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Abstract
Background: Prickly poppies (genus Argemone, Papaveraceae) epitomize well-defended plants. With 
high prickle densities and exudation of bright yellow latex from glaucous leaves, there are few reports of 
herbivore damage on these plants. Yet, little ecological work has examined within-plant or among-species 
variation in levels of anti-herbivore defenses in prickly poppies. 
Questions: Are prickly poppies well defended against generalist herbivores? Does chemical defense vary 
within prickly poppy plants in a pattern consistent with optimal defense theory?
Species study: Argemone glauca, A. mexicana, A. ochroleuca, A. platyceras were examined in bioassays 
using generalist caterpillars, Agrotis ipsilon Hufnagel and Chrysodeixis eriosoma Doubleday (Noctui-
dae).
Study sites and dates: Seeds were collected from field populations in Mexico (2015) and Hawaii (2011); 
experiment was conducted at the University of Hawaii at Manoa, Fall 2015.
Methods: Using a pair of no-choice bioassays, variation in the quality of whole-leaf and chemical extract 
infused artificial diets for caterpillar development was assessed. 
Results: Survivorship was lowest on the control lettuce diet, and varied little between poppy diets although 
pupal mass was marginally lower for caterpillars reared on A. platyceras than A. ochroleuca. Isolating the 
effects of plant chemistry, C. eriosoma performance was most strongly reduced by seed extracts, with an 
extension in pupal development time by one week compared to herbivores reared on other diets, as well as 
a significant reduction in mean adult mass. 
Conclusions: These results are consistent with optimal defense theory, reflecting greater allocation of de-
fense in tissues of high fitness value (i.e., seeds). Future work with native herbivores, chemical analyses, 
and investigations into alternative functions for these plant traits would shed new light on this interesting 
group of plants.
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erbivory is an important selective force acting on plant defense traits.  The continuous arms-race 
has resulted in selection for a remarkable diversity of physical and chemical defenses in plants 
(Ehrlich & Raven 1964, Fritz & Simms 1992, Bennett & Wallsgrove 1994, Hanley et al. 2007). 
Herbivores have in turn evolved means of detoxifying, avoiding, or tolerating plant defenses, 
giving rise to a diversity of herbivore feeding guilds and approaches (Karban & Agrawal 2002). 
Most plant species express multiple defense traits (Koricheva et al. 2004), and in some cases, 
multiple traits may interact in their effects on herbivores, leading to synergies and evolving 
into defense syndromes (Agrawal & Fishbein 2006). Knowing whether plants or herbivores 
are leading the coevolutionary arms race (in other words, is plant defense or herbivore offense 
dominating a particular interaction) is difficult to identify.  Moreover, teasing apart the effects of 
defense traits that co-occur on herbivores can be challenging. To provide new insights into these 
unanswered questions, we have examined the combined and separate effects of two putative de-
fense traits (latex and prickles) in a group of plants that appear to be leading the coevolutionary 
arms race against herbivores, the prickly poppies (genus Argemone, Papaveraceae; Figure 1).
 The prickly poppies appear to epitomize well-defended plants. Vegetative tissues and fruits 
are covered with sharp, non-vascularized prickles, with high densities found on leaf edges, flow-
ering stalks and capsules. Although spinescence is generally thought to be particularly deterrent 
to mammalian herbivores (Potter & Kimerer 1988, Hanley et al. 2007), prickles may also deter 
insect herbivores (Grubb 1992, Briand & Soros 2001).  Prickly poppies also have tough leaves 
