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Plant water stress and previous herbivore damage
affect insect performance
P H I L I P G . H A H N and J O H N L . M A R O N Division of Biological Sciences, University of
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Abstract. 1. Short-term changes in plant resistance traits can be affected by abiotic
factors or damage by herbivores, although how the combined effects of abiotic factors
and previous damage affect subsequent insect larval development is not well understood.

2. Complementary glasshouse and field experiments were conducted to evaluate
whether plant water stress and previous herbivore damage influenced monarch (Danaus
plexippus) larval development on common milkweed, Asclepias syriaca.

3. In the glasshouse, water stress altered a suite of A. syriaca functional traits but did
not affect nutrient content, whereas herbivore damage increased leaf nitrogen (N) and
reduced the carbon:nitrogen (C:N) ratio. A bioassay experiment showed that monarch
larval survival was lower on well-watered plants that were previously damaged by
monarch larva than on damaged and drought-stressed plants. Bioassay larvae consumed
less leaf tissue of previously damaged plants, whereas monarch larval mass was affected
additively by water stress and previous damage, after correcting for the amount of leaf
tissue consumed.

4. In a 2-year field experiment, monarch larval performance was higher on previously
damaged A. syriaca plants that received experimentally reduced rainfall, relative to
plants receiving ambient rainfall.

5. Collectively, these results from glasshouse and field experiments suggest that insect
performance was highest on previously damaged plants under water stress and highlight
the additive and interactive roles of abiotic and biotic factors on herbivore performance.

Key words. Induced defence, milkweed, monarch, plant drought stress, plant–insect
interaction.

Introduction

Development and performance of insect herbivores depend crit-
ically on the quality of their host plants, such as nutrient content
and resistance traits (Awmack & Leather, 2002; Carmona et al.,
2011; Wetzel et al., 2016). Changes in abiotic conditions, such
as soil nutrients or other environmental stressors, can affect
short-term changes in plant nutrition and expression of resis-
tance traits (Bazzaz et al., 1987; Donaldson et al., 2006; Hakes
& Cronin, 2011). Herbivore damage can also induce changes
in plant traits, such as plant nutrition (Huang et al., 2013)
and chemical or physical resistance, which usually, but not
always, reduces the performance of subsequent herbivores feed-
ing on damaged plants (Agrawal, 1998; Karban et al., 1997).
Although the degree to which abiotic factors and herbivore
damage individually contribute to levels of plant resistance and
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herbivore performance is well documented, less is known about
the combined effects of abiotic factors and previous herbivory on
the subsequent performance of larval insects. Most current the-
ories of plant defence predict that inducible resistance should be
lower under stressful conditions, because stressed plants should
have fewer resources available to allocate to induced resistance
(Herms & Mattson, 1992; Orrock et al., 2015). As such, her-
bivore performance should only be affected by previous dam-
age when plants are not stressed. However, current evidence is
mixed regarding how herbivore performance is affected by abi-
otic stress and previous damage, and most studies have been
conducted using only nutrient stress under glasshouse conditions
(e.g., Glynn et al., 2003; Burghardt, 2016).

Water stress to host plants can have substantial effects on
insect performance through changes in plant quality and resis-
tance traits (Chaves et al., 2003; Huberty & Denno, 2004;
Grinnan et al., 2013). However, the combined effects of water
stress and previous herbivory is often overlooked in studies that
examine the effect of water stress on insect performance. Several
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studies have shown that water-stressed plants are better able to
induce resistance traits and reduce insect performance compared
with well-watered plants (Tariq et al., 2013; Kleine & Muller,
2014). Another study, however, showed that drought can inhibit
the induction of resistance traits (Halpern et al., 2010), while
others found no or mixed effects of drought on inducibility (Hale
et al., 2005; Gutbrodt et al., 2012; Weldegergis et al., 2015). Of
the studies that found mixed results, one found that water stress
and previous damage acted independently on plant nutritional
and resistance status; each factor had unique effects on the per-
formance of different herbivores (Hale et al., 2005). Another
study that found mixed results showed that water-stressed plants
and previously damaged plants received higher rates of ovipo-
sition by a generalist lepidopteran, but subsequent performance
of the larvae was not affected by either treatment (Weldegergis
et al., 2015). Finally, the effects of water stress on insect per-
formance may be driven largely by changes in plant nutrition,
rather than by changes in induced resistance (Hale et al., 2005;
Gutbrodt et al., 2012). Overall, while there is evidence that water
stress and previous damage to plants can both, in isolation, affect
insect performance, no clear patterns have emerged with regard
to how water stress and previous damage interact to affect insect
performance.

