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Abstract Natural selection on flowering phenology has
been studied primarily in terms of plant—pollinator inter-
actions and effects of abiotic conditions. Little is known,
however, about geographic variation in other biotic factors
such as herbivores and its consequence for differential
selection on flowering phenology among populations.
Here, we examine selection by floral herbivores on the
flowering phenology of Arabidopsis halleri subsp. gem-
mifera using two adjacent populations with contrasting
herbivory regimes. Intensive floral herbivory by the leaf
beetle Phaedon brassicae occurs in one population, while
the beetle is absent in another population. We tested the
hypothesis that the two populations experience differential
selection on flowering time that is attributable to the
presence or absence of floral herbivory. A two-year field
study showed that early flowering was favoured in the
population under intensive floral herbivory, whereas
selection for early flowering was not found in one year in
the population where floral herbivory was absent. Selection
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for early flowering disappeared when the abundance of
floral herbivores was artificially decreased in a field
experiment. Thus, the heterogeneous distribution of
P. brassicae was a major agent for differential selection on
flowering time. However, flowering time did not differ
between the two populations when plants were grown in
the laboratory. The lack of genetic differentiation in
flowering time may be explained by ongoing gene flow or
recent invasion of P. brassicae. This study illustrates that
the role of floral herbivory in shaping geographic variation
in selection on flowering phenology may be more impor-
tant than previously thought.
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Introduction

Flowering phenology is a major determinant of plant
reproductive success. Flowers that open at suboptimal
periods may suffer from low visitation by pollinators
(O’Neil 1999; Aizen 2003; Morinaga et al. 2003) or from
severe abiotic conditions (Stinson 2004). A large number
of studies on the ecology and evolution of flowering phe-
nology have focused on consequences of plant—pollinator
interactions and abiotic conditions (for reviews, see Rath-
cke and Lacey 1985; Elzinga et al. 2007; Strauss and
Whittall 2007). These studies suggest that natural selection
favours flowering phenologies that maximise plant repro-
ductive success.

Recently, ecologists have found that natural selection on
flowering phenology and other floral traits is mediated by
natural enemies such as herbivores (Biere and Honders
1996; Brody 1997; Juenger and Bergelson 1998; Strauss
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and Irwin 2004; Elzinga et al. 2007; Kolb et al. 2007,
Strauss and Whittall 2007; Ehrlén and Miinzbergova 2009).
For instance, foliar herbivory can affect floral traits such as
floral display and flowering time (Strauss et al. 1996;
Mothershead and Marquis 2000; Thomson et al. 2004;
Brody et al. 2007; Suarez et al. 2009). Floral herbivory, or
florivory, has also received increased attention as an
important determinant of plant reproduction for the fol-
lowing reasons (Breedlove and Ehrlich 1968; McCall and
Irwin 2006). First, floral herbivory affects the abundance
and appearance of flowers, and may alter patterns of pol-
linator attraction and pollen movements (Krupnick and
Weis 1999; Krupnick et al. 1999; Leavitt and Robertson
2006; Penet et al. 2009). Second, floral herbivory may
directly reduce the availability of reproductive organs that
would otherwise produce mature seeds (McCall 2008).
Finally, temporal changes in the intensity of floral her-
bivory have been observed (Evans et al. 1989; English-
Loeb and Karban 1992; Bishop and Schemske 1998; Pilson
2000; Mahoro 2002; Juenger et al. 2005; Tarayre et al.
2007; Oguro and Sakai 2009), and this can serve as a
source of selection on flowering time to avoid floral her-
bivory (Elzinga et al. 2007).

Compared to pollinator-mediated selection, however,
our understanding of the influences of floral herbivory on
the ecology and evolution of flowering phenology is still
limited. As the abundances and compositions of herbivore
communities can vary geographically (Lewinsohn et al.
2005), the spatial heterogeneity in floral herbivory can be
an important agent for differential selection on flowering
phenology. Although a few studies have investigated var-
iation in floral herbivory among populations and its con-
sequences for selection on flowering phenology (Sandring
et al. 2007; Kelly et al. 2008; Mosleh Arany et al. 2009),
confounding factors, either biotic or abiotic, could have
also affected the observed patterns of selection because
distantly located populations that differed in abiotic and
biotic environments were often studied. It is necessary,
therefore, to study the role of floral herbivory in deter-
mining selection on flowering time among populations
with similar environmental conditions.

