doi.
org/10.1016/j.phytochem.2011.04.015

DuBois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F.
(1956). Colorimetric method for determination of sugars and re-
lated substances. Analytical Chemistry, 28, 350-356. https://doi.
org/10.1021/ac60111a017

Eck, G,, Fiala, B., Linsenmair, K. E., Hashim, R. B., & Proksch, P. (2001).
Trade-off between chemical and biotic antiherbivore defense in
the south east Asian plant genus Macaranga. Journal of Chemical
Ecology, 27, 1979-1996.

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

Estiarte, M., Filella, 1., Serra, J., & Pefuelas, J. (1994). Effects of nutri-
ent and water stress on leaf phenolic content of peppers and sus-
ceptibility to generalist herbivore Helicoverpa armigera (Hubner).
Oecologia, 99, 387-391. https://doi.org/10.1007/BF00627753

Freckleton, R. P. (2000). Phylogenetic tests of ecological and evolu-
tionary hypotheses: Checking for phylogenetic independence.
Functional Ecology, 614, 129-134.

Garcia, L. V. (2004). Escaping the Bonferroni iron claw in ecological stud-
ies. Oikos, 105, 657-663.

Gely, C., Laurance, S. G.W., & Stork, N. E. (2020). How do herbivorous insects
respond to drought stress in trees? Biological Reviews, 95, 434-448.

Grafen, A. (1988). On the uses of data on lifetime reproductive success.
Philosophical Transactions of the Royal Society B: Biological Sciences,
363, 1635-1645.

Grinnan, R., Carter, T. E., & Johnson, M. T. J. (2013). The effects of
drought and herbivory on plant-herbivore interactions across
16 soybean genotypes in a field experiment: Drought and plant-
herbivore interactions. Ecological Entomology, 38, 290-302. https://
doi.org/10.1111/een.12017

Gutbrodt, B., Dorn, S., Unsicker, S. B., & Mody, K. (2012). Species-specific
responses of herbivores to within-plant and environmentally me-
diated between-plant variability in plant chemistry. Chemoecology,
22,101-111. https://doi.org/10.1007/s00049-012-0102-1

Gutbrodt, B., Mody, K. & Dorn, S. (2011). Drought changes
plant chemistry and causes contrasting responses in lep-
idopteran herbivores. Oikos, 120, 1732-1740. https://doi.
org/10.1111/j.1600-0706.2011.19558.x

Hahn, P. G., & Maron, J. L. (2018). Plant water stress and previous herbi-
vore damage affect insect performance: Abiotic and biotic effects
on insect performance. Ecological Entomology, 43(1), 47-54. https://
doi.org/10.1111/een.12468

Huberty, A. F., & Denno, R. F. (2004). Plant water stress and its con-
sequences for herbivorous insects: A new synthesis. Ecology, 85,
1383-1398. https://doi.org/10.1890/03-0352

Jactel, H., Petit, J., Desprez-Loustau, M.-L., Delzon, S., Piou, D., Battisti,
A., & Koricheva, J. (2012). Drought effects on damage by forest in-
sects and pathogens: A meta-analysis. Global Change Biology, 18,
267-276. https://doi.org/10.1111/j.1365-2486.2011.02512.x

Koricheva, J., & Haukioja, S. L. E. (1997). Insect performance on experi-
mentally stressed woody plants: A meta-analysis. Annual Review of
Entomology, 43, 195-216.

Koricheva, J., Larsson, S., Haukioja, E., & Keindnen, M. (1998). Regulation
of woody plant secondary metabolism by resource availability:
Hypothesis testing by means of meta-analysis. Oikos, 83, 212-226.

Kramer, P. J. (1983). Water relations of plants. Academic Press.

