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Florivory defence: are phenolic compounds distributed
non-randomly within perianths?
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Plants might allocate chemical defences unequally within attractive units of flowers including petals, sepals, and bracts
because of variations in the probability of florivory. Based on optimal defence theory, which predicts that plants allocate
higher chemical defences to tissues with higher probabilities of herbivore attack, we predicted that distal parts and sepals
would have higher chemical defence allocations than proximal parts and petals. To test this prediction, we compared total
phenolics and condensed tannins concentrations as well as presence of florivory within attractive units of ten angiosperm
species. In agreement with the prediction, the overall results showed that the distal parts had higher total phenolics and
condensed tannins than the proximal parts. On the other hand, contrary to the prediction, petals and sepals showed no
tissue-specific variations. Florivory was more severe on the distal parts than the proximal parts, although statistical
support for the variation was slightly weak, while the variations in presence of florivory between petals and sepals
differed between the distal and proximal parts. These results may support the prediction of the optimal defence theory
because distal parts of attractive units had higher presence of florivory and concentration of chemical defences.

ADDITIONAL KEYWORDS: bracts — condensed tannins — florivory — floral herbivory — perianths — petals —

sepals — total phenolics.

INTRODUCTION

Although most studies of plant—herbivore interactions
have been focused on herbivory of leaves, other parts of
plants such as flowers are also attacked by herbivores.
Several studies have shown that florivory (herbivory
on flowers) can have detrimental effects on plant
reproduction in both direct and indirect ways (see the
review by McCall & Irwin, 2006). The direct effects
result from consumption of petals, stamens, stigmas or
ovaries that cause reduction in probability of buds to
mature (Krupnick & Weis, 1998), viable pollen (Kirk,
1987) or seed set (McCall, 2008). Indirect damage
alters floral visual appearance (Mothershead &
Marquis, 2000; McCall, 2008; Tsuji & Ohgushi, 2018)
or scent (Lucas-Barbosa et al., 2016), causing declines
in pollinator visitation (but see Malo et al., 2001; Soper
Gorden & Adler, 2016). This reduction in reproduction
can decrease population growth rates of plants (Louda
& Potvin, 1995) and affect floral evolution (Ashman &
Penet, 2007; Sandring et al., 2007).
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These direct and indirect effects of florivory have been
mitigated by various defence mechanisms developed
by flowering plants (see the review by McCall & Irwin,
2006). For example, flowers of some species contain
phenolics (Tsuji & Sota, 2010; Alhakmani et al., 2013;
Oguro & Sakai, 2014), alkaloids (Adler, 2000; Alves
et al., 2007), and glucosinolates (Strauss et al., 2004).
In some species, secondary metabolites in flowers
such as anthocyanins (Johnson et al., 2008), nicotine
(Kessler et al., 2008) and furanocoumarin (Zangerl &
Berenbaum, 1993) were shown to act as floral defences.

Even within a flower, plants can allocate chemical
defences unevenly in different functional units such
as petals, stamens and pistils (Detzel & Wink, 1993;
Bravo & Copaja, 2002; Frolich et al., 2006). The optimal
defence theory (ODT) predicts that plants allocate
more defences to tissues with higher probabilities of
herbivory and/or higher fitness values (McKey, 1974,
Stamp, 2003). The probability of attack by florivores
may vary among the functional units of a flower. For
example, anthers and perianths are attacked more
often than ovaries in Iris gracilipes (Onodera et al.,
2014). Also, sepals and petals are more consumed than
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stamens and carpels in two species of Brassicaceae
(Abdalsamee & Miiller, 2015). In these species,
concentrations of secondary metabolites are also
different among the functional units yet congruence of
the distributions with the ODT is different among the
species (Onodera et al., 2014; Abdalsamee & Miiller,
2015).