In this study, we examined phenotypic selection on
flowering time via female fitness mediated by floral her-
bivory in Arabidopsis halleri (L.) O’Kane & Al-Shehbaz
subsp. gemmifera (Matsum.) O’Kane & Al-Shehbaz
(Brassicaceae). We studied two populations that differ
considerably in the intensity of floral herbivory. The leaf
beetle Phaedon brassicae Baly (Coleoptera, Chrysomeli-
dae) is abundant and intensively damages flowers and
flower buds in one population (Fig. 1), whereas the beetle
is absent in the adjacent population. As the two populations
are in close proximity, this system provides a unique
opportunity to study differential selection on flowering
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time under contrasting floral herbivory regimes with sim-
ilar abiotic conditions. By combining a field census and
experiments, we addressed the following questions:

1. Does phenotypic selection on flowering time via
female fitness differ between the two populations
under contrasting floral herbivory regimes?

2. Is selection on flowering time altered when the
abundance of P. brassicae is manipulated in the field?

3. Has flowering time been differentiated genetically
between the two populations?

Materials and methods
Study system

Arabidopsis halleri subsp. gemmifera is a self-incompat-
ible, perennial herb that grows in moist habitats in Japan.
Flowering starts in early April, and fruits mature in June.
A mature fruit typically contains 10-15 seeds. After
flowering, plants produce new rosettes and grow vegeta-
tively for the rest of the year. They then overwinter as
rosettes. Study populations are located in Hyogo Prefec-
ture in the western part of Japan (35°10'N, 134°93’E,
200 m in altitude). The two populations, referred to as the
OM and MZ populations, respectively, are separated by
only 3 km, and plants grow along the two small, shallow
creeks running through open forests on the south-facing
slope of a hill. Thus, abiotic conditions such as climate,
light and water availability are similar between the two
populations.

The chrysomelid leaf beetle Phaedon brassicae severely
damages plants in the OM population (Fig. 1). This beetle
is a crucifer-feeding specialist that is known to be a pest for
Brassica and Raphanus crops. However, the beetle is
absent in the MZ population. Moreover, of the 40 popu-
lations of A. halleri subsp. gemmifera across Japan that we
surveyed, P. brassicae was found in only two populations
(OM and one closely located population, T. Kawagoe,
unpublished data). In the OM population, A. halleri subsp.
gemmifera is the only host plant of P. brassicae. Larvae are
most abundant in the flowering season in spring, and lower
numbers of adults and larvae feed on leaf tissues in summer
and autumn. Although other insects such as larvae of the
small white butterfly Pieris napi L. and the moth Plutella
xylostella L. feed on A. halleri subsp. gemmifera in both
populations, their abundances are quite low throughout the
year, and floral herbivory by these insects is extremely
rare; less than 1% of the plants were infested by these
lepidopteran larvae when the plants were censused in the
flowering season. Thus, their effects on plant fitness were
minimal at the study sites.
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Fig. 1 Photographs showing
the effects of larvae of

P. brassicae on flowers and
buds of A. halleri subsp.
gemmifera. a Heavily damaged
inflorescences; larvae are
indicated by arrows. AM, apical
meristem. b Enlargement
showing a larva feeding on
flowers

Phenotypic selection in the field

We conducted a field census for two flowering seasons
(2007 and 2008) in both populations to examine the rela-
tionship between flowering time and fruit production. We
established four and three rectangular plots in the OM and
MZ populations, respectively, within which plants were
marked individually. These plots were 1 m in width and
were set to cover plants on both sides of the creek. The
length of a plot varied from 3 to 10 m depending on how
far the plants occurred from the creek. These plots were
parallel to each other, and the distance between the nearest
plots was greater than 20 m. We measured the rosette
diameter of each plant prior to the flowering season. During
the flowering season from April to May, the first day of
flowering, hereafter referred to as the flowering time, was
recorded once a week for each plant. The number of her-
bivorous insects on each plant was also counted every
week. After the flowering season, we counted the number
of mature fruits and fruit remains from which seeds had
been released. We could not examine seed production
because it was difficult to prevent spontaneous seed release
from fruits while allowing herbivores to access flowers and
young fruits. Plants that did not flower were excluded from
the analysis. The numbers of plants used for the analysis
were 312 and 217 in the OM population and 198 and 216 in
the MZ population in 2007 and 2008, respectively.