with a thick and waxy cuticle, giving them a glaucous appearance. Although the epicuticular 
waxes in glaucous leaves confer an ecophysiological advantage in arid environments (Schreiber 
& Riederer 1996, Oliveira et al. 2003, Agrawal et al. 2009), such as those where prickly plants 
are common, glaucous leaves have also been found to reduce insect herbivory (Eigenbrode & 
Espelie 1995, Agrawal et al. 2009, Scholz et al. 2010). 
 In addition to these potential physical defenses, prickly poppies also appear to be chemically 
defended as plants exude a bright yellow or orange latex upon shoot damage (Barton 2014, 
Hoan et al. 2014). In the only species that has been well studied, Argemone mexicana, alkaloids 
in the protoberberine and protopine classes concentrate in the latex (Singh et al. 2010, Brahm-
achari et al. 2013). Extracts of A. mexicana leaves are broadly toxic, with detrimental effects re-
ported for snails (Meléndez & Capriles 2002), bacteria, fungi (Osho & Adetunji 2010), dipteran 
larvae (Sakthivadivel & Thilagavathy 2003), mice (Ansari et al. 2004), nematodes (Shaukat 
et al. 2002), and neighboring tomato plants (Shaukat et al. 2002).  Humans who accidentally 
consumed A. mexicana seeds became ill and, in some cases, died (Verma et al. 2001).  A recent 
study has also reported antibacterial activity for a second species of Argemone, A. ochroleuca 
(Reyes et al. 2011). Interestingly, latex and seed extracts from prickly poppies have been used 
medicinally for many years, providing further evidence for the bioactivity of prickly poppy tis-
sues (Chang et al. 2003, Brahmachari et al. 2013).   
 Considering the well-supported roles for prickles, tough leaves, and latex in defense against 
herbivores (Hanley et al. 2007, Agrawal & Konno 2009), it is likely that prickly poppies are 
well-defended plants. However, surprisingly little ecological research has focused on prickly 
poppies; thus plant-herbivore interactions involving Argemone species are not well character-
ized. Only one study has reported natural damage to Argemone plants in the field, showing that 
insect herbivory was scarce on A. corymbosa and A. munita in California (Goeden & Ricker 
1985). While low rates of defoliation were similarly observed on several species (A. mexicana, 
A. platyceras, and A. ochroleuca) during field surveys in Mexico, beetle herbivory on flowers 
was common (Kasey E. Barton & Karina Boege, unpublished data). To our knowledge, no pre-
vious study has attempted to test the efficacy of prickly poppy defense traits on herbivores in a 
controlled context. The goal of this study is to test, for the first time, how effective the putative 
defense traits of prickly poppies are against insect herbivores. Because specialist herbivores are 
likely to have evolved feeding behaviors and detoxification pathways to minimize their suscep-
tibility to resistance traits of their host plants (Ali & Agrawal 2012), we focused on generalist 
leaf-feeding herbivores. Using a controlled lab approach of no-choice bioassays, we tested the 
performance of two generalist Lepidopteran species, (Agrotis ipsilon and Chrysodeixis erio-
soma, Noctuidae), when fed whole-leaf or latex-infused artificial diets from four species of 
Argemone (Table 1). Measuring multiple aspects of herbivore performance, (mortality, time 
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to pupation, pupal and adult mass, and time to emergence), we have a comprehensive measure 
of herbivore fitness (Kariyat & Portman 2016).  Because chemical metabolite concentrations 
tend to vary within plants consistent with the fitness value and likelihood of attack of tissues, 
as predicted by the Optimal Defense Theory (McCall & Fordyce 2010), we also tested whether 
chemical extracts from leaves, roots, and seeds differed in their effects on caterpillar fitness. 
Damage to seeds are likely to have the greatest fitness consequences, and are likely to be tar-