However, relative allocation of chemical defences can
also differ within a functional unit because the value
and/or probability of attack can be different within the
functional unit. Attractive units of flowers, consisting
of petals, sepals and/or bracts, would be good materials
for elucidating defence allocation within a functional
unit for the following reasons. First, attractive units
enclose gametes and may protect them from direct
effects of florivory before anthesis while they are also
used for attraction of pollinators and consequently
mediate indirect effects on reproduction. Therefore,
these multiple relationships with florivory could
cause different selection on chemical defences in
different parts of attractive units of flowers. Second,
probabilities of florivory attack seem to be different
for different parts of attractive units. For example,
distal parts of attractive units are attacked more
often than proximal parts in many species (McCall,
2008: fig.1; Oguro & Sakai, 2015: fig.1; Thompson &
Johnson, 2016: fig. 2B; Wakabayashi et al., 2018: fig. 1;
S.N. and M.O., pers. obs.) yet this pattern has not been
measured quantitatively. Also, sepals are exposed to
the external environment longer than the other parts
of flowers during their lives (from bud formation to
blooming), and hence the sepals may suffer florivory
more often. In fact, attacks by insect larvae occur more
often in the bud stage than in the open flower stage in
1. gracilipes (Oguro & Sakai, 2009), and the sepals are
damaged more severely than the petals in this species
(M.O., pers. obs.). Yet, despite the possibility that
variations in probability of florivory could have caused
part-dependent allocation of chemical defences, little
is known about relative allocation of chemical defences
within attractive units of flowers. As far as we know,
chemical variations between petals and sepals have
only been studied in Acanthus mollis (Bravo & Copaja,
2002) and Phalaenopsis hybrids (Frolich et al., 2006).

In this study, we examined relative allocation of
chemical defences and presence of florivory within
attractive units of flowers in ten angiosperm species in
north-east Japan. Although many plants are known to
produce specific chemical compounds that contribute
to defence against herbivory, such as nicotine in
tobacco (Steppuhn et al., 2004) and glucosinolates
in the Brassicales (Rask et al., 2000), we focused on
phenolic compounds for the measure of chemical
defences because they are ubiquitous putative defence
compounds found in plants (Appel, 1993) and could
be examined in many species by measuring total

phenolics and condensed tannins. Phenolic compounds
are thought to act as plant defences against herbivory
and to be negatively related to the intensity of
herbivory (Pearse & Hipp, 2009; Kurokawa et al., 2010;
Fan et al., 2016), though some researchers doubt their
defence functions (Bernays et al., 1981; Hemming &
Lindroth, 1995; Close & McArthur, 2002). Based on
the observed variations in the intensity of florivory
and the optimal defence theory, we predicted that both
the concentrations of phenolic compounds and the
presence of florivory would be higher in sepals than in
petals, and higher in distal parts than proximal parts
of sepals, petals and bracts.

MATERIAL AND METHODS
STUDY SPECIES

We selected ten perennial species (Table 1) whose
flowers are mono-coloured or have a uniform pattern
along their attractive units, based on visual inspection.
We selected these species to obtain sufficient samples for
chemical measurements and to minimize the effects of
colour pattern on distributions of chemical compounds
throughout the attractive units. One exceptional species
(Houttuynia cordata) having no perianth but white
showy petaloid bracts (Tucker, 1981) was also used. In
Japan, this species propagates by underground stems
and by parthenogenesis (Shibata & Miyake, 1908;
Mihara, 1960). Hence, although pollinator attraction
might not be necessary, H. cordata still maintains
showy petaloid bracts, and before opening, these cover
the spikes of flowers consisting of pistils and stamens.
In addition, because H. cordata bracts are sometimes
severely damaged (S.N., pers. obs.), we included them
in this study, and treated their showy bracts in the
same way as the petals and sepals of other species. For
species belonging to the Asteraceae (Aster ageratoides,
Aster microcephalus and Helianthus tuberosus), we
used ray flowers because dissecting small tubular
flowers was impractical. Aquilegia buergeriana has two
floral phenotypes (purple and yellow) and we measured
the chemical defences and florivory separately for each
phenotype.

