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ABSTRACT

• Most flowering plants are colour monomorphic, while within-population flower col-
our variation is rare. Multiple selection agents on flower colour, each favouring a dif-
ferent colour morph, may drive such uncommon polymorphisms. We tested the role
of biotic antagonistic interactions in maintaining flower colour variation in Anemone
coronaria (Ranunculaceae), in colour-polymorphic populations comprised of red, pur-
ple, and white flowers.

• We estimated the extent of leaf herbivory and petal florivory in each flower colour
morph in three populations over two flowering seasons. We categorized types of dam-
age to four groups of herbivores and estimated the plant maternal fitness. We tested
pollinator response to different levels (0–30%) of simulated florivory in experimental
flower arrays.

• Leaf and petal damage did not differ between white- and purple-flowering plants. Red-
flowering plants had higher leaf damage than white-flowering plants and higher petal
damage than purple-flowering plants. Nevertheless, all colour morphs had similar fit-
ness. Red flowers exhibited more petal scratches (attributed to glaphyrid beetles), but
fewer petal bites (attributed to caterpillars or grasshoppers), than white and purple
flowers. Experimentally induced florivory did not reduce visits by potential pollinators
in any colour morph.

• Glaphyrid beetles are the major pollinators of red anemone flowers, suggesting that
their service to red flowers as mutualists (pollinators) should be weighed against their
disservice as antagonists (florivores). A balance between pollination service and petal
scratch damage of red flowers, both mediated by Glaphyird beetles, may equalize fit-
ness between the red and the purple/white colour morphs, contributing to colour
polymorphism.

INTRODUCTION

One of the most diverse and prominent traits in plants is
flower colour, which varies not only between different plant
species but also within populations of the same species. While
the majority of flowering plants have uniform floral colours, a
minority exhibit colour variation within their populations.
Evolutionary theory offers four primary mechanisms that can
maintain stable within-population flower colour variation
(Sapir et al. 2021). The first is heterozygote advantage, where a
heterozygous genotype for flower colour has higher fitness than
the homozygotes (e.g., by attracting more pollinators; Kellen-
berger et al. 2019). The second mechanism is negative
frequency-dependent selection, where the fitness of a flower
colour phenotype declines as it becomes more common
(Gigord et al. 2001). Third, random selectively neutral pro-
cesses such as genetic drift or gene flow can contribute to
within-population variation in flower colour (Wang et al.
2016). Lastly, different and opposing selective pressures, or
multiple selection agents, may maintain variation in pheno-
typic traits. Balanced conflicting selection pressures were found

to explain many cases of flower colour polymorphism. For
example, different preferences of two pollinator species main-
tain colour polymorphism in Malva moschata (Frey et al.
2011), and different behaviours of the same pollinator were
suggested to balance the fitness of two flower colour morphs in
Linum pubescens (Lebel et al. 2018).
Although the opposing selective forces that maintain stable

within-population flower colour variation are still insufficiently
understood, previous research suggests that biotic mutualistic
and antagonistic interactions are often involved. Specifically, a
few past studies tested whether herbivory, combined with other
and opposing selection agents, affects the maintenance of
flower colour polymorphism. This can happen if plants of one
of the colour morphs experience higher herbivory than the
other morphs, thus herbivores exert directional selection in
favour of the colour morph that suffers lower damage (Strauss
& Whittall 2006). For flower colour polymorphism to persist,
this selective pressure must be counteracted by another, oppos-
ing pressure. For example, similar preferences of herbivores
and pollinators contribute to flower colour polymorphism in
Raphanus sativus (Irwin et al. 2003). Similarly, herbivore
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preference for the white flower morph of Boechera stricta over
the pigmented morph is balanced by the white morph’s fecun-
dity advantage under high irrigation conditions (Vaidya
et al. 2018). In Silene littorea, both pollinators and herbivores
select for pigmented flowers over white flowers, and this
advantage of the pigmented flowers is balanced by the higher
reproductive success of white-flowered plants through selfing
(Buide et al. 2021). An alternative mechanism that involves
multiple selection pressures is that some herbivores damage
primarily plants of specific colour morphs, while other herbi-
vores damage mostly other morphs. Thus, different types of
herbivore act as selection agents in opposite directions that bal-
ance each other. Such a mechanism was suggested to support
flower colour variation in Claytonia virginica, with slugs feed-
ing mainly on plants with reddish petals and pathogens infest-
ing preferentially the white-flowering morph (Frey 2004).
Flower pigments are secondary metabolites with a dual func-