Kuczyk, J., Miiller, C., & Fischer, K. (2021). Plant-mediated indirect ef-
fects of climate change on an insect herbivore. Basic and Applied
Ecology, 53, 100-113. https://doi.org/10.1016/j.baae.2021.03.009

Larsson, S. (1989). Stressful times for the plant stress: Insect performance
hypothesis. Oikos, 56, 277. https://doi.org/10.2307/3565348

Larsson, S., & Bjorkman, C. (1993). Performance of chewing and phloem-
feeding insects on stressed trees. Scandinavian Journal of Forest
Research, 8, 550-559. https://doi.org/10.1080/02827589309382801

Lenhart, P. A., Eubanks, M. D., & Behmer, S. T. (2015). Water stress in
grasslands: Dynamic responses of plants and insect herbivores.
Oikos, 124, 381-390. https://doi.org/10.1111/0ik.01370

Lopez-lglesias, B., Villar, R., & Poorter, L. (2014). Functional traits predict
drought performance and distribution of Mediterranean woody
species. Acta Oecologica, 56, 10-18. https://doi.org/10.1016/j.
actao.2014.01.003

Luo, R., & Gilbert, B. (2021). Timing of short-term drought structures
plant-herbivore dynamics. Oikos, 2022(1).

Masuko, T., Minami, A., lwasaki, N., Majima, T., Nishimura, S.-I., & Lee, Y.
C. (2005). Carbohydrate analysis by a phenol-sulfuric acid method
in microplate format. Analytical Biochemistry, 339, 69-72. https://
doi.org/10.1016/j.ab.2004.12.001

Mattson, W. J., & Haack, R. A. (1987). The role of drought in outbreaks of
plant-eating insects. BioScience, 37, 110-118.

Mody, K., Eichenberger, D., & Dorn, S. (2009). Stress magnitude
matters: Different intensities of pulsed water stress produce
non-monotonic resistance responses of host plants to insect
herbivores. Ecological Entomology, 34, 133-143. https://doi.
org/10.1111/j.1365-2311.2008.01053.x

Montesinos-Navarro, A., Pérez-Clemente, R. M., Sanchez-Martin, R.,
Gomez-Cadenas, A., & Verdd, M. (2020). Phylogenetic analysis of

puop) pue suiid I, 241 908 “[2202/Z 1/LT] U0 A1eiqrT AUIUQ AD[1A “OIIXON QUBIYI0D) KQ SOV 1" SHLT-SIET/1T1101/10p/wOd AoJiAv ATeaquIout[uo’s|euinofsaq/:sdny wosy papeojumod 0 ‘ShLI§9€ |

ssdny)

110}/W09" K[ 1M

P

ASULOIT SUOWWIO)) dA1EAI) o[qearjdde oYy Aq pauraA0s ale Sa[o1Ie Y() fasn JO Sa[NI 10§ ATRIqIT AUI[uQ) AJ[IA\ UO (SUOHIPUC



14 Journal of Ecology

CARVAJAL ACOSTAET AL.

secondary metabolites in a plant community provides evidence for
trade-offs between biotic and abiotic stress tolerance. Evolutionary
Ecology, 34,439-451. https://doi.org/10.1007/s10682-020-10044-2

Mooney, K. A., & Agrawal, A. A. (2008). Plant genotype shapes ant-aphid
interactions: Implications for community structure and indirect
plant defense. The American Naturalist, 171, E195-E205. https://
doi.org/10.1086/587758

Moreno-Gutiérrez, C., Dawson, T. E., Nicolds, E., & Querejeta,
J. 1. (2012). Isotopes reveal contrasting water use strate-
gies among coexisting plant species in a Mediterranean eco-
system. The New Phytologist, 196, 489-496. https://doi.
org/10.1111/j.1469-8137.2012.04276.x

Minkemdiller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers,
K., & Thuiller, W. (2012). How to measure and test phylogenetic
signal. Methods in Ecology and Evolution, 3, 743-756. https://doi.
org/10.1111/j.2041-210X.2012.00196.x

Ordofez, J. C., van Bodegom, P. M., Witte, J.-P. M., Wright, I. J.,
Reich, P. B., & Aerts, R. (2009). A global study of relationships
between leaf traits, climate and soil measures of nutrient fer-
tility. Global Ecology and Biogeography, 18, 137-149. https://doi.
org/10.1111/j.1466-8238.2008.00441.x

Passioura, J. B. (1996). Drought and drought tolerance. Plant Growth
Regulation, 20, 79-83.