STUDY SITES

We collected samples from twelve locations in Miyagi,
Iwate and Aomori prefectures in northern Japan
(Table 1). Aobayama, Aramaki and Kawauchi are
suburbs of Sendai city, Miyagi Prefecture, where we
sampled flowers growing in natural vegetation facing
paved orunpaved roads. Kagitoriyama and Izumigatake
are mountainous regions in Miyagi Prefecture, where
we collected samples growing in deciduous-coniferous
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mixed forests. Koeji and Nakanose are also suburbs
of Sendai City, where we collected samples growing
in natural vegetation along the Hirose River. Tsuta,
Tashiro and Hakkoda are mountainous regions in
Aomori Prefecture, where we sampled flowers growing
in damp vegetation in Tsuta, in dry vegetation in
Tashiro, and in natural vegetation in the Botanical
Garden of Tohoku University in Hakkoda. Hayasaka
and Sodeyama are plateau grassland areas in Iwate
Prefecture, where we sampled flowers growing in
natural vegetation.

SAMPLE COLLECTION

We sampled non-damaged flowers without apparent
colour changes caused by aging for chemical
measurement during June to September 2016. For
the chemical trait measurements, a minimum amount
of dry mass was required. Although measuring
the chemical traits for each individual would be
ideal, for many species it was not possible to obtain
sufficiently large samples from single individuals.
Therefore, to keep some natural variation in the
chemical traits among individuals and simultaneously
fulfil the minimum requirement for the chemical
measurements, we made sample groups consisting of
several individuals. Because the number of flowers
needed for one measurement depended on the flower
size, we collected a suitable number of flowers for each
group for each species (Table 1). In each location, we
randomly selected patches of several individuals so
that we could treat flowers collected from one patch as
one sample group. We collected flowers for each sample
group from individuals growing close to each other. All
procedures after collection of flowers were applied
to each sample group so that flowers from different
groups were never mixed together. We cut flowers at
their pedicels or peduncles and returned them to the
laboratory as soon as possible.

In the laboratory, we separated attractive units,
i.e. petal, sepal and bract samples into several parts
using scissors or razors to compare the variations in
chemical concentrations among them. Because of the
diversity of floral morphology, we couldn’t apply a
single segmentation method to all species. Therefore,
we applied simple anatomical segmentations for most
species but applied specific segmentation methods
for some species. Detailed segmentation methods for
each species are shown in the Supporting Information
(Appendix S1; Fig. S1; Table S1) and the list of
segmentation methods of attractive units of flowers for
each species and assignment of categories [i.e. position
(distal or proximal) and part (petal or sepal)] for each
segmented attractive unit is shown in Supporting
Information (Table S2).

During sample dissection, we removed any pollen
attached to floral samples by brushing gently.
For the species having spurs (A. japonicum and
A. buergeriana), we also removed nectar from them.
We dried the separated samples with silica gel and
kept them at room temperature in the silica gel until
they were used for the chemical traits measurement.

CHEMICAL TRAIT MEASUREMENT

Before the chemical traits measurement, we ground
dried samples of a segmented group into powder using
Micro Smash™ MS-100R (Tomy Digital Biology Co.,
Ltd., Tokyo, Japan). Following the Folin-Ciocalteu
method (Julkunen-Tiitto, 1985), we measured total
phenolics concentration using tannic acid (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) as the
standard. We followed the butanol-hydrochloric acid-
iron assay to measure condensed tannin concentration
using commercially available cyanidin chloride as the
standard (Makkar et al., 1999). The concentrations
of total phenolics and condensed tannins were
calculated from the absorbance values obtained
using a Multiskan GO spectrophotometer (Thermo
Fisher Scientific, Vantaa, Finland). To control for
possible effects of variations in conditions among the
measurement batches (i.e. sets of samples measured
simultaneously), we measured all flower parts from
the same sample group in one measurement batch and
measured only one sample group in one batch for each
species so that the fluctuation among measurement
batches similarly affects all flower parts.

In addition, our preliminary measurements showed
that measurements with different sample weights
resulted in slightly different measured values even for
the same sample (Supporting Information, Fig. S2).
To reduce the effects of sample weight variation, we
equalized the sample weight of each part to 15 mg, the
standard weight of a powdered sample needed for the
measurements, when possible. However, because some
separated parts of some sample groups lacked the
required weight, we equalized the sample weight of
each part to the minimal weight among the parts in the
same sample group. Sample weights for sample groups
for each species are shown in Supporting Information
(Table S3). Because the dry weights were too light
to equalize, we omitted the distal part of H. sieboldii
in three sample groups. Also, because the weights of
distal and proximal samples of lateral sepals in eight
sample groups of A. japonicum were less than 5 mg, the
chemical traits were measured using mixed samples
of distal and proximal parts to avoid inaccurate
measurement due to the measurement limit of the
spectrometer. These measurements were omitted from
the analyses comparing distal and proximal parts (see
Statistical analyses section below).
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MEASUREMENTS FOR PRESENCE OF FLORIVORY