tion, mediating both plant–herbivore and plant–pollinator
interactions. Anthocyanins, plant pigments that play a crucial
role in determining the colour of flowers and attracting polli-
nators, also protect the flowers’ reproductive organs against
various environmental stressors, including sunlight radiation,
oxidative agents, and metal ions (Landi et al. 2015). Further-
more, these pigments serve as a natural defence against herbi-
vores and reduce damage to petals and leaves (McCall
et al. 2013; Maskato et al. 2014). While herbivore taxa are often
co-evolved to tolerate and sequester pigment-rich flower
morphs, other, more susceptible, taxa are attracted to plants
with lower levels of secondary metabolites (Heidel-Fischer &
Vogel 2015). Thus, differences in the composition and concen-
tration of floral pigments may mediate differential herbivory
between flower colour morphs. Here, we explored whether and
how herbivory acts as a selection agent on the flower colour
polymorphism of Anemone coronaria L. This Mediterranean
geophyte is primarily cross-pollinated, and selfing is prevented
by protogyny. While self-pollination can occur between differ-
ent flowers of the same plant, the resulting offspring often
show signs of inbreeding depression (Horovitz, 1976). Pollina-
tion in A. coronaria is carried out by both wind and a variety of
insect pollinators, such as bees, flies, and glaphyrid beetles
of various species (Dafni et al. 1990, 2020). Each flower
produces 200 to 300 seeds, which are covered with a woolly
coat. These seeds are wind-dispersed over long distances,

contributing to expansion in the size and polymorphic nature
of the populations (Yonash et al. 2004).

Anemone coronaria displays a wide diversity of floral colours.
The main colour morphs are red, purple, and white (Fig. 1),
but some intermediate colour variants also occur. Each plant
produces one to 10 flowers, depending on age and local condi-
tions. Petal coloration is determined by the anthocyanins del-
phinidin (Saito et al. 2002) and pelargonidin (Toki et al. 2001).
Flower colour is genetically determined, as found in breeding
programs and in genomic analyses of commercial cultivars
(Horovitz 1995; Martina et al. 2022).

Anemone coronaria also displays a geographic pattern of col-
our variation. Monomorphic red populations grow throughout
the species’ range in Israel, but colour polymorphic popula-
tions, consisting of red, white, and purple flowers, are restricted
to Israel’s Mediterranean climate region (Horovitz et al. 1975;
Dafni et al. 2020; Sapir and Keasar, unpublished). The
between-population variation in flower colour was suggested
to reflect different climate or soil adaptations of red and
non-red plants (Horovitz 1976; Dafni et al. 2020). Selection by
pollinators may also contribute to the maintenance of colour
variation. Specifically, beetles of the family Glaphyridae are
attracted to the red morph (Dafni et al. 1990; Mart�ınez-Harms
et al. 2012), while other insects visit the white and purple
flowers (Dafni et al. 2020). A. coronaria’s flowering phenology
and genetics have been studied in a domestication framework,
in breeding programs to produce ornamental cultivars (Horo-
vitz 1995; Yonash et al. 2004; Martina et al. 2022), as well as in
nature, in pollination contexts (Dafni et al. 1990, 2020). Antag-
onistic interactions in relation to A. coronaria’s flower colour,
on the other hand, were never explored (but see Laura
et al. 2015, for A. coronaria’s gene expression patterns under
fungal infection, independent of flower colour). Preliminary
field observations of variable herbivory on both flowers and
leaves of A. coronaria (Keasar and Sapir, personal observations;
Robinson & and the HerbVar Network 2023) suggest that the
extent of damage is associated with flower colour, but this asso-
ciation has not yet been quantified, nor linked to potential
indirect effects on pollinator attraction. Moreover, whether
herbivorous interactions may also affect A. coronaria’s fitness
in association with flower colour, contributing to selection
processes that maintain colour polymorphism, has not been
tested so far.