Figure 1. Photo of Argemone 
platyceras taken in Oaxaca, 
Mexico in May 2015 by KEB. 
Glaucous leaves and prick-
les are clearly visible. Latex 
exudes from any damaged 
shoot tissue, including both 
vegetative and reproductive 

structures.
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geted by herbivores, leading us to predict that defense should be prioritized to seeds, followed 
by leaves, and then roots.  
 In particular, we addressed the following two questions: i) Are prickly poppies well defended 
physically and chemically against generalist herbivores, as evidenced by a reduction in caterpil-
lar performance? ii) Does chemical defense vary within prickly poppy plants in a pattern con-
sistent with optimal defense theory (greater negative effect on caterpillar performance of diet 
containing chemical extracts from seeds > leaves > roots), and among species? 

Materials and methods

Study System. Argemone (Papaveraceae) includes approximately 35 species native to the arid 
regions of the Americas (Schwarzbach & Kadereit 1999).  Many of these species, including A. 
mexicana L. and A. glauca Pope, have been used in traditional medicine (Capasso et al. 1997, 
Guizar-Gonzalez et al. 2012, Brahmachari et al. 2013). Prickly poppies are generally erect 
herbaceous annuals or short-lived perennials. This study includes four species of Argemone 
(Table 1). The Mexican poppy, A. mexicana, is native to Mexico, but has migrated worldwide to 

Species Experiment Native Range and Habitat Type Collection Site Mean Leaf Prickle 
   and Date Density (cm-2)

A. glauca Extract (seeds) Hawaii; dry uplands and coastal US, Hawaii, 15.0 ± 2.3 (n = 9) 
  habitats Hawaii Is. 2011

A. mexicana Extract (seeds, Mexico; disturbed habitats, hot US, Hawaii, Maui  2.6 ± 0.6 (n = 7)
 leaves, roots) climates; worldwide weed and Hawaii Is. 
   2011, 2015

A. ochroleuca Whole-leaf; Mexico; disturbed roadsides and Mexico, Guanajuato 1.8 ± 0.5 (n = 4)
 Extract (seeds) near agricultural fields 2015

A. platyceras Whole-leaf; Mexico; mid- and high- elevation Mexico, Oaxaca 1.6 ± 0.7 (n = 5)
 Extract (seeds, pastures and near agricultural  2015
 leaves, roots) fields

Table 1.  Summary of Argemone species used in the two experiments, including leaf prickle data on the 
populations from which plants used in the bioassays were collected.

become a pandemic weed. Two additional species common in Mexico were included, A. platy-
ceras Link & Otto and A. ochroleuca Sweet. The fourth species is the Hawaiian endemic, A. 
glauca (“pua kala”), which is found on all the main islands, particularly in dry coastal habitats 
and high elevations (Wagner et al. 1999). Coleoptera and domestic ungulates are thought to be 
the primary herbivores of continental species of Argemone (Barton & Boege, unpublished data), 
and due to the large-scale extinction of native Hawaiian herbivores, it is unknown what histori-
cally fed on pua kala, although likely herbivores would have been insects, flightless ducks, and 
land crabs (Givnish et al. 1994, James & Burney 1997). 
 Plants used in the bioassays were grown from seeds collected in Hawaii for both A. mexicana 
and A. glauca in 2011 and 2015, and from seeds collected in Mexico in May 2015 for A. ochro-
leuca (Guanajuato state) and A. platyceras (Oaxaca state). Seeds were removed from capsules 
and stored dry in the lab until sowing in Fall 2015. After germination, seedlings were trans-
planted into 1-gallon pots filled with equal parts Promix BX (65-75 % Canadian sphagnum peat 
moss, perlite, dolomitic and calcitic limestone, macro- and micronutrients, and a mycorrhizae 
inoculum) and black cinder and moved into a greenhouse with daily watering. 
 Two different generalist Noctuid Lepidoptera species were used in no-choice bioassays, 
based on availability at the time plants were ready for the bioassays. For the whole-leaf bioas-
say, the black cutworm, Agrotis ipsilon was used; for the chemical extract bioassay, Chryso-
deixis eriosoma was used. Agrotis ipsilon is a widespread agricultural pest found worldwide, 
including on many islands, which feeds on a diversity of agricultural crops from at least 18 plant 
families (Liu et al. 2016). A. ipsilon caterpillars used in this study were reared from eggs laid 
on paper towels from moths captured from the vicinity of agricultural fields in Hilo, Hawaii 
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Island in September 2015.  Chrysodeixis eriosoma is also a pandemic noctuid that feeds on 
many agriculturally important plants such as brassicas, corn, and tomato (Luther et al. 1996). C. 
eriosoma caterpillars were reared from eggs laid from moths collected near agricultural fields in 
Waimanalo, Oahu Island in October 2015. 