Price, P. W. (1991). The plant vigor hypothesis and herbivore attack.
Oikos, 62, 244. https://doi.org/10.2307/3545270

R Studio Team. (2015). R Studio. Integrated development for R. RStudio,
Inc.

Rasmann, S., & Agrawal, A. A. (2011). Evolution of specialization: A phy-
logenetic study of host range in the red milkweed beetle (Tetraopes
tetraophthalmus). The American Naturalist, 177, 728-737. https://
doi.org/10.1086/659948

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum:
A traits manifesto. Journal of Ecology, 102, 275-301. https://doi.
org/10.1111/1365-2745.12211

Revell, L. J. (2012). Phytools: An R package for phylogenetic compara-
tive biology (and other things). Methods in Ecology and Evolution, 3,
217-223.

Ryan, M. G. (2011). Tree responses to drought. Tree Physiology, 31, 237-
239. https://doi.org/10.1093/treephys/tpr022

Sarker, U., & Oba, S. (2018). Drought stress enhances nutritional and
bioactive compounds, phenolic acids and antioxidant capacity of
Amaranthus leafy vegetable. BMC Plant Biology, 18, 1-15. https://
doi.org/10.1186/s12870-018-1484-1

Sconiers, W. B., & Eubanks, M. D. (2017). Not all droughts are created
equal? The effects of stress severity oninsect herbivore abundance.
Arthropod-Plant Interactions, 11, 45-60. https://doi.org/10.1007/
s11829-016-9464-6

Sheffield, J., & Wood, E. F. (2008). Projected changes in drought oc-
currence under future global warming from multi-model, multi-
scenario, IPCC AR4 simulations. Climate Dynamics, 31, 79-105.

Skelton, R. P,, West, A. G., & Dawson, T. E. (2015). Predicting plant vul-
nerability to drought in biodiverse regions using functional traits.
Proceedings of the National Academy of Sciences of the United States of
America, 112, 5744-5749. https://doi.org/10.1073/pnas.1503376112

Taiwo, A. F., Daramola, O., Sow, M., & Semwal, V. K. (2020).
Ecophysiology and responses of plants under drought. In M.
Hasanuzzaman (Ed.), Plant ecophysiology and adaptation under
climate change: Mechanisms and perspectives | (pp. 231-268).
Springer Singapore.

Touchette, B. W., lannacone, L. R., Turner, G. E., & Frank, A. R. (2007).
Drought tolerance versus drought avoidance: A comparison of
plant-water relations in herbaceous wetland plants subjected to
water withdrawal and repletion. Wetlands, 27, 656-667. https://doi.
org/10.1672/0277-5212(2007)27[656:DTVDAA]2.0.CO;2

Travers-Martin, N., & Midller, C. (2008). Matching plant de-
fence syndromes with performance and preference of a

specialist herbivore. Functional Ecology, 22, 1033-1043. https://doi.
org/10.1111/j.1365-2435.2008.01487.x

Turtola, S., Rousi, M., Pusenius, J., Yamaji, K., Heiska, S., Tirkkonen, V.,
Meier, B., & Julkunen-Tiitto, R. (2005). Clone-specific responses in
leaf phenolics of willows exposed to enhanced UVB radiation and
drought stress. Global Change Biology, 11, 1655-1663. https://doi.
org/10.1111/j.1365-2486.2005.01013.x