In this study, we conducted complementary glasshouse and
field experiments to test how water stress and previous herbivory
on common milkweed, Asclepias syriaca, influence monarch
(Danaus plexippus) larval performance. Asclepias syriaca is a
long-lived herbaceous perennial plant that occurs in much of the
eastern part of North America. It is attacked by several species
of specialist insect herbivores and exhibits a variety of resis-
tance traits, such as trichomes, latex, and cardenolides (Agrawal,
2005). Monarch larvae have evolved behavioural and physio-
logical mechanisms to overcome milkweed resistance (Zalucki
& Brower, 1992; Petschenka et al., 2013), although milkweed
resistance traits are still effective at killing or reducing monarch
larval growth (Zalucki & Brower, 1992; Zalucki & Malcolm,
1999; Agrawal, 2005). Constitutive levels of plant resistance
traits can be affected by water stress. For example, cardenolides
increase in concentration in water-stressed plants, whereas latex
and trichome production declines with water stress (Agrawal
et al., 2014b; Couture et al., 2015). Cardenolides and latex are
also inducible following damage by foliar and root-feeding
insects (e.g. monarchs, chrysomelid and cerambicid beetles; van
Zandt & Agrawal, 2004; Bingham & Agrawal, 2010; Agrawal
et al., 2014a). However, it is unclear how herbivore perfor-
mance might be influenced by induced plant resistance or nutri-
tional traits that are mediated by water stress. We predicted that
water stress would compromise A. syriaca’s ability to induce
defences (Herms & Mattson, 1992; Orrock et al., 2015), result-
ing in increased herbivore performance on previously damaged,
water-stressed plants compared with previously damaged plants
that did not experience water stress.

Materials and methods

Glasshouse experiment

To test the effects of water stress and previous herbivore
damage on monarch larval performance, we conducted a

2 × 2 factorial experiment manipulating water stress (two
levels; low-watering frequency to impose water stress and a
high-watering frequency control treatment; see later for further
detail) and previous damage by monarch larva (two levels;
induced by herbivore damage or not induced). Asclepias syri-
aca seeds were purchased from Prairie Moon Nursery (Winona,
Minnesota), cold-stratified in moist paper towels at 2 ∘C for
approximately 2 weeks. The seeds were then planted in 0.5-litre
pots filled with a 1 : 1 mixture of potting soil (Metromix 366P,
BFG Supply, Burton, Ohio) and local field soil (silt loam) and
allowed to germinate in a glasshouse (n = 180 plants total).
Cotyledons began to emerge by 9 June 2015 and all plants had
emerged by 15 June 2015. All plants were allowed to grow
for approximately 1 month, received water every 1–2 days,
and were fertilised once with an all-purpose fertiliser (Scotts
Miracle-Gro Products, Inc., Marysville, Ohio). We randomly
divided the 180 plants into two groups; plants in one group were
used to measure several traits related to physiology (stomatal
conductance, leaf water content, and 𝛿13C), growth [total dry
biomass, stem height, root:shoot, and specific leaf area (SLA)],
and resistance or nutrition (trichome density, latex, leaf nitrogen,
and leaf C:N; n = 80 trait plants), and plants in the other group
were used as hosts for monarch larvae, so their performance
could be assessed (n = 100 bioassay plants). Within these two
groups, we randomly assigned plants to factorial combinations
of the water stress and damage treatments.

