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Abstract Many hypotheses suggest that pollinators act to
maintain or change floral color morph frequencies in nat-
ure, although pollinator preferences do not always match
color morph frequencies in the field. Therefore, non-pol-
linating agents may also be responsible for color morph
frequencies. To test this hypothesis, we examined whether
Raphanus sativus plants with white flowers received dif-
ferent amounts of florivory than plants with pink flowers,
and whether florivores preferred one floral color over the
other. We found that white-flowered plants received sig-
nificantly more floral damage than pink-flowered plants in
eight populations over 4 years in northern California. Both
generalists and specialists on Brassicaceae preferred white
petals in choice and short-term no choice tests. In perfor-
mance tests, generalists gained more weight on white
versus pink petals whereas specialists gained similar
amounts of weight on pink and white morphs. Because our
results suggest that florivores prefer and perform better on
white versus pink flowers, these insects may have the
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opportunity to affect the frequency of color morphs in the
field.
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Introduction

Flower color is a highly conspicuous plant trait that varies
widely within and between species. Many hypotheses
about the maintenance of these differences in floral color
revolve around the selective pressures of discriminating
pollinators (Mueller 1883; Clements and Long 1923;
Waser and Price 1981). Such hypotheses are well sup-
ported because pollinators are known to prefer certain color
morphs over others in several systems (e.g., Gigord et al.
2001; Jones and Reithel 2001, reviewed in Frey 2004).
However, these pollinator preferences do not always
coincide with realized changes in the frequencies of dif-
ferent color morphs (Irwin and Strauss 2005), which has
led researchers to consider the actions of non-pollinator
agents of natural selection.

Herbivores are agents that could act as selective forces
shaping the relative frequencies of different color morphs
in nature. Herbivory on flowers, or florivory, can reduce
fitness in plants (e.g., Lehtila and Strauss 1997), and
researchers have investigated possible pleiotropic actions
of genes involved in pigment production and anti-herbivore
traits (Fineblum and Rausher 1997; Armbruster 2002). In
particular, anthocyanins, which usually produce red and
blue hues in flowers, share parts of the same biosynthetic
pathway as flavonoid compounds that deter herbivory
(Fineblum and Rausher 1997). In addition, anthocyanin
production may also be pleiotropically linked to
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glucosinolate production (Hemm et al. 2003). Thus,
mutations that affect color may simultaneously affect
resistance to herbivores and vice versa.

One example of how non-pollinating agents may affect
the frequency of color morphs can be found in wild radish,
Raphanus sativus (Brassicaceae). Irwin et al. (2003) found
that herbivores of R. sativus generally preferred leaves
from anthocyanin-free morphs (white and yellow flowers)
over those genotypes that produce anthocyanins (pink and
bronze flowers). Likewise, Claytonia virginica plants with
red flowers sustained greater leaf damage by slugs and
lower pathogen infection than white flowers (Frey 2004).
Fruit set in this pollen-limited system tended to be higher in
plants with more red pigment in their flowers, which sug-
gests that both mutualists and antagonists could simulta-
neously act on color morph frequencies in this system.

These studies showed that floral colors are linked to
resistance in leaves, but resistance based on color may also
be present in the flowers themselves. If florivores prefer
some floral colors over others and floral color is heritable,
there may be selection for color that is not directly related
to pollinators. Furthermore, selection on floral color by a
mutualist pollinator may be countered by selection from an
antagonist florivore if both agents prefer the same colors
(Strauss and Irwin 2004). Thus, although there may be
indirect selection for floral color via selection on resistance
in leaves, there could also be direct selection on floral color
by selection of antagonists on flowers.

Despite the intriguing possibilities of these interactions
among pollinators and florivores, very little is known about
how florivores respond to floral traits like color and whe-
ther this response is consistent over time. A few studies
suggest that florivores or seed predators can discriminate
among either flowers or fruit structures with different
colors. Early in the study of flowers, Darwin (1876) related
a finding that blue-flowered Aconitum napellus morphs
suffered less floral damage by nectar robbers than white-
flowered morphs and suggested this might be due to the
distasteful nature of blue morphs in the Ranunculaceae.
More recently, Johnson et al. (2008) found that herbivores
ate less petal area that was colored with anthocyanins than
white areas on the same flower and that feeding on blue
areas both decreased weight gain and increased mortality
rates depending on the herbivore under study. In Acacia
ligulata, Whitney and Stanton (2004) found that seed
predators damaged fewer red-ariled fruit than ones with
yellow arils in 1 year of their study. Despite these advan-
ces, we are still in need of long-term surveys of florivores
to determine if a pattern of damage on pigmented versus
non-pigmented flowers is persistent in the field. We also
have little data showing enhanced preference or perfor-
mance of florivores on floral or fruit morphs with differing
levels of anthocyanin production. This information is
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important if we want to understand if non-pollinating
agents can exert selection pressure on floral morph color.