Volaire, F., Barkaoui, K., & Norton, M. (2014). Designing resilient and
sustainable grasslands for a drier future: Adaptive strategies, func-
tional traits and biotic interactions. European Journal of Agronomy,
52,81-89. https://doi.org/10.1016/j.€ja.2013.10.002

Walter, J., Hein, R., Auge, H., Beierkuhnlein, C., Loffler, S., Reifenrath,
K., Schadler, M., Weber, M., & Jentsch, A. (2012). How do extreme
drought and plant community composition affect host plant me-
tabolites and herbivore performance? Arthropod-Plant Interactions,
6, 15-25. https://doi.org/10.1007/s11829-011-9157-0

White, T. C. R. (1969). An index to measure weather-induced stress of
trees associated with outbreaks of psyllids in Australia. Ecology, 50,
905-909.

White,T.C.R.(2009).Plantvigourversusplantstress: Afalsedichotomy.Oikos,
118, 807-808. https://doi.org/10.1111/j.1600-0706.2009.17495.x

Woodson, R. E. (1954). The north American species of Asclepias
L. Annals of the Missouri Botanical Garden, 41, 1. https://doi.
org/10.2307/2394652

Wright, . J., Reich, P. B., Cornelissen, J. H. C., Falster, D. S., Groom, P. K.,
Hikosaka, K., Lee, W., Lusk, C. H., Niinemets, U., Oleksyn, J., Osada,
N., Poorter, H., Warton, D. I., & Westoby, M. (2005). Modulation of
leaf economic traits and trait relationships by climate: Modulation
of leaf traits by climate. Global Ecology and Biogeography, 14, 411-
421. https://doi.org/10.1111/j.1466-822x.2005.00172.x

Wright, I. J., Reich, P. B., & Westoby, M. (2001). Strategy shifts in leaf
physiology, structure and nutrient content between species of
high- and low-rainfall and high- and low-nutrient habitats: Leaf
physiology, structure and nutrients. Functional Ecology, 15, 423-434.
https://doi.org/10.1046/j.0269-8463.2001.00542.x

Xu, H., Wang, X., & Zhao, C. (2021). Drought sensitivity of vegeta-
tion photosynthesis along the aridity gradient in northern China.
International Journal of Applied Earth Observation and Geoinformation,
102, 102418. https://doi.org/10.1016/j.jag.2021.102418

Zalucki, M., Brower, L., & Alonso, A. (2001). Detrimental effects of latex
and cardiac glycosides on survival and growth of frst-instar mon-
arch butter'y larvae Danaus plexippus feeding on the sandhill milk-
weed Asclepias humistrata. Ecological Entomology, 26, 212-224.

Zust, T., Petschenka, G., Hastings, A. P., & Agrawal, A. A. (2019). Toxicity
of milkweed leaves and latex: Chromatographic quantification
versus biological activity of cardenolides in 16 Asclepias species.
Journal of Chemical Ecology, 45, 50-60. https://doi.org/10.1007/
s10886-018-1040-3

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Carvajal Acosta, A. N., Agrawal, A.
A., & Mooney, K. (2022). Plant water-use strategies as
mediators of herbivore drought response: Ecophysiology,
host plant quality and functional traits. Journal of Ecology, 00,
1-14. https://doi.org/10.1111/1365-2745.14059

puop) pue suiid I, 241 908 “[2202/Z 1/LT] U0 A1eiqrT AUIUQ AD[1A “OIIXON QUBIYI0D) KQ SOV 1" SHLT-SIET/1T1101/10p/wOd AoJiAv ATeaquIout[uo’s|euinofsaq/:sdny wosy papeojumod 0 ‘ShLI§9€ |

ssdny)

110}/W09" K[ 1M

P

ASULOIT SUOWWIO)) dA1EAI) o[qearjdde oYy Aq pauraA0s ale Sa[o1Ie Y() fasn JO Sa[NI 10§ ATRIqIT AUI[uQ) AJ[IA\ UO (SUOHIPUC