We began the water-stress treatment on 7 July 2015, which
was 22 days after all the plants had germinated and emerged
above ground. At this time, plants had four to 12 leaves.
We monitored water-stressed plants daily and added 150 ml
of water to pots when plants began to show signs of wilting
(approximately every 5–8 days). Well-watered plants received
ad libitum water every 2–3 days throughout the course of
the experiment. Approximately 5 weeks after initiating the
drought treatment, we placed one freshly hatched monarch
larva on half of the plants (n = 40 trait plants and n = 50
bioassay plants). Monarch eggs were ordered from Michigan
Monarchs (Allenton, Michigan). We allowed the monarchs to
feed for 4 days, which is long enough for A. syriaca plants to
induce defences (Agrawal et al., 2015). Using insects to damage
plants is a common method to induce defences in Asclepias
(and other) species and is more effective than mechanical
damage (van Zandt & Agrawal, 2004; Rasmann et al., 2009).
At the end of the experiment (16 August 2015), we measured
stomatal conductance using a portable leaf porometer (Decagon
Devices, Inc. Pullman, Washington) and we collected latex on
a pre-weighed 1.5-cm-diameter filter paper by clipping the tip
(∼5 mm) off one of the top fully expanded leaves. Latex was
stored at −2 ∘C in a pre-weighed 28.4-g plastic container and
reweighed within 2 days. Latex content was calculated as the
fresh mass of latex (mg) collected from each plant. We collected
the other top, fully expanded leaf to measure trichome density,
leaf water content, and SLA. Leaves were stored in a moist paper
towel at 2 ∘C for <2 days until trichomes could be counted.
Trichomes were counted under a dissecting scope in a 33 mm2

area of the leaf. The leaf was then scanned, weighed, dried
at 60 ∘C for 2 days, and reweighed to the nearest mg. Leaf
water content was calculated as the difference between leaf fresh

© 2017 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12468



Abiotic and biotic effects on insect performance 3

weight and leaf dry weight. Leaf area was calculated from the
scanned leaf image using imagej (NIH, Bethesda, Maryland).
Specific leaf area was calculated as the area (cm2) per dry
mass (mg). Percentage carbon (C), percentage nitrogen (N), and
𝛿13C (an indicator of water-use efficiency) was determined for
a subset of plants (n = 23) via elemental analysis (Colorado
Plateau Stable Isotope Laboratory, Flagstaff, Arizona). We
also completely harvested, dried, and weighed all above- and
below-ground biomass from a subset of plants (n = 35).

The bioassay plants (n = 100) received a new freshly hatched
monarch larva that served as a bioassay monarch immediately
following removal of the initial damaging monarch. Larvae were
placed on the upper most leaves of uncaged plants and were
allowed to roam over the entire plant. Individually potted plants
were spaced so that the larvae could not move to adjacent plants.
After 5 days of feeding, we collected the bioassay larva, waited
12 h so that they could void their guts, and then weighed the live
larvae to the nearest 0.1 mg. We also estimated the amount of
leaf tissue consumed by the bioassay larvae using a punched hole
(33 mm2 in diameter) as a guide to visually estimate the area of
leaf tissue consumed to the nearest 16.5 mm2. For plants that
were previously damaged, we subtracted the amount of damage
prior to the bioassay from the final amount of damage to the
plant.

Field experiment

Our field experiment was conducted in a restored prairie in
southern Wisconsin (latitude, 42.51199; longitude, −88.54890)
over two growing seasons. In spring 2015, within uncultivated
buffer areas next to a restored agriculture field, we haphazardly
selected 36 established A. syriaca plants, ensuring that stems of
replicate individuals were separated by >2 m. Some plants had
multiple stems originating from within 50 cm of the focal stem,
but no plants were part of an obvious large clonal patch. We
avoided depressions and slopes. We randomly assigned one of
the following treatments to each of the 36 plants: ambient rain-
fall (n = 15 plants), reduced rainfall via rainout shelters (n = 15
plants), and control shelter (rainout shelter with water added
back to plot; n = 6 plants). For the control shelters, water was
collected from the roof with a gutter that drained into a 18.9-litre
bucket, and the water was added back to the plot within approx-
imately 24 h of a rainfall event. We constructed rainout shel-
ters (Yahdjian & Sala, 2002) in late May 2015. Shelters were
1.5 m × 1.5 m and centred over each individual A. syriaca plant
assigned to the rainout or control treatments. The ambient treat-
ment plants did not receive a shelter. Shelters were 1 m tall in the
front and 1.4 m tall in the back (15∘ incline) oriented towards the
direction of prevailing winds (which was from the south; P. G.
Hahn, unpublished). Rainout shelter roofs were constructed out
of seven 14-cm-wide slats of clear polycarbonate roofing mate-
rials, which covered approximated 65% of the 2.25-m2 plots.
The roofing materials allow >90% light transmission (Palram
Americas Inc., Kudztown, Philadelphia). Several shelters were
compromised in the second year of the study, which reduced the
total sample size (n = 13 ambient plants; n = 11 rainout shelter
plants).

