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Abstract Many plants produce defense chemicals that

are induced in response to damage. In spite of the tight

links between floral tissue and plant reproduction, very

little is known about whether floral defenses are induced in

response to floral damage. We manipulated Impatiens

capensis flowers to determine whether floral damage

reduces subsequent florivory, whether it induces antho-

cyanins or condensed tannins in floral tissues, and whether

responses are localized or systemic. We damaged one

flower per plant at one of three damage levels (0, 30, or

60 % tissue removal), collected subsequent flowers at set

time intervals and branch locations, and measured whole-

plant florivory for 3 weeks following damage. We also

observed a flower color polymorphism and analyzed

responses separately for red- and yellow-flowered plants.

Moderate damage to a single flower reduced subsequent

whole-plant florivory, but heavy damage did not. Moderate

damage to a focal flower also increased anthocyanins in

subsequent flowers on the same branch of red-flowered

plants, but decreased anthocyanins on parallel-branch

flowers of yellow-flowered plants. Damage did not affect

floral tannins. Because the reduction in florivory was sys-

temic and induced anthocyanins were not consistently

induced systemically, there may be other secondary com-

pounds not measured in this study that were systemically

induced, or effects of visual or olfactory cues of damage

itself that reduced subsequent florivory. This is the first

study demonstrating that damage to a single flower can

reduce subsequent whole-plant florivory in the field, indi-

cating that initial damage can have cascading effects on

subsequent interactions.

Keywords Anthocyanins � Condensed tannins �
Florivory � Induced defense � Optimal defense theory �
Plant defense

Introduction

Plant antagonists can have large negative effects on plant

fitness. For example, decades of studies demonstrate that

leaf herbivores can reduce fruit or seed number (Breedlove

and Ehrlich 1968; Cyr and Pace 1993; Marquis 1984).

Florivory (herbivory on flowers) has received much less

attention than leaf herbivory, although it occurs commonly

and can reduce plant reproduction as much as leaf her-

bivory (McCall and Irwin 2006; Strauss et al. 2004).

Florivores can disrupt flowering times (Kawagoe and

Kudoh 2010), directly decrease plant fitness by damaging

reproductive structures (Galen 1999; Leege and Wolfe

2002), and indirectly decrease plant fitness by reducing
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pollinator preference (Adler 2000; Krupnick et al. 1999;

Sober et al. 2010) and increasing pollen limitation (McCall

2010). The vast majority of research examining plant

resistance and chemical defense mechanisms focuses on

leaf herbivory, and thus relatively little is known about

whether or how flowers are defended against floral her-

bivory (McCall and Irwin 2006). Considering the tight link

between floral tissues and plant reproduction, florivory may

play a significant role shaping the evolution of plant

defenses (McCall and Irwin 2006).

Plants can defend tissues against damage via constitu-

tive or induced defenses. Constitutive defenses are always

produced and so require resource allocation regardless of

antagonist presence (McCall and Fordyce 2010). Induced

defenses are produced in response to damage, allowing

plants to avoid physiological or ecological costs of defense

production until such defenses are needed (Strauss and

Agrawal 1999), but at the cost of leaving tissues unde-

fended until damage occurs. Optimal defense theory sug-

gests that tissues most valuable to the plant will be

defended with constitutive rather than with inducible

defenses (Schaffner et al. 2011; Strauss et al. 2004).

Reproductive structures and young leaves may have greater

constitutive defenses than tissues less likely to be attacked,

such as roots and stems (Zangerl and Rutledge 1996).

However, deterring florivory via constitutive defense may

incur ecological costs to plants; while floral defenses may

deter florivores, pollinators may also be deterred (Adler

and Irwin 2005; Adler et al. 2012; Agrawal et al. 2000;

Andrews et al. 2007; Kessler and Halitschke 2009; Kessler

et al. 2004; McCall and Irwin 2006; Mooney et al. 2010).

Induced defenses in floral tissues could mitigate potential

ecological costs of defense due to reduced pollinator

visitation.