Whole Leaf Bioassay. This experiment tested the performance of A. ipsilon caterpillars reared 
on a whole-leaf diet of two species of prickly poppies, A. platyceras and A. ochroleuca. These 
species have similar prickle densities (Table 1), so any difference in caterpillar performance 
fed on these diets would most likely be driven by differences in the leaf chemistry or leaf 
toughness. A third group of caterpillars (the control treatment group) were reared on a diet of 
store-bought organic lettuce (a mixture of green-leaf and romaine lettuces) that was thorough-
ly washed to remove any potential contaminants prior to use.  Because caterpillars were too 
small to move immediately following hatching, all of them were fed on a mixed diet of lettuce 
and Amaranthus spp. leaves (collected near the St John Plant Laboratory on the UH-Manoa 
campus) for their first three days. After this period, caterpillars were moved to individual 2 oz 
cups and randomly assigned to an experimental diet (A. platyceras, A. ochroleuca, or lettuce). 
After the fourth instar, they were moved to 10 oz plastic containers. Leaves were collected 
from the greenhouse-grown poppy plants or from organic lettuce purchased from the grocery 
store, and new leaves were provided every 2 - 3 days as needed. The amount of leaf tissue pro-
vided to the larvae increased throughout instars. The total sample size was N = 72 caterpillars 
(10 replicates for each of the A. platyceras and A. ochroleuca diets and 52 replicates for the 
control diet).
 Herbivore performance was measured in three ways: as percent survival in the larval stage, 
days to pupation, and pupal mass. At each feeding time, dead caterpillars were recorded to cal-
culate % survival for each treatment group. As the larvae initiated pupation, these dates were 
recorded and analyzed as days to pupation, with day 0 being the start of the bioassay (approxi-
mately three days after hatching).  The pupae were weighed when the chrysalises were fully 
melanized, yielding pupal mass. We interpret plant defense to be revealed by negative effects 
of the prickly poppy leaf diets compared to lettuce, expressed as lower percent survival, longer 
development period before pupation, and lower pupal mass.  

Plant Extract Bioassay. To isolate the effects of chemical defense of prickly poppies, we con-
ducted a second experiment using plant extracts incorporated into artificial diet, which was 
then fed to caterpillars of C. eriosoma. This experiment removes the potential defensive role 
of leaf sclerophylly and prickles to focus specifically on chemical defenses and their variation 
within plants (among organs) and among species. Following hatching, all caterpillars were 
immediately moved into 2 oz. containers with moist filter paper and were initially fed on a 
control artificial diet with no added plant extracts (General Purpose Lepidoptera diet from 
Frontier Agricultural Sciences containing wheat germ, soy flour base prepared with water and 
agar according to the diet instructions). At the 4th instar, caterpillars were moved to larger 
containers (20 oz.).
 After six days on the control diet, caterpillars were randomly assigned to nine treatment diets 
which included the artificial diet prepared as for the control with the addition of 22 mL of aque-
ous plant extracts made from:  Argemone glauca seeds; A. ochroleuca seeds; A. mexicana seeds; 
A. mexicana roots; A. mexicana leaves; A. platyceras seeds; A. platyceras roots; A. platyceras 
leaves; control diet with no added plant extract. The seed extracts were made from 800 mg of 
seeds ground by mortar and pestle and then soaked in 22 mL distilled water for one hour.  Leaf 
extracts were made from leaves cut along the midrib and lateral veins to release latex and soaked 
in 22 mL distilled water for one hour; a total of 161.5 cm length of leaves were used per species. 
Root extracts were made by soaking 25-30 cm of freshly excavated roots that were macerated 
and soaked for one hour in 22 mL distilled water. These extracts were then respectively de-
canted carefully to exclude all particulate matter into two artificial feed solutions, and allowed 
to cool and solidify in Petri dishes. Prepared diets were stored in the refrigerator, and new diet 
was prepared four times throughout the experiment to ensure caterpillars were fed fresh diet. 
Tissues from five plants were included for the root and leaf preparations so that plant extracts 
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represented samples from a mixed genetic pool. Each treatment diet had 8-10 replicates, giving 
a total sample size of N = 78 caterpillars. 
 Herbivore performance was measured with five metrics in this experiment, including per-
cent survival, days to pupation, pupal mass, days to eclosion, and adult moth mass. Mortality 
throughout the juvenile life stages (caterpillar and pupal) was recorded and analyzed as percent 
survival. Pupae were kept in their individual dishes until eclosion date, which was recorded and 
used to calculate the number of days from the onset of pupation through eclosion (days to eclo-
sion). Adult moths were weighed as soon as the wings were fully dried. Including fitness metrics 
for all herbivore life stages gives us a more complete view of the potential negative effects of 
treatment diets, which might be missed by focusing only on the caterpillar stage (Kariyat & 
Portman 2016).