We measured volumetric soil moisture (VSM) at three loca-
tions within a 25-cm radius of each plant throughout the growing
season in 2015 and once in late July in 2016 using a Field-
Scout TDR 100 soil moisture meter (Spectrum Technologies
Inc., Aurora, Illinois). In 2015, the rainout shelters reduced VSM
by about 9% averaged across the entire season, from 35.6%
near ambient plants to 26.2% near plants under the rainout shel-
ters (Appendix S1). In 2016, the rainout shelters reduced VSM
by about 8%, from 25.6% near ambient plants to 17.5% near
plants under the rainout shelters (Supporting Information). To
determine whether the shelters altered microclimate, using a
Thermo-Hygrometer (Spectrum Technologies Inc., Aurora, Illi-
nois), we measured relative humidity and temperature under and
immediately outside the shelters on 17 June 2015 . Relative
humidity (F1,16 = 2.2, P = 0.16) and temperature (F1,16 = 0.5,
P = 0.50) were not affected by the shelters. We also measured
plant size and herbivore damage throughout the season in 2015
and once in 2016. Herbivore damage was estimated as the pro-
portion of leaves with >5% tissue removed by leaf-chewing
insects in 2015. The proportion of leaves damaged is often cor-
related with other metrics of herbivore damage and plant per-
formance in Asclepias and other species of forbs (Agrawal,
2005; Hahn & Orrock, 2015). Presence or absence of herbivory
was scored in 2016. Most folivory was caused by the special-
ist beetles Labidomera clivicollis and Tetraopes tetrophthal-
mus, although other herbivores that consume milkweed, such as
monarch larva (Danaus plexippus), aphids (Aphis asclepiadis),
milkweed tussock moth (Euchaetes egle), and milkweed stem
weevils (Rhyssematus lineaticollis), were observed in low abun-
dance (P. G. Hahn, unpublished).

In late (23–28) July 2015 and 2016, we conducted a bioassay
experiment on all plants using freshly hatched monarch larvae
(see earlier). We placed three larvae on each plant and enclosed
them in a mesh insect sleeve. After 5 days, we collected all
surviving larvae, allowed them to void their guts for 12 h, and
weighed them to the nearest 0.1 mg.