A growing number of studies have demonstrated that

vegetative damage can induce changes in floral secondary

compounds (Marlin et al. 2014; McCall and Karban 2006;

Schiestl et al. 2014; Wackers and Bezemer 2003). For

example, leaf herbivory on Nicotiana tabacum by Mand-

uca sexta increased floral nectar alkaloids (Adler et al.

2006). Raphanus sativus plants have a flower color poly-

morphism, and leaf damage induced changes in petal glu-

cosinolates that differed with flower color morph (Strauss

et al. 2004). However, very few studies have examined

how floral interactions shape subsequent floral chemical

defenses or interactions with floral antagonists. Many

insect herbivores specialize on floral tissue, suggesting

induced responses to floral damage would be adaptive

(Hendrix 1984). For example, natural caterpillar florivory

increased resistance against subsequent lepidopteran flor-

ivory in Nemophila menziesii (McCall 2006), but traits

associated with resistance were not measured. Nicotiana

attenuata flowers showed a twofold increase in nicotine

pools after damage (Euler and Baldwin 1996), but resis-

tance to florivores was not measured. While these studies

suggest that flowers are capable of inducing defenses, we

are aware of no studies that simultaneously measure flori-

vore-induced changes in subsequent natural florivory in the

field and examine potential underlying chemical

mechanisms.

To determine whether florivory induces floral defenses

of a native annual plant, we conducted a manipulative field

experiment to ask the following questions: (1) Does floral

damage to a single flower affect subsequent natural flor-

ivory in the field? (2) Does florivory induce chemical

defenses in floral tissues? (3) If induction is observed, is it

localized or systemic?

Methods and materials

Study system

Impatiens capensis Meerb. (Balsaminaceae) is an herba-

ceous annual that grows in shady, moist areas across North

America (Eastman 1995). Impatiens capensis has little to

no seed bank, growing only from seed produced the prior

year (Simpson et al. 1985). It has a mixed mating system

with both cleistogamous and chasmogamous flowers.

Cleistogamous flowers do not open and are self-pollinated,

while chasmogamous flowers open to expose reproductive

structures, allowing cross-pollination. We have not

observed insect damage to cleistogamous flowers (MDHB,

pers. obs.). Both flower types produce a capsule fruit that

explosively dehisces upon maturation (Eastman 1995). The

term ‘flower’ will be used to refer to chasmogamous

flowers only hereafter. Flowers are open for 2–3 days, are

cornucopia-shaped with a prominent nectar spur on the

distal end, and are reliant on pollinators for reproduction

(Rust 1977; Schemske 1978). Flowers are sequentially

protandrous, with anthers dehiscing before carpel matura-

tion to prevent selfing (Eastman 1995).

Flowers are visited by many beneficial and antagonistic

insect species. Pollinators include Bombus spp., Apis mel-

lifera (Apidae), and Vespula maculifrons (Vespidae)

(Eastman 1995; Schmitt et al. 1985). More than 80 % of

flowers experience some form of nectar larceny that varies

spatially and temporally (Eastman 1995; Young 2008).

Flowers are nectar-robbed by vespids and Bombus spp. that

chew holes in the nectar spur to remove nectar without

pollinating, and are visited by smaller insects (e.g., halictid

bees, ants, and syrphid flies) that are nectar thieves,

removing nectar without contacting the plant’s reproduc-

tive parts (Soper Gorden and Adler 2013). Flowers are

regularly damaged by Popillia japonica (Scarabaeidae) and

other generalist herbivores such as grasshoppers and
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beetles (Soper Gorden and Adler 2013). In a previous study

at our site, floral damage ranged from 0 to 100 % of

flowers, but averaged 25 % of flowers damaged per plant

(Soper Gorden and Adler 2013). Treatments were based on

previous data from 391 flowers on 107 plants that had a

mean of 18.9 ± 4.0 % (mean ± SE) of flowers damaged

per plant, removing 31.5 ± 1.1 % (mean ± SE) floral tis-

sue (range 0–95 %; data from Soper Gorden and Adler

2013).