Statistical Analyses. Data were analyzed using SAS for Windows version 9.2 (SAS Institute, 
Cary, NC). Percent survival was analyzed using the Fisher’s exact test for the whole-leaf bio-
assay and a chi-square test for the plant extract bioassay. Continuous herbivore performance 
metrics included days to pupation, pupal mass, days to eclosion, and moth mass.  For each 
experiment, the metrics were analyzed both separately and together with a multivariate analysis 
of variance. The MANOVA’s tested whether diet (either whole-leaf or extracts incorporated into 
artificial diet) influenced herbivore performance. Because the MANOVA’s revealed significant 
effects of diet (see Results), performance metrics were then analyzed separately with univariate 
ANOVA’s. Pupal and adult mass were log-transformed to meet assumptions of homoscedastic-
ity and normality. 

Results

Whole Leaf Bioassay. Diet strongly affected Agrotis ipsilon caterpillar survival (Fisher’s exact 
test P < 0.0001). In sharp contrast to our prediction, caterpillars on the control lettuce diet had 
very high mortality (96 %) while all caterpillars reared on Argemone platyceras and A. ochro-
leuca leaves survived. For surviving caterpillars, diet significantly affected herbivore perfor-
mance as revealed by the MANOVA (Wilks’ λ F4,36 = 4.77, P = 0.0034). The univariate analyses 
reveal that both days to pupation (F2,19 = 3.47, P = 0.0518) and pupal mass (F2,19 = 3.47, P = 
0.0520) were marginally significantly affected by diet. However, again in contrast with our 
predictions, caterpillars took longer to pupate and were smaller when reared on the control let-
tuce diet than on the prickly poppy leaves (Figure 2). For the 2 poppy species, A. ochroleuca 
was slightly better for herbivore development than A. platyceras, as evidenced by fewer days to 
pupation and larger pupal mass (Figure 2).   

Plant Extract Bioassay. Chrysodeixis eriosoma caterpillar survival rates were consistently 
high across plant extract diets (χ2 = 7.41, d.f. = 8, P = 0.494). As with the first experiment, the 
MANOVA indicated that diet significantly influenced the other metrics of herbivore perfor-
mance (Wilks’ λ F32,190 = 3.01, P <  0.0001). The univariate analyses revealed that a significant 
effect of diet on days to pupation (F8,61 = 6.02, P < 0.0001) and a marginally significant effect 
of diet on adult mass (F8,61 = 2.01, P = 0.0622) were driving this significant result. Days to 
pupation varied from a mean of 21 days for caterpillars reared on the control diet to 30 days 
for those reared on diet incorporating seed extracts of Argemone ochroleuca. In general, diets 
including seed extracts led to the slowest development rates while caterpillars reared on diets 
including extracts of poppy leaves and roots were similar to that of control diets; this pattern 
was consistent for both species for which extracts were taken from roots, leaves, and seeds 
(Argemone mexicana and A. platyceras; Figure 3a). There were no detectable effects of diet 
on pupal mass (F8,61 = 0.89, P = 0.5307; Figure 3b) or the length of time it took for pupae to 
eclose (F8,61 = 1.26, P = 0.2836; Figure 3c). Although mean adult mass was marginally sig-
nificantly influenced by diet, the magnitude of differences among treatment diets was small 
(Figure 3d) and unlikely to be biologically meaningful. Nonetheless, moths reared on control 
and leaf extract diets were slightly larger than moths reared on diets incorporating extracts of 
roots and seeds (Figure 3d).  
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Figure 3. Effects of treatment 
diets on the fitness metrics of 
Chrysodeixis eriosoma her-
bivores, including: (a) days 
to pupation, (b) mean pupal 
mass, (c) days to eclosion, and 
(d) mean adult moth mass. Di-
ets were prepared as artificial 
diet alone (C), or prepared 
with aqueous plant extracts 
of seeds, leaves, or roots from 
four species of Argemone: 
leaves of A. mexicana (ML) 
and A. platyceras (PL); roots 
of A. mexicana (MR) and P. 
platyceras (PR), seeds of A. 
mexicana (MS), A. platyceras 
(PS), A. ochroleuca (OS), and 
A. glauca (GS).  Error bars are 

± 1 s.e.  

Figure 2. Effects of whole-
leaf diet on (a) pupal mass 
and (b) days to pupation in 
Agrotis ipsilon herbivores.  