In order to provide information on the long- and short-
term preferences of florivores on flowers differing in
anthocyanin production, we aim to answer three questions
using California wild radish, R. sativus. First, does flori-
vory differ among white and pink color morphs in natural
populations? Second, do generalist and specialist florivores
prefer one color morph over another in short-term labora-
tory assays? Third, does flower color affect florivore per-
formance in the laboratory? This work complements
previous studies investigating selection on R. sativus flower
color from pollinators (Stanton 1987) and folivores (Irwin
et al. 2003).

Materials and methods
Study system

Raphanus sativus in California is an annual plant produced
from crosses between R. raphinistrum, jointed charlock,
and agronomic R. sativus cultivars (Hegde et al. 2006). Its
seeds germinate during the first part of the wet season in
California’s Mediterranean climate (October—December),
with plants flowering between March and July. Floral color
phenotype (bronze, pink, white, and yellow) is controlled
by two independently segregating loci. (Panestsos 1964;
Irwin et al. 2003). There is no evidence that floral display
and silique size differ among color morphs (Stanton 1987;
Irwin et al. 2003). Although the plant makes four color
morphs, we concentrated on only white and pink flowering
plants because they differ in the presence or absence of
anthocyanins. Because there is variation in the amount
visible pigment in radish flowers, we limited our surveys of
pink morphs to those flowers that were uniformly pink in
color and had no visible white sectors and used only white
flowers without any visible pink pigment.

Florivores on R. sativus include larvae of diamondback
moths (Plutella xylostella), tiger moth larvae (Platyprepia
virginalis), western flower thrips (Frankliniella occiden-
talis), an unidentified weevil, and an unidentified aphid
species (K. Shiojiri, personal communication; A.M., per-
sonal observation.). Foliar herbivores include larvae of
Pieris rapae, Plutella xylostella, Spodoptera exigua,
Tricoplusia ni, cabbage aphids (Brevicoryne brassicae),
gray garden slugs (Agriolimax reticulates), flea beetles
(Phyllotreta spp.), and earwigs (Forficula auricularia)
(Irwin et al. 2003; Karban and Nagasaka 2004).

Defensive chemicals found in leaves or other parts of a
plant may be effective at deterring these florivores. For
example, glucosinolates are the most prevalent defensive
chemicals found in Raphanus species, and are effective in
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facilitating resistance against many herbivores (Glen et al.
1990; Li et al. 2000; Renwick 2002). Raphanus sativus has
both constitutive glucosinolate resistance and indicible
glucosinolate resistance in both petals and leaves (Strauss
et al. 2004).

Survey of damage

In 2006, we began a florivory survey of eight populations
of R. sativus (Table 1). We chose populations on a linear
transect across northern California, between Bodega Bay in
the west and the Cosumnes River in the east. Sites were at
least 2 km apart. Populations were usually in roadside
ditches and other disturbed areas where R. sativus thrives.
The main florivores in these populations were western
flower thrips, diamondback moths, tiger moth larvae, and
an unidentified weevil. We placed two 40-m linear tran-
sects through each population and surveyed plants every
2 m until we assayed 100 plants. In some populations,
there were not enough plants to complete 100 replicates, so
we assayed as many as possible. For each plant, we chose
the most distal open and receptive flowers on the longest
raceme to examine for damage. We only considered a
flower damaged if the insect produced a hole through the
entire petal, not just the top epidermal layer. The dependent
variable for each plant was the proportion of open flowers
with damage, and the unit of replication was at the indi-
vidual plant level.

We surveyed these populations in mid-May, before the peak
of flowering, for4 years. In total, we surveyed 2,270 individual
plants. We analyzed the data using a three-way, fully crossed
ANOVA with year and flower color as fixed factors and pop-
ulation as a random effect. If we found significant interactions,
we ran appropriate main-effect ANOVAs.