Impatiens capensis flowers contain several secondary

metabolites, including anthocyanins and condensed tannins

(Aras et al. 2007; Waterman et al. 1983), but little is known

concerning chemical traits associated with herbivore resis-

tance in I. capensis. Anthocyanins are flavonoids largely

responsible for the red pigmentation in plant tissues,

including I. capensis flowers (Close and Beadle 2003).

However, anthocyanins also serve a range of functions in

plant tissues, including protecting against ultraviolet wave-

lengths and preventing photoinhibition in photosynthetic

tissues (Close and Beadle 2003), and so increased antho-

cyanins may be associated with general stress rather than a

direct mechanism of herbivore resistance. We analyzed

anthocyanins due to their known occurrence in I. capensis

tissues and their association with damage responses in other

systems (Aras et al. 2007; Close and Beadle 2003; Johnson

et al. 2008; Karageorgou and Manetas 2006). Condensed

tannins are water-soluble phenolic compounds with a well-

documented role in herbivore defense due to their ability to

bind and precipitate proteins in insect herbivore digestive

systems (Salminen and Karonen 2011), but their role

affecting florivory is unknown.

Study site and plant propagation

On May 4, 2010, 150 I. capensis seedlings (*4–5 cm tall)

were collected from a natural habitat on Hampshire Farm

in Amherst, MA (N42�190 W72�310). Seedlings were

moved to the greenhouse at the University of Mas-

sachusetts at Amherst, and potted individually in 10-cm-

diameter pots using Fafard #2 potting soil (Conrad Fafard,

Inc., Agawam, MA). Plant positions on greenhouse

benches were randomized weekly, and plants were kept

under natural light and watered daily.

On June 8, plants were transplanted to a plot at Hamp-

shire Farm bordering the northeast edge of a moist wood-

land habitat containing a wild population of I. capensis.

Plants were spaced 1 m apart and arranged in four parallel

rows at the woodland’s edge. Natural soil nutrients were

low (Soper Gorden and Adler 2013), and each plant was

treated with 24 g of Osmocote Classic Controlled-release

14–14–14 Fertilizer (The Scotts Company, Maryville, OH)

on July 7, applied to a 0.5-m-radius area surrounding each

plant, to encourage flowering. The plants were watered

once immediately after fertilization and had only natural

rainfall for the rest of the experiment.

Experimental design

To determine whether floral damage induces defenses in

subsequently produced flowers, we randomly assigned the

104 plants that flowered to one of three damage treatments

(0, 30 %, or 60 % tissue removal) applied to one flower per

plant on August 18, at the height of flowering. Only one

flower was damaged to separate localized from systemic

effects of damage. These damage levels were chosen to

represent the average (30 %) and high value (60 %) of

tissue loss due to natural florivory, as well as a control

(0 %). Floral tissue was removed from corollas of one

flower per plant with dissecting scissors, leaving the nectar

spur and reproductive parts intact. We only applied treat-

ments to flowers without natural damage. Flowers were not

protected from natural florivory after treatments, and so our

manipulation represents a conservative estimate of effects

since subsequent interactions over the 2- to 3-day lifespan

of a flower could add random variation to our manipula-

tion. Each treatment flower was selected for its proximity

to buds on the same and parallel branches (vascular-sharing

branches directly above or below). A prior vasculature

mapping study showed that branches both above and below

a focal branch that were separated by an angle less than 50

degrees when viewed from above had shared vasculature

(Online Resource 1). We considered parallel branches to be

those connected to the same vasculature either above or

below a focal branch. These locations were chosen to

determine whether induction occurs locally or systemi-

cally, as a systemic response should be most evident in

branches with shared vasculature (Viswanathan and Thaler

2004). Damaged and control flowers were marked with

Wite Out (Bic USA, Shelton, CT) on the petiole to indicate

treatment location after the damaged flower had senesced.

Responses measured

To determine the effect of floral damage on subsequent

florivory, surveys of whole-plant florivory were conducted

1 week prior to (as a baseline metric of damage), and 1, 2,

and 3 weeks after treatment. Plants in the three damage

treatments had similar levels of florivory before treatments

were imposed (proportion flowers damaged, binomial

generalized linear model, v2 = 0.04, df = 2, P = 0.979).