Error bars are ± 1 s.e. 
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Discussion

Prickly poppies appear to epitomize a plant that is leading the coevolutionary arms race with 
herbivores. Prickly poppies are covered with sharp prickles over all vegetative and most repro-
ductive tissues; they exude a brightly colored and most certainly toxic latex; and their leaves 
are thick and tough. Yet, in a pair of bioassays, we found that the negative effects on generalist 
noctuid caterpillar performance were of relatively small magnitude, calling into question the 
importance of these traits for insect resistance. On the one hand, these results are consistent with 
a recent meta-analysis conducted by Smilanich et al. (2016), indicating that contrary to wide-
held predictions, generalist herbivores do not generally suffer from reduced performance when 
fed diets with plant secondary compounds. On the other hand, our results may reflect more 
that prickly poppy defenses do not target insect herbivores, but rather, are specific to native 
herbivores and/or other guilds of herbivores such as vertebrate browsers. Because ecological 
research is lacking for the species examined here, we do not know the native guilds of herbi-
vores which feed on prickly poppies. Moreover, it is possible that prickles provide resistance to 
fungal pathogens by preventing fungal spores from reaching the leaf surface. Clearly, additional 
research documenting natural patterns of herbivory and fungal pathogen infection would eluci-
date potential effects of latex and prickles on native poppy natural enemies.
 Because of our paired bioassay approach, we can attempt to separate the effects of physical 
and chemical defenses in prickly poppies. The whole-leaf bioassay exposes herbivores to both 
physical and chemical resistance traits, although excised leaves may not contain as much latex 
as attached leaves. Caterpillars were reared on leaves of either Argemone ochroleuca or A. 
platyceras, two Mexican species with remarkably similar prickle densities (Table 1). Surpris-
ingly, Agrotis ipsilon caterpillars performed relatively well on both species, and in contrast, suf-
fered almost 100 % mortality on the control diet of store-bought leaf lettuce. Because A. ipsilon 
is a common agricultural pest (Liu et al. 2016), we expected high performance on the lettuce 
diet. To reduce the likelihood that lettuce would include pesticides or other chemicals that would 
affect caterpillar development, we purchased organic lettuce and washed it thoroughly before 
offering it to caterpillars. Thus, while it is unlikely that the control diet unintentionally included 
deterrents, it is impossible to rule this out. Variation in nutrient levels of lettuce vs. prickly 
poppy leaves may also have contributed to these results, particularly if store-bought lettuce was 
nutrient-leached due to pre-sale storage practices (Konstantopoulou et al. 2010). 
 While it is difficult to ascertain the role of poppy chemistry (nutrients and secondary com-
pounds in latex) in the whole-leaf bioassays, caterpillars seemed able to overcome the prickles. 
We observed larvae littering their containers with excised prickles, revealing behavioral traits 
enabling these caterpillars to feed on prickly plants without ingesting the prickles. These results 
are thus consistent with previous studies suggesting that spinescence targets mammalian rather 
than insect herbivores (Potter & Kimmerer 1988, Hanley et al. 2007). However, it is feasible that 
this behavioral tactic was costly and/or other traits of the prickly poppy leaves were detrimental 
to Agrotis ipsilon development, as the pupal masses recorded in this study were approximately 
60 % smaller than has been reported in other studies on A. ipsilon (Saeki & Crowley 2012, Xu 
et al. 2016).
 In our second bioassay, we isolated plant chemistry to assess whether prickly poppies contain 
toxic secondary compounds that reduce herbivore performance. Previous work on Argemone 
mexicana has clearly revealed that the alkaloids in seeds and latex are toxic to a variety of or-
ganisms, including snails (Meléndez & Capriles 2002), bacteria, fungi (Osho & Adetunji 2010), 
dipteran larvae (Sakthivadivel & Thilagavathy 2003), mice (Ansari et al. 2004), nematodes 
(Shaukat et al. 2002), neighboring tomato plants (Shaukat et al. 2002), and humans (Verma et 
al. 2001). Although the latex composition has not been studied in our other Argemone species, 
the consistent bright yellow/orange color led us to predict that artificial diets incorporating 
any Argemone extracts would reduce caterpillar performance compared to artificial diet alone. 
Surprisingly, Chrysodeixis eriosoma caterpillars developed well on all treatment diets including 
root and leaf extracts. In contrast, diets incorporating seed extracts extended the larval period, 
(longer pupation time) and led to smaller adult moths. 
 Because longer larval periods associated with susceptibility to predation and parasitism 
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(Singer et al. 2012), and developing into smaller moths, which are likely to have reduced repro-