Statistical analysis

For the glasshouse experiment, we conducted a two-way
anova using the watering treatment (high and low), induced
defence treatment (induce and not induced) and their inter-
action as fixed-effect predictor variables. For plant traits (tri-
chomes, latex, leaf water content, stomatal conductance, SLA,
and stem height), we first conducted a manova with plant traits
as response variables, followed by univariate anovas. Because
of the smaller sample size for leaf nitrogen, C:N, 𝛿13C, and
biomass, we did not include these traits in the manova. We anal-
ysed each bioassay response variable separately (survival after
5 days, leaf area consumed, and mass after 5 days). Survival was
modelled with a binomial error structure and leaf area consumed
and mass were modelled with a normal error structure. When
using larval mass as the response variable, we also conducted an
additional analysis that included the amount of leaf area con-
sumed as a covariate, which allowed us to quantify how leaf
area consumed relates to larval mass. No transformations were
necessary to meet assumptions of normal distributions or homo-
geneity of residuals.
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For the field experiment, we conducted a repeated-measures
anova to evaluate the effect of the rainout treatment on larval
performance over the 2 years. We also included plant ID as a
random effect to account for the multiple larvae per plant. Mass
of surviving larvae on each plant was natural-log-transformed
prior to analysis. Plant height did not differ among the three
rainfall treatments during the first year (2015) of the experiment
(F2,29 = 1.4, P = 0.26) and so we did not consider using plant
height as a covariate in these analyses. Herbivore damage, mea-
sured as the proportion of leaves damaged, did not differ among
the three rainfall treatments in 2015 (F2,29 = 1.3, P = 0.28). The
mean proportion of leaves damaged, pooled across all treat-
ments, was 0.27 (±0.20 SD). We assumed that all plants with
previous damage had induced resistance traits. In 2015, the pro-
portion of leaves damaged was negatively correlated with the
final mass of the bioassay caterpillar, suggesting that more heav-
ily damaged plants were induced to a greater extent. However,
this trend was relatively weak and not significant (𝛽 = −1.21,
R2 = 0.09, F1,21 = 3.0, P = 0.097), so we did not include it as a
potential covariate. Only two plants (one in the ambient and one
in the rainout shelter treatment) did not receive any damage dur-
ing the 2015 season and one plant in 2016. However, these plants
may have been damaged below ground by the beetle Tetraopes
tetrophthalmus, which was common at our site and feeds on
A. syriaca roots as larvae and can induce resistance traits in
above-ground tissue (Erwin et al., 2014). Removing these two
observations from the analysis of larval mass (see later) did not
change the results, so we kept them in the analysis. All analyses
were conducted in r 3.2.0 (R Core Team, 2017) or sas 9.4 (SAS
Inc., Cary, NC, USA). For all analyses, we considered 𝛼 = 0.1 as
marginally significant and 𝛼 = 0.05 as significant. Data from all
experiments and r code for analyses are provided in Appendices
S2–S5.

Results

Glasshouse experiment

There was an overall significant effect of the watering treat-
ment on eight plant traits for which we had complete data
(manova: Pillai’s trace F6,67 = 28.5, P < 0.001), but there was
no effect of the induction treatment on plant traits as a group (Pil-
lai’s trace F6,67 = 0.6, P = 0.71), or the interaction (Pillai’s trace
F6,67 = 0.5, P = 0.81). Univariate anovas showed that the high
water treatment significantly increased values of eight (stom-
atal conductance, leaf water content, 𝛿13C, biomass, stem height,
root:shoot ratio, SLA, and trichome density) of the 11 measured
plant traits compared with the low water treatment, whereas the
damage treatment marginally increased leaf N and reduced C:N
(Fig. 1). Note that the traits that were affected by the damage
treatment (leaf N and C:N) as revealed by the univariate analy-
ses were not included in the manova, which revealed no effect
of damage on trait values, due to lower sample size. Latex was
the only trait not affected by either treatment (Fig. 1).

Survival of the bioassay larva was not affected by host
plant water stress (F1,91 = 1.7, P = 0.20) or previous dam-
age (F1,91 = 0.1, P = 0.71), but there was a trend towards a
significant interaction between these treatments (F1,91 = 3.7,

P = 0.057, Fig. 2a). On previously damaged plants, larval sur-
vival was higher on water-stressed plants than on plants that
received ad libitum water (linear contrast: t = −2.1, P = 0.037).
Larvae that survived the 5-day bioassay consumed less plant
tissue on plants with previous herbivore damage (F1,70 = 11.4,
P = 0.001), but were not affected by the watering treatment
(F1,70 = 1.0, P = 0.32) or the interaction between watering
and previous damage (F1,70 = 1.5, P = 0.23l; Fig. 2b). Mass
of larva that survived the 5-day bioassay was not affected by
watering (F1,71 = 2.4, P = 0.12), previous damage (F1,71 = 0.2,
P = 0.65), or the interaction (F1,71 = 1.1, P = 0.31; Fig. 2c).
However, after controlling for the effect of leaf tissue con-
sumed on larval mass (F1,69 = 19.3, P < 0.001), the watering
(F1,69 = 4.8, P = 0.032) and induction (F1,69 = 4.4, P = 0.039)
treatments had significant effects on larval mass, while the
interaction was not significant (F1,69 = 0.3, P = 0.57, Fig. 2d).
Area consumed was positively related to larval mass (𝛽 = 0.04,
SE = 0.01, P < 0.001), but interactions between area consumed
and the watering treatment or the damage treatment were not
significant (all P-values > 0.8) and these were removed from the
final model.