Surveys recorded both the proportion of flowers damaged

per plant and the percent tissue removed from each dam-

aged flower.

To measure the timing and systemic nature of induction,

flower samples on the same branch and parallel branches in

relation to the treated flower were harvested at 1 day,
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2 days, 1 week, and 2 weeks after initial damage (number

of flowers at each time point, same branch: 24, 34, 110,

and 68, respectively; parallel branch: 28, 25, 52, and 38,

respectively). Flowers were removed by cutting the petiole

with dissecting scissors at the receptacle and stored indi-

vidually in 30-mL plastic portion cups kept cold for

transport. To analyze the percent red in corolla lips, all

collected flowers were photographed prior to freezing using

a digital camera with the entire corolla lip visible. Flowers

were then frozen at -11 �C for at least 24 h before being

transferred to glassine envelopes and frozen at -80 �C
until chemical analyses.

To quantify red spotting, flower photographs were

analyzed using ImageJ photo software (v1.43, National

Institute of Health, 2010). Red spots were isolated using

the threshold adjustment feature, measured as the number

of pixels, divided by the total number of pixels in the lip,

and multiplied by 100 to calculate the percentage of

anthocyanin-rich areas (‘‘percent redness’’).

To measure anthocyanin concentration, frozen flowers

were weighed, and then 1 mL of acidified methanol (1 %

HCl) was added, and the flowers were wet-ground with the

glass rods. Two milliliters of additional acidified methanol

was added, after which the test tubes were covered with

parafilm, vortexed, and kept dark at 10 �C for 48 h with

occasional agitation. Samples were then filtered and mea-

sured with a spectrophotometer (Genesys 10S UV–Vis

Spectrophotometer, Thermo Scientific) at 657- and 530-nm

wavelengths. Anthocyanin concentration was quantified as

[Abs657 - 0.25(Abs530)]/(frozen flower mass) (Brussland

2007).

To measure condensed tannin concentration, frozen

flowers were weighed and ground with tissue grinders in

3 mL of 70 % acetone and sonicated for 30 min. After

30 min of settling, 1 mL of the supernatant was pipetted

out and transferred to a 15-mL centrifuge tube (Thermo

Fisher Scientific, Waltham, MA) without disturbing the

pellet. Six milliliters of acid butanol (5 % HCl) and 0.2 mL

of iron reagent (2 % ferric ammonium sulfate in 2 N HCl)

were added, and the resulting solution was left to react in a

boiling water bath for 50 min. Samples were allowed to

cool before spectrophotometric measurement (Genesys 10S

UV–Vis Spectrophotometer, Thermo Scientific) at 550 nm.

Condensed tannin levels were quantified by dividing

absorbance by sample frozen mass.

Because determining chemical concentration required

for destructive sampling, flowers were randomly assigned

to either anthocyanin or condensed tannin analysis. When

multiple samples were taken from a single branch position

and time point, flowers were evenly divided between

anthocyanin and condensed tannin analysis. Multiple

samples of the same compounds from the same location

and time point were averaged within plant.

Statistical analysis

We analyzed the proportion of flowers damaged following

treatments with a generalized linear mixed model (GLMM)

using a binomial distribution and logit link function in the

lme4 package (Bates et al. 2012) in R (R Development

Core Team 2012). We analyzed mean percent flower tissue

removed per damaged flower (log-transformed) with a

GLMM using Gaussian distribution. For both responses,

we treated plant as a random factor and treatment, date, and

the treatment 9 date interaction as fixed factors to deter-

mine whether the probability of florivory changed over

time and whether treatment affected this, evaluating the

interaction with a likelihood ratio test. The proportion of

flowers damaged by florivores did not change with time,

and this pattern was consistent across damage treatments

(treatment 9 date, v2 = 0.57, df = 2, P = 0.753), so the

damage 9 date interaction was removed from the model.