Fig. 1. Red, purple, and white Anemone coronaria.
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By characterizing different types of herbivory damage in
field-surveyed anemones, we tested for colour-specific feeding
by different herbivore groups. In addition, we estimated the
resulting effects on the plant’s female fitness by recording seed
production. To detect indirect effects of herbivory on mutual-
ists, we simulated florivory damage in red, purple, and white
flowers, and tested whether potential pollinators avoided the
damaged flowers.

We posed the following specific questions as a framework
for investigating the complex interactions between herbivory,
florivory, flower colour, and fitness in A. coronaria:

• Do anemones with different flower colours experience simi-
lar levels of leaf and flower damage?

• Are red anemones particularly damaged by glaphyrid beetles,
their main flower visitors?

• Does leaf and flower damage reduce A. coronaria’s fitness,
and do the fitness effects differ between flower colour
morphs?

• Does petal damage in flowers of different colour morphs
deter potential pollinators?

METHODS

Study sites

The study was performed during the 2021–2022 and 2022–2023
flowering seasons (December–March), in three Mediterranean
climate sites with large and dense colour-polymorphic popula-
tions of A. coronaria. One site, Beqoa (31.824° E, 34.962° N) is
the southernmost colour-polymorphic population in Israel
(450 mm mean annual rainfall). The Hagit (32.668° E,
35.230° N) and Megiddo (32.591° E, 35.233° N) populations
experience a more mesic climate (with precipitation of 600 mm
and 590 mmmean annual rainfall, respectively).

Herbivory and florivory measurements

We conducted field surveys over two flowering seasons to
quantify damage to leaves (hereafter termed ‘herbivory’) and
to flowers (hereafter termed ‘florivory’), as well as plant fitness
measures. The survey was conducted once in each site in
2021–2022, and twice per site during the 2022–2023 season.

Sampling in the first season followed the protocol used by
the HerbVar network (Robinson & and the HerbVar Net-
work 2023). Briefly, we selected a random point in the center
of each population and chose plants next to this randomly
determined point along a linear transect. Thirty plants, and
their nearest neighbour (60 plants in total), were sampled in
each site in each sampling session. See supplementary
information S1 for the detailed method of sampling.

Because of the non-equal proportions of different flower col-
ours in polymorphic populations, this protocol resulted in low
sample sizes of red flowers in the 2021–2022 season. Thus, in
2022–2023, we modified the protocol for choosing flowers by
selecting equal numbers of red, purple, and white flowers along
the sampling transects. We randomly selected the closest flower
along a linear transect, giving preference to the least common
colour. We recorded flower colour for each sampled plant. We
visually estimated the percentage of plant tissue area damaged
in leaves and petals. Estimation of the damaged area was done

by a single observer (N.S.) after training with the leafByte
application (Getman-Pickering et al. 2020).

Estimating fitness

To estimate maternal fitness, each plant sampled for herbivory
and florivory was marked and left uncovered to allow pollina-
tion. Fourteen days later, we covered one pre-mature fruit per
plant with a mesh net bag to prevent seed dispersal. We
returned after two more weeks to collect the bagged seeds.
Some of the seed bags were lost, possibly blown away by wind
or grazed by large animals. We were therefore able to assess fit-
ness in only 330 out of the 480 surveyed plants. We estimated
the weight of a single seed by counting and weighing 100 seeds
from each flower. We then weighed all the flower
seeds together to estimate the total number of seeds and their
total biomass. Components of male fitness, such as pollen
removal or seeds sired, were not determined because molecular
markers for paternity analyses are not available for A. coronaria
and because the populations are very large, estimated as
40,000–100,000 plants in each site.

Types of herbivory and florivory

During the survey of the first season, we noticed that there are
several different types of damage to the leaves and petals.
Hence, in the second season we recorded the type of the dam-
age in addition to the percentage of damaged tissue. We
observed various antagonists on the plants and classified the
types of damage by these putative antagonists into four catego-
ries: (A) Bite marks, potentially by caterpillars or grasshoppers;
(B) Rasping of the leaf epidermis, potentially by snails; (C)
Scratch marks, potentially by glaphyrid beetles; (D) Pathogens
such as fungi or bacteria. See supplementary information S2
for examples of these damage types.