It was impractical to precisely measure the amount of
florivory for each part of attractive units for species
in the Asteraceae because they have many small ray
flowers and in the Ranunculaceae because they have
complex floral structures. To apply the same method
to all species and all parts of attractive units, we
measured florivory as presence/absence. During the
sample collections for the chemical measurements,
we measured presence of florivory for randomly
selected flowers. We recorded signs (i.e. missing parts
on petals, sepals and bracts) of florivory damage for
proximal and distal parts of petals/sepals/bracts
of each sampled flower in a binary manner. After
the measurements, non-damaged flowers without
apparent colour changes due to aging were included in
the chemical measurement samples. The numbers of
flowers examined are shown in Table 1.

STATISTICAL ANALYSIS

All analyses were done using R v.3.6.0 (R Core Team,
2019) unless otherwise noted. Because attractive parts
of flowers measured in this study consist of analogous
tissues (petals, sepals and bracts), we did not include

phylogenetic information in the analyses described
below. We did not use a model selection procedure with
Akaike’s information criteria (AIC) because the models
had only up to three fixed effects (Table 2, 3) and the
purpose of such procedure is improving the predictive
ability of the models (Hastie et al., 2008), which was
not our purpose (Tables 2, 3 in Results).

Chemical traits

Variations in total phenolics and condensed tannins
between distal and proximal parts of the petals/sepals/
bractsin all species were tested using generalized linear
mixed models (GLMMs) with the glmmADMB package
v.0.8.3.3, which estimates parameters by maximum
likelihood, using the Laplace approximation via AD
Model Builder software (Fournier et al., 2012; Skaug
et al., 2016). For these analyses, the concentrations of
total phenolics and condensed tannins were used for the
response variables and the positions of the attractive
units (distal or proximal) were used as the explanatory
variables of the models. For the error distribution of
the models, a gamma distribution with the log link
function was used because the distributions of the
chemical traits were closer to gamma distribution
than Gaussian distribution (Supporting Information,

Table 2. Results of the GLMMs analysing variations in total phenolics and condensed tannins between the positions

(distal and proximal) and the parts (petal and sepal)

Response df F P

(A) Total phenolics Position (proximal/distal) 1 5.63 0.018*
Residuals 706

(B) Condensed tannins Position (proximal/distal) 1 5.48 0.019%
Residuals 706

(C) Total phenolics Part (sepal/petal) 1 2.76 0.097F
Residuals 510

(D) Condensed tannins Part (sepal/petal) 1 0.99 0.319
Residuals 510

*P <0.05; TP <0.1.

Table 3. Results of the GLMMs analysing variations in presence of florivory between the positions (distal and proximal)

and the parts (petal and sepal)

Response df 1 p

(A) Presence of florivory Position (proximal/distal) 1 3.72 0.0547

(B) Presence of florivory Position (proximal/distal) 1 0.00 0.988
Part (sepal/petal) 1 0.57 0.450
Position x Part 1 5.88 0.015%

*P <0.05; P <0.1.
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Appendix S2, Table S4). Because the values of the
chemical traits as well as the variations between
distal and proximal parts could be different among
species, we included species as random slope and
random intercept terms (Zuur et al., 2009) in the
models so that we could obtain a general trend for all
species as well as estimated variations for each species
from one model. Because the two colour morphs in
A. buergeriana had different chemical trait values and
the variation was even larger than variations between
distal and proximal parts or between sepals and
petals in other species (Supporting Information, Table
S2), we treated them as separate “species” for the
random effect. Also, to control statistical dependence
of the samples collected in the same location and in
the same sample group, nested random effects (the
sample group is nested within the location) were
included as random intercepts in the models. Finally,
to control statistical dependence of samples measured
in the same measurement batches, batch number was
included as a random intercept in the models.