Flower color (see below) was not included in this analysis

because of limited sample size of yellow-flowered plants

on some survey dates.

Plants consistently produced either predominantly red or

predominantly yellow flowers (Fig. 1a, b) with clear

bivariate distribution (Fig. 1c) with the valley between the

peaks at 30 % red coloration. Because of this, plants were

categorized as ‘yellow’ (having flowers with less than

30 % red coloration on the flower corolla lip, n = 42

plants) or ‘red’ (greater than 30 % red coloration, n = 29

plants) during analyses of chemical defenses. Plants could

be easily categorized as yellow or red, with only 4 % of

plants simultaneously producing both color morphs. These

plants were excluded from the analysis.

We used GLMMs to test the effects of damage treatment

and flower color on anthocyanin and condensed tannins in

flowers collected from the same branches as and branches

parallel to the focal flower. Within each location, damage

treatment and flower color (red or yellow) were considered

fixed factors. Because plants were sampled on multiple

dates, we treated plant as a random factor and included date

(days since damage treatment) as a continuous fixed factor.

Models included all fixed factors, and the damage by color

and damage by date interactions. Anthocyanin and con-

densed tannin absorbance were converted to integers and

modeled with a Poisson error distribution and log-link

function. All analyses were carried out in R (R Develop-

ment Core Team 2011) using the function glmmPQL() in

the MASS package (Venables and Ripley 2002), which

corrects for overdispersion.

To test specific hypotheses about treatment effects on

floral chemistry in red- and yellow-flowered plants, we

used non-orthogonal contrasts: (1) control versus 30 %

damage, red plants; (2) control versus 60 % damage, red

plants; (3) control versus 30 % damage, yellow plants; (4)
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control versus 60 % damage, yellow plants; (5) red control

versus yellow control. We also evaluated whether antho-

cyanin or condensed tannin concentration changed with

collection date in control plants or damaged plants. These

contrasts were carried out separately for same-branch and

parallel-branch flowers because of limited sample size

(some treatment/color/branch combinations were not pre-

sent). For parallel-branch condensed tannin samples, the 30

and 60 % damage levels were combined due to low sample

size (i.e., the contrast compared control to both damage

treatments).

Results

Floral damage treatment had a significant effect on the

proportion of flowers subsequently damaged (v2 = 25.52,

df = 2, P\ 0.001, Fig. 2). Planned contrasts show that

plants with 30 % damage had marginally less subsequent

florivory than control plants (Wald z = 1.77, P = 0.077),

with no significant difference between the control and

60 % damage in the proportion of flowers subsequently

damaged (Wald z = 0.37, P = 0.713). Percent tissue

removed per damaged flower was not affected by floral

damage treatment (v2 = 0.21, df = 2, P = 0.898), or the

treatment 9 date interaction (v2 = 4.80, df = 2,

P = 0.091).

Moderate (30 %) damage tended to increase subsequent

anthocyanin production in flowers on the same branch, but

only in red-flowered plants (Table 1; Fig. 3a). Neither the

60 % damage treatment in red morphs, nor any treatment

in yellow morphs, changed the production of anthocyanins

in same-branch flowers (Fig. 3a). By contrast, both mod-

erate and heavy damage reduced anthocyanins compared to

control treatments on parallel branches, but only in yellow-

flowered plants (Table 1; Fig. 3b). Control group yellow

Fig. 1 Examples of Impatiens

capensis flowers from a yellow-

flowered and b red-flowered

plants. c Histogram showing

bimodal distribution of flower

color. Flowers below 30 % red

are considered yellow, and

otherwise are considered red

(arrow denotes delineation).

Only 4 % of plants produced

both color morphs
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flowers had higher anthocyanin concentration than control

red flowers, demonstrating an unexpected negative corre-

lation between flower redness and anthocyanin content

(Table 1). Anthocyanin concentration did not change with

time since treatment (Table 1).

Condensed tannins were not affected by damage in

either red- or yellow-flowered plants, but tended to decline

overall with date (Table 1; Fig. 3c, d).