The effect of florivory on pollinator visits

The fitness measures that we recorded capture both the direct
effect of damage (by, e.g., consumption of reproductive organs
by florivores) and the indirect effect (reduced display size that
might affect pollinator attraction). To partition these effects,
we conducted a field experiment in the second season
(2022–2023) to assess whether florivory might indirectly affect
plant fitness through reduced pollinator attraction. In this
experiment, we simulated different levels of petal damage,
mimicking florivory of different percentages of the petal area
(0%, 0.5%, 1%, 5%, 10%, 30%), by punching holes in the
petals. These percentages were chosen to represent a realistic
range of tissue damage, based on measurements made in the
field survey of the previous season. We placed the flowers in
50-ml tubes containing water, positioned in holes dug in the
soil, to resemble the natural height of the flowers above
the ground. Pollinator visits were recorded, focusing on insects
that touched the anthers or the stigma, and insects were identi-
fied to the level of the order. Observations were conducted
between 08:00 h and 13:00 h, on sunny, cloudless and warm
(18–23 °C) days. The experiment was conducted in two sites,
Hagit and Oranim (35.109° E, 32.712° N). The latter site con-
tains plants of A. coronaria, but they were not surveyed for her-
bivory in this study. The experimental array contained 30
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flowers of a single colour, five of each damage level. Each
flower was surrounded by flowers with different damage levels
(Fig. 2). We set up arrays of red, purple and white flowers sepa-
rately. Each colour was tested over two consecutive days
per site.

Data analysis

We used Beta regressions, mixed models suitable for analysing
proportions data, to determine whether the intensity of herbi-
vory/florivory differs between red, purple, and white flowers
across the different sites (Megiddo, Hagit, and Beqoa) in 2022
and 2023. We used herbivory/florivory intensity (as % of area
damaged) as the response variables, the colour (red, purple,
white) as a fixed effect, and year, site, and sampling round as
random effects. To evaluate whether flower colour influences
the between-plant variability in herbivory and in florivory
independently of the mean, we calculated the Gini index of
inequality, separately for red, purple, and white flowers (Rob-
inson & and the HerbVar Network 2023).
We used GLMMs with a Gamma distribution and log link

function to evaluate the effect of herbivory/florivory, the effect
of flower colour, and their interactive effect on plant fitness in
2022 and 2023. We predicted that herbivory would limit the
plants’ resources by damaging photosynthetic tissues, resulting
in smaller seeds, whereas florivory would reduce the number of
seeds by damaging reproductive tissues. We therefore entered
the proportions of plant tissue damaged by herbivores or flori-
vores as independent variables and defined the fitness measures
(seed mass for herbivory, number of seeds for florivory) as the
dependent variables. Models also included flower colour

(red, purple, and white), and the year–site–round combination
as random factors.

To test for dependence between the type of plant tissue dam-
age and flower colour, we conducted v2 tests. For each type of
herbivory damage, we tabulated the number of plants of each
flower colour that had and did not have this damage to the
leaves. This resulted in four contingency tables of 3 (colours)
9 2 (damaged/undamaged), one for each of the feeding dam-
age types (A, B, C, and D). We generated four more contin-
gency tables to test for dependence between flower colour and
damage type in the petals. Many of the leaves and petals
showed more than one type of damage, thus were represented
in more than one contingency table. After calculating the v2

statistics for independence, we used the Bonferroni correction
to adjust the tests’ rejection threshold to multiple tests. Since
we ran four tests on each dataset, we set the rejection threshold
at a = 0.05/4 = 0.0125.

To test how different levels of petal damage influence polli-
nator attraction, we employed Generalized Linear Models
(GLMs) with a Poisson distribution and log link function to
distinguish the effect of florivory on the number of pollinator
visits. We included in the model the site and the percentages of
petal area that were experimentally removed.

RESULTS

Herbivory and florivory in natural populations

Plants with red flowers experienced significantly higher leaf
damage by herbivores than plants with white flowers in the
three colour polymorphic populations that we surveyed.