Variations in the chemical traits between petals
and sepals were also tested by GLMMs. At first, we
tried preliminary analyses by GLMMs with similar
settings as the models described above using the
four species for which we measured the chemical
traits for distal and proximal parts of petals and
sepals (i.e. H. fulva, C. cordatum, L. auratum and
both phenotypes of A. buergeriana). In the models,
the position (distal/proximal), part (petal/sepal)
and their interaction were used as explanatory
variables. However, the preliminary analyses did not
find significant interactions between the position
and part terms (Supporting Information, Table
S5). Therefore, we compared petals and sepals by
including both proximal and distal samples because
by omitting the position and interaction terms
from the model, we could include A. japonicum in
the analyses. Omission of these terms caused the
main effect of part to become significant, likely
due to increased sample size (see Results section
and Table 2). For the models testing the chemical
traits between petals and sepals, we used the same
response variables, error distribution, link function
and random factors as the models described above
but used part of flower (petal or sepal) as an
explanatory variable. The P values of the models
testing variations in the chemical traits among floral
parts and positions were obtained by the likelihood
ratio test with the F statistic using the car package
(Fox & Weisberg, 2019) in R.

Florivory

Presence of florivory in all species was compared
between proximal and distal parts by a GLMM.

The response variable of the model was presence of
florivory on each position of petals/sepals/bracts and
the explanatory variable of the model was position
(proximal or distal). For the error distribution of the
model, a binomial distribution with the logit link
function was used. For the same reason as in the
models analysing the chemical traits, species was
included as a random slope and a random intercept
in the model. The sampling location and flower ID
nested within sampling location were also included as
random intercepts in the model.

Presence of florivory was also compared between
petals and sepals using the species having both
petals and attractive sepals (A. japonicum, H. fulva,
C. cordatum, L. auratum and both phenotypes of
A. buergeriana) by a GLMM. For the explanatory
variables of the model, position (proximal or distal),
part (petal or sepal) and their interaction were
used. For the response variable, error distribution,
link function and random factors, the settings were
the same as the model testing variation in florivory
between distal and proximal parts. The P values of the
models were obtained using methods similar to those
used with the models for the chemical traits, except
that the %2 statistic was used for the calculation of P.

RESULTS
CHEMICAL TRAITS

Although there were large variations in total phenolics
and condensed tannins among the species (Figs 1-2),
considering all the species together, the distal parts
of the attractive units had 30% higher total phenolics
(Fig. 1A) and 15% higher condensed tannins (Fig. 2A)
concentrations than the proximal parts: results of the
GLMMs showed significant variations in the total
phenolics and condensed tannins between distal and
proximal parts (Table 2A, B). This was also true for
most of the individual species, but the magnitude of
the variations were species-specific and total phenolics
in petals of H. tuberosus showed an opposite trend
(Fig. 1A). On the other hand, while sepals appeared
to have 60% and 27% higher concentrations of total
phenolics (Fig. 1B) and condensed tannins (Fig. 2B)
than petals, respectively, these variations were not
significant (Table 2C, D).

FLORIVORY

The distal parts of attractive units had 203%
higher probability of presence of florivory than the
proximal parts as we expected. However, the analysis
provided slightly weak statistical support for this
idea (P = 0.054) when all species were considered
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Figure 1. Estimated variations in the total phenolics concentration (A) between the distal and proximal parts of the
petals/sepals/bracts in all ten species and (B) between the petals and sepals in five species. The thick black lines represent
estimated variations for all species and the thin lines represent those for individual species.
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Figure 2. Estimated variations in the condensed tannins concentration (A) between the distal and proximal parts of the
petals/sepals/bracts in ten species and (B) between the petals and sepals in five species. The thick black lines represent
estimated variations for all species and the thin lines represent those for individual species.