Discussion

We found that damage to a single flower significantly

reduced subsequent whole-plant florivory over a 3-week

period following damage. This result joins a growing number

of studies demonstrating that small amounts of early damage

to plants can have long-term consequences on subsequent

interactions and potentially plant fitness (Van Zandt and

Agrawal 2004). For example, leaf herbivory by the beetle

Popillia japonica on Oenothera biennis induced chemical

defenses in floral tissues that reduced Lepidopteran seed

predation by more than half (McArt et al. 2013). Interest-

ingly, leaf damage did not affect plant growth or reproduc-

tive phenology in isolation, but provided protection against

floral damage that resulted in increased plant reproduction

for leaf-damaged plants. Our study demonstrates that such an

‘inoculation’ effect of early damagemay occur from damage

to flowers as well as leaves.

Although anthocyanins were induced by floral damage

in some circumstances, the patterns of induction suggest

that these compounds were not the underlying mechanism

responsible for the effect of floral damage on subsequent

florivory. Floral damage induced anthocyanins in

Fig. 2 Effect of damage to a single flower on subsequent proportion

of flowers damaged, averaged across 3 weekly censuses (v2 = 25.52,

df = 2, P\ 0.001). The 30 % treatment had marginally less subse-

quent florivory than control plants (Wald z = 1.77, P = 0.077)

Table 1 Generalized linear

model assessing how 30 and

60 % floral damage treatments

affected anthocyanin and

condensed tannin concentration

in same- and parallel-branch

flowers in red and yellow

Impatiens capensis flower

morphs

Contrast Anthocyanins Condensed tannins

df t P df t P

Same-branch flowers

Red-flowered plants

Control versus 30 % 38 2.000 0.053 40 0.597 0.554

Control versus 60 % 38 0.256 0.800 40 -0.060 0.952

Yellow-flowered plants

Control versus 30 % 38 -0.454 0.652 40 1.029 0.310

Control versus 60 % 38 -1.261 0.215 40 -0.062 0.951

Yellow control versus red control 38 2.937 0.006 32 -1.510 0.831

Date 37 0.820 0.418 32 -2.660 0.012

Parallel-branch flowers

Red-flowered plants

Control versus 30 % 34 -0.241 0.811 29 0.404 0.689

Control versus 60 % 34 0.076 0.940

Yellow-flowered plants

Control versus 30 % 34 -2.045 0.049 40 0.159 0.875

Control versus 60 % 34 -2.047 0.048 40 -0.062 0.951

Yellow control versus red control 34 1.737 0.092 29 -0.219 0.829

Date 17 -1.129 0.275 20 -1.769 0.093

Bold indicates P\ 0.05; italics indicate P\ 0.1
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subsequent flowers, but in opposite directions in each color

morph. In the red color morph, induction was a highly

localized phenomenon that only occurred on the same

branch as treated flowers. Interestingly, this localized

induction only occurred in the medium-damage treatment,

consistent with the result that medium but not heavy

damage reduced subsequent florivory. By contrast, in yel-

low-flowered plants both moderate and heavy damage

reduced anthocyanins, but only on parallel branches.

Because the effect of damage treatments on subsequent

florivory was independent of color morph, and because we

would expect decreased anthocyanins in yellow morphs to

result in more rather than less florivory (Johnson et al.

2008), it does not appear that anthocyanins are responsible

for the induced defense against florivores. Reduced flor-

ivory could be due to deterrence from the visual cue of

initial damage (McCall and Irwin 2006), but is unlikely

since the visual cue would only last approximately 2 days,

the lifespan of an individual I. capensis flower. Addition-

ally, a study on the closely related Impatiens pallida found

that altering floral symmetry did not reduce seed set (Frey

et al. 2005), suggesting that visual cues of damage did not

alter interactions that affect reproduction. Reduced flor-

ivory could also be due to induction of other chemical cues,

including changes in volatile emissions (McCall and Irwin

2006; Zangerl and Berenbaum 2009), which merit future

examination as mechanisms underlying the dramatic effect

of early damage on subsequent florivory (Kessler et al.