Fig. 2. Experimental design of the flower arrangement scheme in vases, based on the percentage of damage to petals.
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Red-flowering plants also suffered higher petal damage than
purple-flowering plants. Herbivory and florivory levels did not
vary significantly between white- and purple-flowering plants
(Fig. 3, Table 1). Between-plant variation in herbivory was
slightly higher in purple and white flowers, compared to red
flowers (Gini index means and 95% confidence intervals: red:
0.55 [0.51–0.59], purple: 0.58 [0.55–0.63], white: 0.56
[0.53–0.60]). Between-plant variation in florivory was also
higher in non-red flowers (Gini index means and 95% confi-
dence intervals: red: 0.65 [0.60–0.72], purple: 0.70 [0.67–0.71],
white: 0.72 [0.69–0.76]). The overlapping confidence intervals
indicate no statistically significant differences in herbivory and
florivory variation between the colour morphs. Mean herbivory
and florivory levels also varied between sites and years, and
were higher in the second sampling round in each site in
2022–2023 than in the first round (Table 2).

Fitness consequences of herbivory/florivory

We found differences in seed weight and in the number of
seeds between populations, sampling rounds, and years
(Table 2). We applied GLMMs to test the consequences of flor-
ivory and herbivory, flower colour, and their interaction on
plant fitness, with the combination year–site–sampling round
as a random variable. The effect of herbivory intensity on seed
weight was marginally significant (GLMM, v21 = 3.363,
P = 0.066). There was no significant difference in seed weight

between red, purple, and white flowers (GLMM, v21 = 5.048,
P = 0.080) and no interaction between the intensity of herbiv-
ory and flower colour in the effect on seed weight (GLMM,
v21 = 1.251, P = 0.534). There was also no significant differ-
ence in seed number between red, purple, and white flowers
(v21 = 0.593, P = 0.743), and no interaction between the
intensity of florivory and flower colour in their effect on seed
number (GLMM, v21 = 0.053, P = 0.973). The effect of the
intensity of florivory on the number of seeds was not signifi-
cant (GLMM, v21 = 0.494, P = 0.482). We hypothesized that
fitness loss may be better detectable in heavily damaged indi-
viduals than in the plants that experienced low herbivory. To
test this possibility, we also analysed separately the data from
78 individuals (32 red, 23 purple, and 23 white) in our survey
that occupied the top quartile of herbivory damage in each year
(18 individuals with >5.5% of leaves damaged in 2021–2022
and 60 individuals with >10% damaged in 2022–2023). How-
ever, herbivory level did not affect maternal fitness in this sub-
set of the plants. Taken together, we found little evidence that
herbivory and florivory reduced plant fitness in our study
populations, and no indication for differences in fitness effects
between red, purple, and white flowers.

Herbivory/florivory type and flower colours

We tested the variation in types of herbivory/florivory among
plants with red, purple, and white flowers. We categorized each

Fig. 3. Association between flower colour (red, purple, white) and the distribution of leaf/petal area damage (%) across two seasons. Box plots show the

interquartile range and medians, with whiskers extending to the minimum and maximum values within 1.5 times the interquartile range. Outliers are repre-

sented as individual points. The mean is indicated by an ‘9’symbol.

Table 1. Summary of beta regression models followed by post-hoc tests, for the effects of flower colour on the proportions of damaged leaf and flower

tissue.

Dependent variable

Model summary
Pairwise post-hoc tests: mean � SE, P-value

Effect of flower colour Purple vs. Red Purple vs. White Red vs. White

Proportion of damaged leaf tissue v22 = 8.348,

P = 0.015

(�0.019 � 0.009)

P = 0.071

(0.006 � 0.008)

P = 0.745

(0.026 � 0.009)

P = 0.018

Proportion of damaged flower

tissue

v22 = 22.054,

P = <0.0001

(�0.022 � 0.005)

P < 0.0001

(0.009 � 0.004)

P = 0.091

(0.012 � 0.005)

P = 0.075
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type by its putative group of herbivores (see supplementary
information S2 for examples). We found no dependence
between the type of leaf damage (herbivory) and flower colour
(Fig. 4). The type of petal damage (florivory), on the other
hand, was associated with flower colour: type A bite marks,
attributed to caterpillars or grasshoppers, were least frequent
on red flowers (Fig. 5; v21 = 14.213, P < 0.001). Type C dam-
age (attributed to pollinating glaphyrid beetles) was
more common in red flowers than in purple and white
flowers (Fig. 5; v21 = 58.512, P < 0.001). The frequencies of
type B and D flower damage were independent of flower
colour.