together (Fig. 3A; Table 3A). For most of the individual
species, the distal parts of attractive units had a
higher presence of florivory than the proximal parts;
however, both phenotypes of A. buergeriana showed
opposite trends (Fig. 3A). The variations in florivory
between the petals and sepals were also different

between the distal and proximal parts: the result of
the GLMM using the five species having petals and
attractive sepals showed significant interaction
between the position (distal or proximal) and part
(petal or sepal) (Fig. 3B; Table 3B). The model showed
that the sepals had a 73% higher presence of florivory
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Figure 3. Estimated variations in the proportion of attacked floral parts (A) between the distal and proximal parts of the
petals/sepals/bracts in ten species and (B) between the distal and proximal parts of the petals and sepals in five species. The
thick black lines represent estimated variations for all species and the thin lines represent those for individual species. The
solid and dashed lines in panel (B) represent estimated variations for the distal and proximal parts, respectively. Note that
because the values plotted in the two panels were derived from different models with different datasets, the mean values

for the distal and proximal parts are different for each panel.

than the petals in the distal parts whereas the petals
had a 86% higher presence of florivory than the sepals
in the proximal parts (Fig. 3B). When looking for the
estimated variations for each species, most species
showed higher or similar presence of florivory on the
distal and proximal parts of sepals; however, H. fulva
and both phenotypes of A. buergeriana showed much
higher presence of florivory in the proximal parts of
the petals (Fig. 3B).

DISCUSSION

VARIATIONS IN THE PHENOLIC COMPOUNDS AND
FLORIVORY BETWEEN DISTAL AND PROXIMAL PARTS OF
ATTRACTIVE UNITS

Although part-dependent presence of florivory within
attractive units has been observed in many species
(McCall, 2008; Oguro & Sakai, 2015; Thompson &
Johnson, 2016; Wakabayashi et al., 2018), uneven
distribution of florivory and chemical defences within
attractive units has not been measured quantitatively.
This is the first study measuring part-dependent
florivory and allocation of chemical defences within
attractive units of flowers, as far as we know. The results
showed that, in general, the distal parts of attractive
units had higher total phenolics and condensed tannins
concentrations than the proximal parts (Figs 1A, 2A).

Also, the distal parts tended to suffer more florivory:
nine out of eleven comparisons showed distal parts
having more presence of florivory (Fig. 3A). However,
the P value of the main effect was slightly higher than
0.05 (Table 3A), though it is possible that the analysis
had weak statistical power due to the small number
of flowers used for the measurement (Table 1). Also,
the correlations between relative allocation of the
chemical defences and variations in the presence
of florivory within attractive units were weak
(Supporting Information, Appendix S3). Therefore, the
observed variations in total phenolics and condensed
tannins might be in part explained by the prediction of
the ODT [i.e. plants allocate more defences to the parts
with higher probability of attack (McKey, 1974; Stamp,
2003)], but statistical support for the prediction was
slightly weak.

This weak support for the prediction of the ODT
might be explained by one of the following reasons.
First, although we measured phenolic compounds as
a determinant of florivory, other chemical properties of
attractive units could also affect preferences of insects.
For example, plants or parts of plants having higher
water and nitrogen (Coley, 1987; Johnson et al., 2014)
and lower phosphorus (Oguro & Sakai, 2015) tended to
suffer herbivory. Onodera et al. (2014) found that the
concentrations of nitrogen and phosphorus differed
among the anther, ovary and perianth and showed their
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possible relationships with florivory. Therefore, part-
dependent distribution of other chemical properties
within attractive units could modify the relationships
between the chemical traits we measured and florivory.

Second, spatiotemporal variation of florivory could
weaken the relationship between relative allocation
of the chemical defences and variations in presence
of florivory within attractive units. It is known that
intensity of florivory is different among sites and
years (Oguro & Sakai, 2009; Kawagoe & Kudoh,
2010). We measured florivory in one location in 1 year
for each species. This design might make it difficult
for us to detect the relationship between chemical
defences and florivory due to the spatiotemporal
variation of florivory. In addition, the large variation
in the chemical traits and florivory among the
species (Figs 2-3) might weaken our ability to detect
the relationship between chemical defences and
florivory owing to the small number of species used
in the present study.