Choice tests

In 2008, we performed an experiment to determine flori-
vore preference, using approximately seven plants grown

Table 1 Locations of eight populations of Raphanus sativus in
California surveyed for petal damage from 20062009

Population Code Lat (N°) Long (W°)
Bodega Bay BODE 38.3176 123.0708
Covell Rd COVE 38.5614 121.8028
Landfill LAND 38.5107 121.8036
Levee Rd LEVE 38.5252 121.7830
Mare Island MARE 38.1349 122.3446
Old Davis Rd OLDD 38.4958 121.7759
Pole Line Rd PLINE 38.5867 121.7304
Yolo Bypass YOLO 38.5572 121.6720

from each of the eight populations surveyed in 2006-2009
as sources for the petals. We used both a generalist her-
bivore, the beet armyworm, S. exigua, and a specialist on
Brassicaceae, P. xylostella. Both florivores were obtained
from a commercial source (Benzon Research, Carlisle, PA,
USA). In the S. exigua trials, we placed entire petals of
either white or pink flowers in a 150-mm-wide Petri
dish used as the experimental arena. First instar larvae of
S. exigua were allowed to feed for 24 h, after which we
coded the damage as ‘1’ for any damage and ‘0’ for no
damage. For the P. xylostella tests, we used the same assay.
A total of 49 S. exigua and 38 P. xylostella larvae were used
in these assays. We then tested for flower color preferences
within each species with a Wilcoxon signed-rank matched
pairs ¢ test. We also performed post hoc power analyses on
these data because the sample sizes were relatively small.

No-choice tests

During the summer of 2008, we performed a series of no-
choice experiments with S. exigua and P. xylostella. We
used a graded response to quantify insect damage where
0 =no damage, 1 = 1-25 % damage, 2 = 26-50 %
damage, 3 = 51-75 % damage, and 4 = 76-100 % dam-
age. We used 103 S. exigua and 136 P. xylostella neonates
for this experiment. We placed individual larvae into Petri
dishes with damp cotton balls and gave each of them a
single petal disk of one color to feed on for 24 h. We used a
two-way ANOVA with petal color and insect species as
fixed, fully crossed factors and the damage score as the
response variable.

Performance tests

Although damage to petals may be indicative of initial
palatability, we also wanted to know if performance, as
measured by weight gain, was dependent on flower color.
We conducted an experiment where we fed larvae either
only white petals or only pink petals for an extended period
of time and measured their weight gain. We used a single
population (LAND) for all of the experiments in order to
control for population-level genetic effects. The methods
for experiments using S. exigua and P. xylostella were
identical.

After growing approximately 45 plants from 10 mater-
nal lines of R. sativus within LAND, we placed each larva
in a Petri dish arena with a moist cotton ball and initially
fed it two petals, either pink or white, from a randomly
chosen plant. Every 2 days until the 10th day, we removed
the old petals and replaced them with two new petals from
the initial plant. After 10 days, we weighed each larva to
estimate performance during this period. A total of 48
S. exigua and 44 P. xylostella larvae were used in the
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experiment. Data were In-transformed to improve the
normality of residuals and were analyzed using a two-way
ANOVA with herbivore type and petal color as fully
crossed effects.

Results
Survey

We found that floral damage depended on the year of the survey
(F3, 2055 = 6.62, P =0.0024), and that plants with white
flowers suffered a higher proportion of floral damage
than plants with pink flowers [Pink = 24.30 £ 1.18 % (1 SE),
White = 32.75 £ 1.18 %, F; 255 = 23.58, P < 0.0001;
Fig. 1]. There were no significant year by color (F3, 5255 =
1.25, P = 0.321) or population by color (F;, ;255 = 0.63,
P = 0.722) interactions. For the random effects, there were
no effects of population (Variance component = 0.02,
95 % CI = —0.014-0.053), or the three-way-interaction
among year, population, and color (Variance component
<0.001, 95 % CI = —0.005 to 0.007).

Choice test

In the choice test, S. exigua larvae preferred white petals
versus pink petals [Pink mean score = 0.521 + 0.083
(1 SE), White mean score = 1.00, Wilcoxon signed-rank
matched pairs test, S = 138, P < 0.0001; Fig. 2]. The post
hoc power for this analysis at « = 0.05 was 0.99. Plutella
xylostella larvae also consumed more white petal tissue
than pink petal tissue (Pink mean score = 0.421 £ 0.081,
White mean score = 0.816 + 0.091, Wilcoxon signed-
rank matched pairs test, S = 114, P = 0.016; Fig. 2). The
post hoc power for this analysis at & = 0.05 was 0.68.