The effect of simulated florivory on pollinator visits

A total of 343 putative pollinators of the orders Hymenoptera
(n = 253), Diptera (n = 88), and Coleoptera (n = 2) visited
the flowers in the arrays over the 6 days of experiment. Visit
numbers did not vary significantly among different levels of
petal damage (Fig. 6; GLM for Poisson-distributed data,
v232 = 0.541, P = 0.461). Note that Fig. 6 summarizes experi-
ments that were conducted on different days and sites.

DISCUSSION

Antagonistic colour-specific interactions between flowers and
florivores are thought to drive selection in plant populations
and to affect flower colour variation. Our study provides
insights into the potential roles of herbivory and florivory in
shaping within-population flower colour variability in A. coro-
naria, a common colour polymorphic geophyte. As expected,
we found no difference in maternal fitness between A. coronar-
ia’s flower colour morphs, suggesting that this is a stable poly-
morphism. We considered two potential selection mechanisms
that could allow the flower colour polymorphism to persist.
The first involves contrasting selection on one of the morphs,
and the second implicates different herbivores/florivores with
different colour preferences. Below, we discuss the evidence for
and against each mechanism.

First, we tested the hypothesis that one of A. coronaria’s col-
our morphs suffers more herbivory than the other morphs, driv-
ing herbivore-mediated directional selection against one of the
morphs. Opposing directional selection forces, such as pollinator
preference, may counteract this disadvantage so that multiple
flower colour morphs are maintained in natural populations.
Such a balance has been illustrated in Raphanus sativus, where
both pollinators and herbivores prefer anthocyanin-recessive
flower colour morphs over anthocyanin-positive morphs (Irwin
et al. 2003). Consistent with the hypothesis of colour-specific
herbivore damage, we found higher herbivory and florivory on
leaves and petals of red-flowering plants than on plants with
purple and white flowers. However, contrary to expectations
under directional selection, and contrary to previous empirical
studies (e.g., Wilbur et al. 2013; Lehndal & �Agren 2015), we did
not find lower plant fitness with increasing levels of leaf and
petal damage. Possibly, the expected decrease in fitness is
reflected in post-dispersal components that we did not measure,
such as germination. Alternatively, the herbivory levels that we
recorded were perhaps too low to reduce the plants’ fitness, and
seed production was, instead, constrained by other selection
agents that we did not measure. However, in a recent largeT
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global survey of herbivory, which covered hundreds of plant spe-
cies, mean herbivory levels ranged from 8.0% at the equator to
2.9% at 70° N/S (Robinson & and the HerbVar Network 2023).
The mean herbivory levels that we recorded (10.2% for red,
8.3% for purple, 6.8% for white), using an identical sampling
protocol, are at the high end of this range, indicating consider-
able herbivory on A. coronaria. In addition, even when analysing
a subset of our sample that included the 25% of plants with the
highest herbivory damage, we did not detect a negative correla-
tion between herbivory levels and plant fitness measures. We
therefore propose an alternative hypothesis, namely that some of
A. coronaria’s herbivores and florivores also act as pollinators.
Thus, their contribution to the plant’s fitness as mutualists may
compensate for the fitness loss that they induce through leaf and
petal damage, obscuring the correlation between herbivory dam-
age and fitness. We discuss this possibility below, in connection
with the hypothesis that selection for flower colour

polymorphism is mediated by different types of herbivores in
our study system.
Our second hypothesis predicts that some herbivore taxa

specialize on the red-flowering morph, while others feed pri-
marily on purple-flowering plants, and yet others specialize on
white-flowering plants. In other words, that similar fitness of
colour morphs is due to similar damage caused by different
antagonists with different preferences. Indeed, bite marks (type
A), possibly caused by caterpillars or grasshoppers, were more
common on white and purple flowers than on red flowers.
Scratch marks (type C), attributed to pollinating glaphyrid bee-
tles, were more common on red flowers. This observation
agrees with previous findings that beetles of the family Gla-
phyridae perceive red wavelengths (Mart�ınez-Harms et al.
2012), have co-evolved with red flowers (Sabatinelli et al.
2020), and pollinate them (Dafni et al. 1990; Keasar
et al. 2010). We propose that glaphyrid beetles interact with

Fig. 4. Fraction of leaves with different types of tissue damage, pooled over the three survey sites: (A) Bite marks, potentially by caterpillars or grasshoppers;

(B) Rasping of the leaf epidermis, potentially by snails; (C): Scratch marks, potentially by beetles; (D) Pathogens such as fungi or bacteria. Error bars are � 1SE.