Although the ODT assumes that plant defences
reduce herbivory (Stamp, 2003), whether florivores can
respond to part-dependent allocation of plant defences
within attractive units is unknown because feeding
site selection by herbivores including florivores might
be affected by visual and olfactory cues of flowers. To
the best of our knowledge, no studies have investigated
the relative importance of chemical defences and visual
and olfactory cues, but because feeding behaviour
of herbivores would have evolved to maximize their
fitness (Pyke et al., 1977), their preferences for feeding
sites based on visual and/or olfactory cues would relate
to the nutritional value of plant tissues. However, little
is known about the effect of within-plant distribution of
chemical defences on herbivore foraging (Kohler et al.,
2015) or about the clues herbivores use for feeding site
selection. What is known so far indicates herbivores
can respond to within-plant allocation of defences. The
best-known cases are the many specialist herbivores
of the Brassicales: they select floral tissues having
higher nutrition and glucosinolates using gravity and/
or visual rather than olfactory cues (Smallegange
et al., 2007; Bandeili & Muller, 2010; Abdalsamee &
Miiller, 2015; Tsuji et al., 2018). Moreover, Shroff et al.
(2008) showed that herbivores can even respond to
spatial variations in chemical defences within leaves:
generalist lepidopteran larvae Helicoverpa armigera
avoided the midvein and periphery of Arabidopsis
thaliana leaves containing high glucosinolate
concentrations and fed almost exclusively on the inner
lamina. The results from these studies suggest that
florivores may be able to respond to part-dependent
chemical defences if they affect their performance.

Although we explained allocation patterns of the
phenolic compounds by probability of attack, the ODT
predicts that the values of plant parts also affect the

allocation pattern of defences (McKey, 1974; Rhoades,
1979; Stamp, 2003). Therefore, although no previous
studies elucidated the relationship between defence
allocation and values of tissues within flowers,
variations in values within attractive units could
lead to variations in defence allocation within them.
In fact, Morinaga and Sakai (2006) showed that
different parts of the perianth have different values
for pollinator attraction and fitness in I. gracilipes
by the experimental manipulation of perianth size.
Future studies investigating values of parts as well
as intensity of florivory on different parts of attractive
units would help our understanding of evolution of
chemical defences within attractive units.

VARIATIONS IN THE PHENOLIC COMPOUNDS AND
FLORIVORY BETWEEN THE PETALS AND SEPALS

Contrary to our prediction, there were no significant
variations in total phenolics (Fig. 1B) and condensed
tannins (Fig. 2B) concentrations between petals and
sepals. These unclear patterns might be partly due to
the complex pattern of presence of florivory between
the petals and sepals: although we expected sepals
to have a higher presence of florivory, this was only
observed for the distal parts and a weak opposite
pattern was observed in the proximal parts in all
the species studied (Fig. 2B). Also, the variations in
presence of florivory among the distal and proximal
parts of petals and sepals differed among the species
(Fig. 2B). This species-specific and position-dependent
pattern of florivory on the petals and sepals might
have imposed different selection pressures on the
relative allocation of phenolic compounds between
petals and sepals.

Species-specific morphology of attractive units
might play some role in determining the observed
presence of florivory among the petals and sepals.
The higher presence of florivory on the petals than
the sepals was most remarkable for the proximal
parts of both phenotypes of A. buergeriana (Fig. 3B).
In A. buergeriana, the proximal parts of petals
have spurs and signs of florivory on the petals were
mostly observed on spurs. Therefore, we suspect
these signs might include floral damage caused
by nectar robbers. This is because A. buergeriana
is mainly pollinated by bumblebees (Misaki et al.,
2018), which act as nectar robbers for many plant
species (Irwin, 2003; Mayer et al., 2014; Soper
Gorden & Adler, 2016; Ye et al., 2017) and species
having nectar spurs likely experience nectar robbing
(Irwin & Maloof, 2002). On the other hand, among
the species studied, A. japonicum also has spurs but
their spurs were not attacked by florivores or nectar
robbers in our observations (Fig. 3B). The variation
in the pattern of florivory on spurs between the
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two species might be caused by their morphological
differences in arrangement of floral parts: the spurs
of A. buergeriana are exposed to the outside of the
flowers whereas those of A. japonicum are covered by
sepals and invisible from the outside of the flowers.
Although interactions between florivores and nectar
robbers have not been well studied, Soper Gorden
and Adler (2016) showed that floral condensed
tannins reduce visitation of nectar robbers and floral
anthocyanins (phenolic compounds) affect both
florivores and nectar robbers in Impatiens capensis.
Therefore, not only florivores but also nectar robbers
might affect evolution of floral defence allocations.
This species-specific morphology and its relationship
with florivores and nectar robbers might have
contributed to the inconsistent pattern of defence
allocation in petals and sepals.