2011; McCall and Irwin 2006).

Although the effects of florivory on subsequent plant–

pollinator interactions have been examined in several sys-

tems (Botto-Mahan and Ojeda-Camacho 2000; Botto-Ma-

han et al. 2011; Cardel and Koptur 2010; Cares-Suarez

et al. 2011; Leavitt and Robertson 2006; McCall 2008;

Morris et al. 2007; Sanchez-Lafuente 2007; Sober et al.

2010), very few studies have examined whether florivory

induces changes that affect subsequent floral damage. For

example, Euler and Baldwin (1996) found that floral

damage increased nicotine concentration in Nicotiana

attenuata corollas. Although this induction resulted from

prior damage to the same flower rather than subsequent

flowers, it nonetheless demonstrates that damage to floral

tissues can trigger a defense response. McCall (2006)

found that artificial clipping of Nemophilia menziesii

Fig. 3 Effect of damage

treatments and flower color on

a relative anthocyanin

concentration of flowers

[Abs657 - 0.25(Abs530)]/(wet

flower mass) from the same

branch as the focal flower,

b relative anthocyanin

concentration of flowers from

branches parallel to the focal

flower, c relative floral

condensed tannin content in

flowers [Abs550/(wet flower

mass)] from the same branch as

the focal flower, and d relative

floral condensed tannin content

in flowers from parallel

branches of the focal flower.

Asterisks over a damage

treatment bar indicate a

significant (P\ 0.05)

difference, using a priori

orthogonal contrasts, between

that damage level and the

control treatment within that

color morph and branch location

only. Error bars represent

standard error
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flowers reduced natural florivory over a 2-year period, and

caterpillar damage increased resistance to florivory later in

the season. These studies suggest that both local and sys-

temic effects may result from floral damage.

To our knowledge, this is the first study testing whether

the amount of floral damage affects the extent of induced

defenses. Moderate levels of floral damage reduced sub-

sequent herbivory, but heavy damage had no effect. This

suggests there may be a range of damage that causes

defense induction, with a threshold level beyond which less

induction occurs. In general, induction can occur propor-

tionally to the amount of damage, or abruptly as cues

surpass some threshold value (Svennungsen et al. 2011).

Dose-dependent thresholds were observed in two Populus

species where, once a certain level of leaf damage was

reached, leaves were more likely to abscise (Williams and

Whitham 1986). In a classic example, yucca plants abort

flowers that have received excessive oviposition from the

yucca moth, but not when oviposition is moderate (Pellmyr

and Huth 1994). Excessive tissue loss may hinder signaling

to other parts of the plant (Das et al. 2013), making mod-

erately damaged flowers more effective signalers than

heavily damaged flowers. Further, beyond a certain level of

damage the costs of producing or allocating defense

chemicals may outweigh the benefits. At moderate levels of

florivore attack, it may be advantageous to increase pro-

duction of systemic defensive chemicals to ward off future

attack. However, if the branch experiences severe attack,

induced responses may not be effective, particularly in this

system where Popillia japonica beetles often aggregate en

masse (MDHB, pers. obs). Given that different levels of

leaf herbivory vary widely in their effects on induced

defenses and plant reproduction (McCall and Irwin 2006),

future work should continue to examine how floral damage

intensity affects induced defenses, subsequent interactions,

and plant fitness.

We documented a flower color dimorphism in I.

capensis, in which plants produced predominantly either

red or yellow flowers (Fig. 1). To our knowledge, there has

been no previous mention in the literature of a flower color

dimorphism in this species, even though it has been a

model system for pollination biologists (Hurlbert et al.

1996; Rust 1977; Temeles and Pan 2002; Travers et al.

2003; Wilson and Thomson 1991; Young et al. 2007).