100 1
80 4
60 1

*dkk

40

Flowers damaged (%)

20 4

Pink White

Fig. 1 The percentage of damaged flowers per plant grouped by
flower color in the 2006-2009 floral damage survey. Bars indicate
mean *+ SE; n = 1,114 pink-flowered plants and n = 1,156 white-
flowered plants (***P < 0.001)
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Fig. 2 Mean damage petal scores from a 24-h choice tests between
pink and white petals for the specialist Plutella xylostella (n = 38)
and the generalist Spodoptera exigua (n = 49). All white petals
damaged by S. exigua had the highest possible damage score (1). Bars
indicate mean £+ SE (*P < 0.05, ***P < (0.001)

No-choice test

In the no-choice tests, both S. exigua and P. xylostella
inflicted more damage on white petals than on pink petals
[white damage score mean = 0.889 + 0.066, pink damage
score mean = 1.19 &£ 0.066 (1 SE), F;,35 = 10.17,
P =0.0016, data not shown]. For both petal morphs,
S. exigua larvae caused significantly more damage than
P. xylostella (S. exigua damage score mean = 1.144 £
0.072, P. xylostella damage score mean = 0.936 £ 0.062,
Fi 235 = 4.83, P =0.029, data not shown). There was
no significant effect of the color by insect interaction
(F1, 235 = 0.069, P = 0.793).

Long-term performance tests

In the long-term no-choice test, all larvae, regardless of
species, weighed more when fed white petals versus pink
petals (Fy, gg = 8.61, P = 0.004) and P. xylostella larvae
weighed more than S. exigua larvae, regardless of petal
color (F, gg = 82.75, P < 0.0001). There was a significant
interaction between petal color and herbivore species
(Fy, g = 19.27, P < 0.0001). Within P. xylostella, there
was no evidence of an effect of petal color on larvae weight
(F1, 42 =2.12, P = 0.152; Fig. 3) but within S. exigua
larvae fed on white petals weighed 84 % more than larvae
fed on pink petals (F;, 46 = 19.1, P < 0.0001; Fig. 3).

Discussion
Our survey results showed that florivores damage a higher

proportion of petals on white flowers versus pink flowers
and that this is consistent across populations and survey
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Fig. 3 Mean weight gain for the specialist Plutella xylostella
(n = 44) and the generalist Spodoptera exigua (n = 48) on pink or
white petals over 10 days. Bars indicate mean £+ SE (***P < 0.001,
NS not significant for color effect)

years. We also found that florivory rates were variable
across years within populations, regardless of the petal
color. This variation is not surprising, given the large
variation in percent leaf herbivory observed across R. sativus
populations in northern California (Karban and Nagasaka
2004). To our knowledge, our work is one of the longest
records of florivore damage on multiple populations in the
literature.

In the behavioral tests, S. exigua and P. xylostella both
preferred white petals over pink petals in the laboratory
(Fig. 2) and also ate more white petal tissue versus pink
petal tissue when given no choice. For the long-term per-
formance tests, S. exigua larvae gained more weight on
white petals versus pink petals, but the specialist P. xylo-
stella gained roughly equal amounts of weight on both
colors (Fig. 3).

Although our results indicate a pattern of preference and
performance, our work does not tell us what mechanism
may be affecting the consumption of white versus pink
petals. One clue is that petal color had little effect on the
long-term performance of the specialist P. xylostella but
did have an effect on the generalist S. exigua. Given that
specialist herbivores on the Brassicaceae are often either
unaffected or stimulated by glucosinolates whereas gener-
alists are deterred (e.g., Lankau 2007), pink petals may
simply have higher constitutive levels of glucosinolates
than white petals. For example, Hemm et al. (2003) found
that mutations in Arabidopsis thaliana that disrupt the
biosynthesis of glucosinolates and pleiotropically affect
anthocyanin production. Despite this possibility, workers
found that constitutive glucosinolate levels do not differ
among pink and white petals in plants from the BODE
population used in our study (Strauss et al. 2004). Instead,
Strauss et al. (2004) found that leaf damage induced higher
concentrations of glucosinolates in pink flowers than white

flowers, which may explain the pattern of increased dam-
age on white petals we saw in the natural populations
because leaf damage can be extremely widespread both
within and across populations (Karban and Nagasaka 2004;
A. McCall, personal observation). Induction of glucosino-
lates through leaf damage does not explain why white
petals were preferred in the laboratory, where undamaged
plants were used.