Field experiment

Monarch larval mass in the control shelter treatment was
more similar to the ambient treatment than to the rainout
treatment (data not shown). However, because these differ-
ences were not significant (perhaps due to low sample size of
the control shelters; n = 6), we removed the control shelters
from subsequent analyses. The rainout shelter treatment sig-
nificantly affected monarch larval growth on milkweed plants
(F1,31.5 = 5.2, P = 0.029). Larvae were larger on plants exposed
to the rainout treatment than on plants exposed to ambient rain-
fall (Fig. 3). Larval growth was also affected by year, with larvae
growing larger in 2015 than in 2016 (F1,88.8 = 9.5, P = 0.003),
but the interaction between the rainout treatment and year was
not significant (F1,88.8 = 0.4, P = 0. 53).

Discussion

Plant resistance traits are well known to be affected by either
abiotic factors, such as water stress (Chaves et al., 2003; Huberty
& Denno, 2004), or biotic factors, such as herbivore damage
(Agrawal, 1998; Karban, 2011). Here we show that water
stress can affect insect performance, using complementary
glasshouse and field experiments. In the glasshouse we show
that monarch larval survival was improved on water-stressed A.
syriaca plants that were induced by previous herbivore damage,
compared with undamaged water-stressed plants. Consumption
was affected by previous damage, but not by water stress.
In a 2-year field experiment, we also found effects of water
reduction on monarch larval performance, where monarch larval
growth was improved on damaged A. syriaca plants exposed
to experimental reductions in rainfall, as compared with plants
receiving ambient rainfall. However, because different metrics
of insect performance were affected in the glasshouse (survival)
and in the field (growth), different mechanisms may have driven
these results.
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Fig. 1. Traits measured on plants exposed to two watering regimes (high and low) and two damage treatments (previously damaged and not previously
damaged) in the glasshouse experiment. Trait values were centred to a mean of zero and scaled to a standard deviation of 1. Black dots show the median,
boxes represent the interquartile range, whiskers represent 1.5 times the interquartile range, and open dots represent data points outside the whiskers.
See the ‘Materials and methods’ for a description of trait measurements and units. SLA, specific leaf area.

Our experiments provide some evidence that water stress and
previous herbivore damage can influence the performance of
insects that subsequently feed on the plant (Herms & Mattson,
1992; Orrock et al., 2015), although we did not find strong dif-
ferences in the resistance traits we measured. In our glasshouse
experiment we found that monarch larvae survived better on
water-stressed plants that were previously damaged, compared
with undamaged water-stressed plants. We also found that pre-
vious damage affected the nutrient status of the host plants,
whereas the only resistance trait affected by the watering treat-
ment was trichome production. It is possible that variation in
cardenolide induction could drive our results, although we did
not measure cardenolides in our study. Importantly, our experi-
ment used freshly hatched (first-instar) larvae, which are most
susceptible to mortality caused by Asclepias resistance traits
(Zalucki & Brower, 1992; Zalucki & Malcolm, 1999). Water
stress, in the absence of herbivore damage, typically increases
the concentration of nutrients in plant tissue in the short term,
which can result in increased insect performance (White, 1984;
Behmer & Joern, 2012). However, this pattern can be reversed by
prolonged water stress, which reduces plant growth and quality,
resulting in reduced performance of insect herbivores (Chaves,
1991; Huberty & Denno, 2004). We found that persistent water
stress reduced plant growth in our glasshouse study (Fig. 1), but

the watering treatment had no effect on larval survival (Fig. 2a)
or amount of tissue consumed on non-damaged plants (Fig. 2b).
Larval mortality was probably not related to plant nutrition as
we found no effect of the watering treatment on leaf nitrogen
or C:N, and previous herbivore damage actually increased leaf
nitrogen and reduced C:N.