LIMITATIONS OF THE CURRENT STUDY

Although we regarded the concentration of total
phenolics and tannins as measures of a plant’s
defence against florivory, phenolic compounds are
known to have other functions in plants such as
pollinator attraction (Harborne & Williams, 2000)
and UV damage protection (Stapleton & Walbot,
1994; Rice-Evans et al., 1997; Harborne & Williams,
2000). Furthermore, there are several examples of
the same phenolic compounds having multiple roles.
Floral anthocyanin may act as a floral colour and
a florivory defence simultaneously (Johnson et al.,
2008). Phenolics acting in UV resistance also act
as defences against herbivory (Grant-Petersson &
Renwick, 1996; Rousseaux et al., 2004). Therefore, we
think these biotic/abiotic factors other than florivory
might affect evolution of phenolic compounds in
flowers.

In this study, we selected species by human-
visible colour of flowers. However, some pigments
including phenolics are not visible to the human eye
(Eisner et al., 1969). In the Asteraceae, this invisible
colour pattern on petals is known to result from the
distribution of UV-absorbing phenolic compounds
(flavonols) (Schlangen et al., 2009). In the species used
in this study, H. tuberosus (Asteraceae; Supporting
Information, Fig. S3) and H. fulva (Hirota et al., 2019)
are known to have invisible an colour pattern on
proximal parts of attractive units. Such invisible colour
might have some effects on the measured chemical
trait values, yet the effect would not be so simple
because H. tuberosus had higher total phenolics on
the proximal parts whereas H. fulva showed opposite
pattern (Fig. 1).

Although we measured the chemical traits and
florivory of open flowers, flowers can be attacked by

florivores before flower opening (Oguro & Sakai, 2009,
2015). Our previous study (Oguro & Sakai, 2014)
showed that concentrations of total phenolics did
not differ between buds and flowers in 34 Asteraceae
species; however, relative allocation of chemical
defences within attractive units may differ depending
on floral development. To understand the role of
chemical defences on plant-florivore interactions
in more detail, further studies examining relative
allocation of chemical defences and occurrence of
florivory on several developmental stages of flowers
would be helpful.

CONCLUSION

We found consistent uneven distribution patterns of
phenolic compounds and florivory within attractive
units among species: in agreement with our prediction,
the distal parts generally had higher levels of
chemical defences and presence of florivory than the
proximal parts in the ten species studied, although
the statistical support for the variation in florivory
was slightly weak. Among the functional units in
flowers, attractive units are unique because they can
have several functions such as protecting the inner
reproductive tissues and advertising to pollinators.
Also, the main function can differ between the bud
and flowering stages. Moreover, phenolics can serve as
defensive compounds, pigments and UV protectants
in plants (Harborne & Williams, 2000). Although in
this study we examined only florivores as potential
selection agents affecting distribution of phenolics,
other factors such as pollinator attraction and UV
protection could act as selection pressures causing
the observed distribution. Thus, attractive units may
acquire elaborate mechanisms to maintain their
functions, balancing several effects of phenolics in the
biotic and abiotic environments in which they live.
Considering all such roles of phenolics in each part of
attractive units may help us to reveal the more exact
functions of phenolics and to understand the evolution
of chemical defence allocation within attractive units.
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Appendix S1. Detailed segmentation methods of attractive units for each species.

Appendix S2. Checking the error distribution of the chemical traits.

Appendix S3. Inter-specific relationship between variations in florivory and the chemical defences.

Fig. S1. Diagrams of the segmentation patterns of flowers.

Fig. S2. Relationship between measured sample weight and concentration of total phenolics in Lilium auratum

shown by the preliminary measurements.

Fig. S3. Normal and ultraviolet photographs of H. tuberosus.
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proximal parts of attractive units.

Table S2. List of sample segmentation methods for each species.
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measurements.
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