An alternative reason for the preference and perfor-
mance patterns we observed is that the constitutive levels
of glucosinolates could have actually differed between the
color morphs in the particular populations we used. We
tested florivores on different populations than Strauss et al.
(2004), and since there are often population-level differ-
ences in herbivore resistance in plants (e.g., Newton et al.
2010), constitutive or induced levels of resistance between
the color morphs could have been different in our study.

Defenses other than glucosinolates could be linked to
anthocyanin production. For example, phenolic defensive
compounds could be produced at higher concentrations in
pink flowers because these compounds share a biosynthetic
pathway with anthocyanins (Koes et al. 1994; Fineblum
and Rausher 1997). In this way, plants with red flowers
might deter herbivores through the action of the defensive
phenolics rather than of the conspicuous and co-occurring
anthocyanins. For example, tobacco budworm larvae,
Heliothis virescens, gained less weight and had a greater
mortality rate when fed on cotton flowers colored by
cyanidin-3-f-glucoside than when fed on white flowers
(Hedin et al. 1983). It is also possible that the anthocyanins
themselves either deter feeding or interfere with digestion.
When anthocyanin mixtures from Petunia hybrida flowers
were added to the diets of H. zea and Trichoplusia ni lar-
vae, both insects gained less weight after 3 days than those
insects reared on control diets (Johnson et al. 2008).
Despite these results, anthocyanin content may not be the
sole factor affecting preference in our study because spe-
cialists did not experience a differential weight gain on the
two different color morphs, while generalists did. This
suggests that defenses more specialized than anthocyanins,
like glucosinolates, are influencing preference for white
over pink in this system.

One final insight about the mechanisms behind the
patterns we found comes from studies on leaf herbivores in
R. sativus. Our patterns of performance for S. exigua are
the opposite of what Irwin et al. (2003) found in larvae fed
anthocyanin-free or anthocyanin-containing leaves. In that
study, S. exigua larvae performed better on leaves from
pink- and bronze-flowered plants whereas we found that
S. exigua larvae performed better on anthocyanin-free
flowers, suggesting that resistance compounds in leaves are
somehow different than those employed in flowers. This
scenario is entirely possible, given that some plants deploy
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different types or different levels of defenses in different
tissue types (Smallegange et al. 2007).

Florivores and other herbivores may impact plants
simultaneously in nature. We know that insect damage to
leaves can have large effects on maternal and paternal
fitness (Strauss et al. 1996), and that foliar herbivores other
than Lepidopterans prefer and perform better on anthocy-
anin-free color morphs (Irwin et al. 2003). Our work adds
to this story by suggesting that florivores may select on
floral color through flower consumption. Thus, at least two
types of herbivores, florivores and folivores (Irwin et al.
2003) have now been shown to prefer anthocyanin-free
plants versus anthocyanin-containing radish plants.

Although we showed that larvae prefer and perform
better on white petals, we did not test the adult oviposition
preferences. An alternative mechanism behind the pattern
that we see in the field is that adult moths prefer to oviposit
on white-flowering plants. Indeed, Irwin et al. (2003)
showed that adults of the P. rapae preferred to oviposit on
anthocyanin-free color morphs than anthocyanin-containing
morphs, but only when the plants were flowering. While we
cannot directly address whether S. exigua or P. xylostella
adults would show the same preference, we do think that
larvae may be able to choose among color morphs in the field
because R. sativus often grows in dense patches where race-
mes of one plant grow nearly intertwined with adjacent plants
(A. McCall, personal observation).

We also do not know whether florivory on R. sativus has
any effect on fitness components. Others have found that
smaller flowers tend to receive fewer syrphid pollinator
visits than larger ones (Strauss et al. 1996), so it is possible
that floral damage that reduces petal width or length could
similarly affect pollination. Further work should either
protect flowers from damage or apply artificial florivory to
all color morphs to see if they are differentially affected by
florivory.

Conclusions

Our work shows that white flowers receive significantly
more florivore damage than pink flowers over many pop-
ulations and several years. Using both choice and no-
choice tests, we show that both specialists and generalists
prefer white petals in the short term, but that longer-term
performance on white petals is higher only for generalists
rather than specialists. These findings, in combination with
other studies on wild radish, indicate that florivore pref-
erence may coincide with folivore preference, possibly
affecting selection on petal morph color.
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