We also found that surviving larvae consumed significantly
less leaf tissue on plants that were previously damaged (Fig. 2b),
although there was no difference in larval mass at the end of the
experiment. However, when compared with the mean level of
leaf tissue consumed, larva grew faster on well-watered plants
and on previously damaged plants (Fig. 2c). This suggests that
plant quality improved because larval growth rate was greater,
per unit area of tissue consumed, on well-watered plants and on
previously damaged plants. This could be related to increases
in leaf nitrogen, at least on previously damaged plants (Fig. 1).
Recent studies have found similar results, where water stress
had negative effects on plant quality and insect preference
or performance (Grinnan et al., 2013; Lenhart et al., 2015).
However, comparing among studies can be challenging because
changes in drought duration and intensity can produce negative,
positive, or neutral effects of water stress on insect performance
(Huberty & Denno, 2004; Sconiers & Eubanks, 2017) and the
direction may depend on the feeding guild or diet breadth of the
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Fig. 2. Results of the 5-day bioassay glasshouse experiment. (a) Proportion of monarch larvae surviving; (b) area of leaf tissue consumed by surviving
larvae; (c) larval mass; and (d) larval mass after adjusting for the amount of leaf tissue consumed. anova results are provided next to each panel:
W, watering treatment; D, damage treatment; cons., area leaf tissue consumed; nsP > 0.1, •P = 0.057, *P < 0.05, **P < 0.01. Bars are one standard
error.

Fig. 3. Results from the bioassay experiment conducted on field plants
that were exposed to ambient rainfall or a rainout shelter. anova results
are provided within the panel. nsP > 0.05, *P < 0.05, **P < 0.01. Bars
are one standard error.

herbivore (Huberty & Denno, 2004; Mody et al., 2009). Other
studies with A. syriaca found that water stress can decrease
trichome density and latex production, but increase cardenolide
production, although the responses were typically fairly small
(Agrawal et al., 2014b; Couture et al., 2015). We did not find
significant effects of water stress on latex content, although
trichome production was lower for water-stressed plants and
latex trended in this direction (Fig. 1). Leaf nitrogen was not

affected by the watering treatment (Fig. 1). As such, the small
changes in resistance traits (e.g. trichomes) that we documented
probably did not affect any metric of larval performance.
Rather, other factors such as leaf water content, carbohydrates,
or unmeasured resistance traits (e.g. cardenolides) probably
increased larval growth per unit area of tissue consumed on
well-watered plants (Fig. 2d).

The results of our field experiment are consistent with those
from our glasshouse experiment in that there was higher larval
growth on A. syriaca plants that experienced experimentally
reduced rainfall compared with plants receiving ambient rainfall
(Fig. 3). The majority of plants in the field were naturally
damaged prior to our bioassay experiments, mainly by specialist
beetles Tetraopes tetraophthalmus and Labidomera clivicollis
(P. G. Hahn, unpublished). As both of these species can induce
herbivore resistance in A. syriaca (van Zandt & Agrawal, 2004;
Erwin et al., 2014), it is reasonable to assume that plants in
our field experiment had been induced. We also found that
monarch performance was significantly greater in the first than
in the second year of the experiment. It is unclear what factors
were responsible for this year effect, although there was greater
soil moisture availability in the second than in the first year of
the experiment (Appendix S1). Other climatic factors, such as
temperature and cloud cover, might also have contributed to the
difference in larval performance.

Plastic responses of plants are important for persisting in vari-
able environments (Ruel & Ayres, 1999; Bolnick et al., 2011),
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but responses to abiotic and biotic factors have historically been
considered in isolation. Our field and glasshouse experiments
show that water stress and previous herbivore damage interact
to affect plant nutrients and insect performance. Collectively,
this work provides additional empirical support for the grow-
ing interest in understanding how the abiotic environment can
mediate interactions between plants and herbivores.
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