ductive potential (Honek 1993), these results suggest that these Argemone species defend seeds 
more than vegetative tissues such as roots and leaves. Higher toxicity for seeds compared to 
leaves and roots is consistent with our predictions based on the optimal defense theory, which 
posits that plants defend tissues relative to their fitness values and likelihoods of attack (McKey 
1979). While numerous studies have compared chemical defense with respect to the ODT with 
general support for greater defense in young vs. old leaves, there is no detectable trend among 
studies comparing chemical defense in flowers vs. leaves (McCall & Fordyce 2010). However, 
while comparisons of intra-plant variation in the secondary chemistry of seeds, roots, and leaves 
are relatively rare (most likely because different guilds of herbivores consume these different 
plant organs), there are many reports of chemically well defended seeds (Huang et al. 2011, 
Fricke et al. 2016). Additional chemical and ecological research is needed to confirm differ-
ences in secondary chemistry among plant tissues in these Argemone species and to examine 
how these intra-plant patterns relate to levels of herbivory in natural populations. Research on 
seed granivory would be particularly enlightening as to the role of secondary compounds in 
prickly poppy seeds.
 Examination of the various fitness parameters examined for Agrostis ipsilon and Chrysode-
ixis eriosoma reveal interesting differences in how the prickly poppy diets influence herbivore 
development. In general, survival rates were high on treatment diets (excluding the very high 
mortality on lettuce), indicating that these caterpillars are able to successfully reach pupation 
on a diet of prickly poppy leaves or artificial diet incorporating prickly poppy extracts. The fit-
ness trait most strongly influenced by treatment diets was the days to pupation, which differed 
significantly between whole leaf diets of Argemone ochroleuca vs. A. platyceras, and differed 
significantly among extract-infused artificial diets. In particular, C. eriosoma caterpillars reared 
on artificial diet incorporating seed extracts took about a week longer to pupate than caterpil-
lars reared on artificial diet alone. According to the slow-growth-high-mortality hypothesis, 
herbivores that spend more time in the larval stage experience higher rates of parasitism and 
predation (Clancy & Price 1987, Benrey & Denno 1997). Thus, although we would not expect 
C. eriosoma caterpillars to eat prickly poppy seeds under natural contexts, this response is con-
sistent with the presence of secondary compounds that reduce performance of the herbivores. 
Remarkably, mean number of days in the pupal stage (“days to eclosion”) and mean adult moth 
mass varied little among treatment diets. This could indicate a lack of plasticity in these key fit-
ness parameters. 
 In sum, from these two bioassay experiments, it appears as if prickly poppy defenses vary 
within plants and among species. Overall, the negative effects of poppy leaves and extracts on 
herbivore performance were weaker than expected. Because we inspected multiple fitness pa-
rameters in both bioassays (Kariyat & Portman 2016), we have considerable confidence in the 
conclusion that prickly poppies have weak effects on the performance of these two generalist her-
bivores. While recent reviews emphasize the resistance of generalist herbivores to plant secondary 
compounds in their hostplants (Smilanich et al. 2016), it is nonetheless striking that both species 
of noctuids examined here suffered only weak reductions in fitness when fed diets that included 
prickly poppy leaves or extracts. It may be that these non-native noctuid caterpillars are generally 
very tolerant to secondary compounds and tough leaves, consistent with their ability to consume a 
vast diversity of host plants. Further studies with native insect herbivores are needed to determine 
whether the responses of these non-native noctuid caterpillars are not typical. In addition, it has 
been suggested that prickles deter vertebrate herbivores more than insect herbivores (Grubb 1992, 
Briand & Soros 2001), highlighting the need for additional research on other guilds of herbivores. 
Alternatively, prickles, latex, and sclerophylly may be more important for other ecophysiological 
roles than for defense. Trichomes, for example, are well known to play an ecophysiological role, 
reflecting light and reducing photoinhibition (Jordan et al. 2005, Liakopoulos et al. 2006). Prickles 
are anatomically very similar to trichomes (Bell & Bryan 2008), and previous work has demon-
strated that prickles can be induced to greater densities under high light in the Hawaiian prickly 
poppy, Argemone glauca (Barton 2014). Future research examining herbivory by other guilds and 
the function of prickles, latex, and sclerophylly under abiotic stress would provide new insights 
into this interesting group of plants.
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