Manipulation of floral herbivory in the field

To test the hypothesis that floral herbivory by P. brassicae
affects natural selection on flowering time, a field experi-
ment was conducted in which the abundance of P. brass-
icae was manipulated using an insecticide. Because there

was substantial variation in size and age among naturally
grown plants, we used plants derived from seeds for the
experiment to reduce variation in plant age. The experi-
ment was carried out in the OM population because
P. brassicae was absent in the MZ population and thus
herbivore-mediated selection could not be studied. More
than 30 seeds were collected from each of 24 maternal
plants outside of the census plots in the OM population in
June 2006. The maternal plants were at least 10 m apart,
and the most distant maternal plants were separated by
300 m. As primary seed dispersal depends on gravity, the
probability of sampling kin individuals was minimized by
this sampling strategy. The seeds were sown in the labo-
ratory. When the seeds germinated, the seedlings were
grown in a growth chamber with 16 h days at 25°C and 8 h
nights at 15°C. The intensity of fluorescent light in the
chamber was ca. 200 pmol m~2 s~'. After two months of
growth, four plants for each of 24 maternal half-sib fami-
lies (96 plants in total) were randomly selected and trans-
planted into the OM population on 5 October 2006. We
established four plots that were separated by at least 30 m.
Each plot consisted of 24 plants arranged in a 4 x 6
square-grid pattern with a 0.1 m interval between the
nearest plants. Half of the plants in each plot were assigned
to the insecticide treatment, and the other half were des-
ignated as the control. We applied 1 g of a slow-acting
insecticide (Oltran, Sumitomo Chemical Garden Products
Inc., Tokyo, Japan) every two months. In addition, her-
bivorous insects on insecticide-treated plants were
removed by hand when they were found. During the fol-
lowing spring, rosette diameter was measured before flower-
ing. The first day of flowering was recorded and the number of
P. brassicae on each plant was counted once a week. The
numbers of mature fruits and fruit remains were counted
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for each plant after the flowering season. Four control
plants and two insecticide-treated plants did not flower.
The remaining 44 and 46 plants in the control and
insecticide treatments, respectively, were used for anal-
ysis (see below). During the experiment, plants were
supplied once a month with a 1,000-fold solution of a
commercially available nutrient (Hyponex; the concen-
trations of N, P and K were 6, 10 and 5%, respectively;
Hyponex Japan Corp., Osaka, Japan).

Genetic difference in flowering time between the two
populations

To test whether flowering time was genetically differenti-
ated between the two populations, we performed a common
garden experiment in which plants originating from both
populations were grown under the same conditions in the
laboratory. Seeds were collected from 24 maternal plants in
each population and germinated in the laboratory (note that
the OM maternal plants used in this experiment were dif-
ferent from those used in the field experiment described
above). Two plants for each maternal half-sib family were
used for the experiment (2 plants x 24 mothers x 2 pop-
ulations = 96 plants in total). Plants were randomly
assigned to one of four trays, and each tray contained 24
plants. Plants were grown individually in 7.5 cm diameter
plastic pots in a growth chamber with 16 h days at 25°C
and 8 h nights at 15°C. After three months of growth at the
rosette stage, the plants were vernalised for two months at
5°C with a day length of 10 h. Rosette diameter was
measured after vernalisation, and then the plants were
allowed to flower under a regime with 16 h days at 20°C
and 8 h nights at 10°C. This growth condition simulated
vegetative growth in autumn, overwintering, and flowering
during the following spring in the field. During the
experiment, the positions of the trays in the growth
chamber were rotated every 3-5 days to minimise micro-
environmental variation among trays. The first day of
flowering was recorded every 1-2 days. Flowering time
was considered to be the days to flowering after vernali-
sation. Because the species is self-incompatible and flowers
were not pollinated in this experiment, we could not
measure fruit production. Instead, the number of peduncles
remaining on flowering stems was counted as a measure of
flower production. Flower production was a good predictor
of female fitness because fruit set was high (>80%) in the
field unless the flower was consumed by herbivores. Plants
were supplied with a 1,000-fold diluted solution of Hypo-
nex once a month. We performed the common garden
experiment instead of a field reciprocal experiment because
the latter requires plants to flower in the field, which would
have caused unwanted genetic contamination of natural
populations.