Although I. capensis often coexists with the congener I.

pallida, which could explain color variation through

hybridization, the two species have been shown not to

hybridize (Randall and Hilu 1990). Yellow morphs had

significantly higher levels of constitutive anthocyanins than

red morphs (Table 1; Fig. 3a, b), which is surprising

because the red spotting has previously been ascribed to

anthocyanins (Close and Beadle 2003). We also found that

induced responses varied with color morph, as has been

found previously for effects of leaf damage on petal glu-

cosinolates in Raphanus sativus (Strauss et al. 2004). In I.

capensis, damage induced higher anthocyanins in the red

but lower anthocyanins in the yellow color morphs, while

yellow morphs had higher constitutive anthocyanins. These

results suggest that different defense strategies are used by

each flower color morph (if anthocyanins serve a defensive

function in this species), perhaps due to biochemical con-

straints underlying production of defense compounds that

share precursors with pigment compounds, as has been

found in other floral systems (Fineblum and Rausher 1997).

Variation in floral pigmentation can affect interactions with

both pollinators and herbivores (Chittka and Raine 2006;

Doring and Chittka 2007). Therefore, the evolution of

different defense strategies in each color morph could

reflect selection by herbivores in addition to, or instead of,

pollinators.

A caveat to our results is that we damaged flowers

mechanically rather than with herbivores. Experimental

manipulation of damage to floral tissue is often performed

using dissecting scissors rather than herbivores (McCall

2010; McCall and Karban 2006) because flowers have a

narrower window of time than leaves in which to apply

damage, and it may be difficult to control natural herbivore

damage to avoid damaging reproductive structures within

flowers. Although saliva compounds can reduce or increase

chemical induction after leaf herbivory (Musser et al. 2006;

Strauss and Agrawal 1999; Weech et al. 2008), scissor

damage in Nemophila menziesii was shown to be an

accurate proxy for natural damage (McCall 2006). To our

knowledge, prior research on the effect of herbivore saliva

has focused on caterpillars and grasshoppers, whereas I.

capensis is most often damaged by beetles. In addition, the

timing of damage can affect induced responses (McCall

2006). The speed at which caterpillars consume tissue is

often much slower than that of beetles (McCall 2006), and

thus studies using caterpillars may not be analogous to

beetle damage. If natural florivore damage induces greater

defenses than mechanical damage, as has been found in

leaf herbivory studies (McCall 2006), then our experiment

may be a conservative test of the impacts of florivory on

chemical induction and subsequent floral interactions.

The goal of our study was to examine the consequences

of floral damage for subsequent florivory and chemical

induction; examining consequences for plant reproduction

was beyond the scope of this experiment. However, flowers

can be tightly linked to plant fitness (Leege and Wolfe

2002), and optimal defense theory predicts that tissues that

are most valuable to plant fitness should be more highly

defended (Cirak et al. 2008; Frolich et al. 2007; McCall

and Irwin 2006). Nonetheless, many plants, including I.

capensis, are not solely reliant on outcrossing flowers to

reproduce. I. capensis has both outcrossing
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(chasmogamous) flowers that require pollinators and self-

ing (cleistogamous) flowers which produce seeds without

pollinators (Rust 1977). In many systems, flowers can be

produced in excess as a tolerance mechanism against

damage (Wise et al. 2008), resulting in little relationship

between floral production, damage, and reproduction. In I.

capensis, production of selfing flowers can serve as a tol-

erance mechanism in times of stress, and selfing flowers are

produced in response to leaf herbivory (Koslow and Clay

2007; Steets and Ashman 2004). Manipulations of florivory

across the entire season are necessary to evaluate whether

defenses that reduce florivory should be adaptive in this

system.

While a growing number of studies have examined

induction in floral tissues as a response to leaf damage, few

have examined induction in flowers in response to floral

damage (Euler and Baldwin 1996; Ohnmeiss and Baldwin

2000; Strauss et al. 2004), and fewer have incorporated

different levels of damage or included both measures of

florivory and changes in putative chemical defenses as

responses (McCall 2006). Here, we demonstrate that

damage to floral tissue induced changes in anthocyanins

that vary with flower color morph. Furthermore, there was

a systemic effect of damage on subsequent natural florivory

over a period of 3 weeks, indicating that the first damage to

a single flower can have cascading effects on long-term

subsequent interactions.
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