Fig. 5. Fraction of flowers with different types of tissue damage, pooled over the three survey sites: (A) Bite marks, potentially by caterpillars or grasshoppers;

(B) Rasping of the leaf epidermis, potentially by snails; (C) Scratch marks, potentially by beetles; (D) Pathogens such as fungi or bacteria. Error bars are � 1SE.
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red A. coronaria as both pollinator mutualists and florivore
(but not leaf-feeding) antagonists. The balance between these
interactions could help maintain the red morph in coexistence
with the purple and the white morphs. If a single agent has
conflicting effects on plant fitness (negative as herbivore and
positive as pollinator), the net combined effect of both can be
zero. Accordingly, we found a disconnect between the level of
herbivory and plant fitness. Other selection agents, such as the
synchronization between flowers and pollinators that vary over
space and time (Keasar & Labin, in press), likely influence the
fitness of the red, purple, and white flowers in further complex
ways and facilitate maintenance of flower colour variation.
Non-assortative wind pollination, which was documented in A.
coronaria (Dafni et al. 2020) and which is ‘blind’ to flower col-
our, may further reduce fitness differences between colour
morphs.
High anthocyanin levels in the petals were shown to cor-

relate with reduced florivory in past studies (Johnson
et al. 2008 on Petunia hybrida; McCall et al. 2013 on
Raphanus sativus; Soper Gorden & Adler 2016 on Impatiens
capensis). A. coronaria’s flowers of different colours morphs
may vary in their composition and concentrations of antho-
cyanins, which could explain the differences in florivory
levels observed between red, purple, and white flowers. Pig-
ment analyses of the different morphs, combined with con-
trolled feeding assays with different herbivores, are needed
to evaluate this possiblity.
In our experiment of simulated florivory, flowers with

different extents of petal damage attracted similar numbers of
visitors. Thus, this experiment did not provide evidence for
indirect negative selection of florivores through reduced attrac-
tion to pollinators. A meta-analysis of herbivory–pollination
studies on 68 plant species found that damage by real herbi-
vores generally reduced the plants’ attraction to pollinators and
their reproductive success, while simulated damage (as in our

experiment) had no consistent effects (Moreira et al. 2019).
This raises the possibility that the extent of florivory simulated
in our experiment (up to 30%) was lower than the threshold
required to affect pollinators. Future work will repeat the
experiment with plants that had been exposed to controlled
damage by real florivores of different types.

In conclusion, our study suggests that herbivory and floriv-
ory have a partial role in shaping the within-population flower
colour polymorphism of A. coronaria. While we expected to
observe differential effects of herbivory/florivory levels on fit-
ness between different colour morphs, our results showed that
maternal fitness in all morphs was unaffected by leaf and flower
damage levels. This suggests that herbivory/florivory alone may
not be the dominant factor driving the maintenance of the
flower colour polymorphism in our study species. Instead, we
propose that the coexistence of the red, purple, and white
morphs may be maintained through a combination of factors,
including specialized florivory interactions, pollinator prefer-
ences, and potentially other unidentified selection agents. For
example, colour morphs may differ in climate or soil adapta-
tions, and may attract pollinators that vary in colour prefer-
ences on the related species A. pavonina, in addition to
differing in herbivory levels. Further studies are necessary to
unravel the complex and potentially opposing selection pres-
sures exerted by multiple animal species and their contribution
to the persistence of flower colour polymorphism in A. coro-
naria populations. Overall, our findings provide a foundation
for future research in understanding the evolutionary dynamics
of flower colour diversity.
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Fig. 6. Effect of level of petal damage (0–30% of petal area removed) on visits by potential pollinators in the different flower colour morphs (purple, red,

white). The total numbers of visits over two observation days are plotted.
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