@ Springer

Statistical analysis

All statistical analyses were carried out using the R sta-
tistical package v.2.9.0 (R Development Core Team 2009).
We performed a multivariate phenotypic selection analysis
on flowering time (days to flowering) in natural populations
(Lande and Arnold 1983), in which fruit production was a
response variable and flowering time and rosette diameter
were included as independent variables. The number of
fruits was normalised by dividing individual values by a
mean. Independent variables were standardised to have a
mean of zero and a variance of unity. The number of fruits
produced was not normally distributed but was highly zero-
inflated. Thus, we estimated partial regression coefficients,
or selection gradients, in multivariate selection models by
the bootstrap method, with resampling performed
10,000 times (Crawley 2007). The means and 95% confi-
dence intervals of coefficients were estimated to test
whether regression coefficients deviated significantly from
zero. We also examined nonlinear selection on flowering
time by the bootstrap method to test whether stabilising or
disruptive selection occurs. However, neither a fitness peak
nor a fitness valley appeared within the flowering time
range we observed. For this reason, the results of quadratic
selection analysis are not shown in this paper.

The same method was applied to estimate selection
gradients for flowering time in the field experiment in
which insects were artificially removed. Bootstrap resam-
pling was performed separately in the control and insecti-
cide treatments.

In the common garden experiment, flowering time was
compared between plants from the two populations by
generalised linear mixed effects models (the Imer function
implemented in R), in which population and rosette
diameter were included as fixed factors and mother plants
and block were random factors. A log-likelihood test was
performed to compare models with and without the popu-
lation term.

Results
Phenotypic selection in the field

In the OM population under intensive floral herbivory by
P. brassicae, some plants started to flower before the
emergence of P. brassicae, whereas a large proportion of
plants did so after P. brassicae emerged (Fig.2). The
selection gradient on flowering time was negative and
deviated significantly from zero in each of the two years
(Table 1). Thus, early flowering was favoured for two
years in the OM population. In the MZ population, where
P. brassicae was absent, early flowering was favuored in
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2007 but selection was not significant in 2008 (Table 1).
Phenotypic selection for larger plants was significantly
positive in both populations for the two years (Table 1).

Manipulation of floral herbivory in the field

Plants suffered from floral herbivory in the control treat-
ment, whereas the abundance of P. brassicae was
decreased in the insecticide treatment (Fig. 3). Insects were
removed from the insecticide-treated plants by hand after
counting them, so damage to plants in the insecticide
treatment was much lower than to those in the control.
Selection for early flowering was significant in the con-
trol treatment, which was consistent with the results of
the field census (Table 2). In the insecticide treatment,
flowering time was not significantly correlated with fruit
production (Table 2). Therefore, floral herbivory by
P. brassicae altered phenotypic selection on flowering time.

Genetic difference in flowering time between the two
populations

Flowering time did not differ significantly between the two
populations when the plants were grown under the same
laboratory conditions (Fig. 4, log-likelihood test of mixed
effects models with and without the population term,

Table 1 Selection gradients for flowering time and rosette size with
the number of fruits as a response variable

Population and year  Estimate  Flowering time Rosette size
OM 2007 Mean —0.303 0.432

SD 0.069 0.109

95% CI —0.439, —0.169  0.229, 0.653
OM 2008 Mean —0.389 0.791

SD 0.146 0.236

95% Cl —-0.699, —0.122  0.379, 1.310
MZ 2007 Mean —0.293 0.583

SD 0.077 0.131

95% CI —0.456, —0.153  0.329, 0.849
MZ 2008 Mean —0.250 0.945

SD 0.193 0.363

95% CI —0.581, 0.178 0.379, 1.758

Means, SDs, and 95% confidence intervals (CI) of selection gradients
estimated by the bootstrap method are shown. Selection gradients for
which 95% Cls do not include zero are indicated in bold. Two values
for 95% Cls represent lower and upper limits

P = 0.9). If flowering-time variation in natural populations
was determined only by environmental factors, the varia-
tion would decrease when the plants are grown under the
same homogeneous laboratory conditions. However, we
found that flowering-time variation in the laboratory was
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Fig. 3 Temporal patterns of number of A. halleri subsp. gemmifera
plants that started flowering at the day of the census (plants per day;
bars) and the abundance of the leaf beetle P. brassicae larvae
(mean + SE per plant; lines) in the a control and b insecticide
treatments. Insects found in the insecticide treatment were removed
by hand after counting

Table 2 Selection gradients for flowering time and rosette size with
the number of fruits as a response variable in the field experiment in
which the abundance of floral herbivores was manipulated using
insecticide

Treatment Estimate Flowering time Rosette size
Control Mean —0.261 0.082

SD 0.116 0.108

95% CI —0.479, —0.019 —0.145, 0.286
Insecticide Mean —0.041 0.238

SD 0.12 0.094

95% CI —0.308, 0.163 0.055, 0.425

See Table 1 for details

comparable to that in natural populations; the difference
between the earliest and latest flowering time was 59 days
in the laboratory, and 38-63 days in the two populations
over the two years. Levene’s test for equality of variances
in flowering time in the laboratory and under natural con-
ditions was not significant for three of four comparisons:
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Fig. 4 Flowering times of plants from two A. halleri subsp.
gemmifera populations grown under common laboratory conditions.
Flowering time is considered to be days to flowering after
vernalisation

laboratory vs. 2008 MZ, F = 0.0003, P = 0.99; laboratory
vs. 2007 MZ, F = 0.14, P = 0.71; laboratory vs. 2008
OM, F = 1.57, P = 0.21; whereas the test result was sig-
nificant after Bonferroni correction in the comparison of
laboratory vs. 2007 OM, F = 8.54, P = 0.0036.

Discussion

Phenotypic selection on flowering time mediated
by floral herbivory

Our study showed that phenotypic selection on flowering
time via female fitness differed between the two neigh-
bouring populations subjected to contrasting herbivory
regimes. Early flowering was favoured in each of the
two years in the OM population, which received intensive
floral herbivory from P. brassicae. In the MZ population,
where P. brassicae was absent, early flowering was
favoured in only one year (2007), and selection was not
significant in the other year (2008). The field experiment
also showed that selection for early flowering was weak-
ened when the abundance of P. brassicae was artificially
decreased. These results support the hypothesis that natural
selection on flowering time is mediated by floral herbivory
from P. brassicae. Furthermore, although P. brassicae
consumes flowers and flower buds, they do not feed on
developing fruits, probably because of the increased
toughness of the fruits in later stages. This feeding pattern
of P. brassicae gives a great fitness advantage to plants that
flower and develop fruits prior to the emergence of
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P. brassicae. We also found that the temporal change in the
abundance of P. brassicae did not coincide with the fre-
quency distribution of flowering time (Fig. 2). Therefore,
the temporal change in the intensity of floral herbivory was
the source of selection for early flowering. Florivory by
P. brassicae has been intense in the OM population since
we started field studies in 2005, while P. brassicae has been
absent from the MZ population since 2006 (T. Kawagoe
et al., unpublished work). Importantly, the dispersal ability
of P. brassicae appears to be strongly limited because adults
are flightless. Thus, the two populations have been under
contrasting florivory regimes for at least four years.

The lower fitness of plants that flowered later in the
flowering season could also be explained by pollinator-
mediated selection. For instance, a decrease in pollinator
visits later in the flowering season may result in the negative
correlation between flowering time and fruit production.
However, this is unlikely to be the case, because selection for
early flowering disappeared when the herbivores were
removed. This means that late-opening flowers were able to
receive sufficient pollinator visits to produce fruits in the OM
population unless they were consumed by P. brassicae.
Furthermore, the mean fruit set for flowers that were not
consumed by P. brassicae was higher than 85% and did not
decrease during the flowering season in both populations
(logistic regression of fruit set on flowering time, P = 0.9 in
OM; P = 0.1 in MZ). Thus, pollinator limitation cannot
explain the decrease in fruit production in the late period of
the flowering season. Although the strength and the direction
of selection on floral traits imposed by pollinators and her-
bivores can differ and are sometimes antagonistic (Strauss
and Whittall 2007; Parachnowitsch and Caruso 2008), our
results did not show any evidence of conflicting selection
imposed by pollinators and floral herbivores. We conclude
that flower predation is the most influential factor in both
fruit production and differential selection on flowering time
between the two populations.

No evidence of genetic differentiation
between populations

The results of the laboratory experiment showed that flowering
time was not differentiated genetically between the two pop-
ulations. This contrasts with the results of the field study, which
showed differential phenotypic selection on flowering time.
There are several possible explanations for this inconsistency.
First, plant populations may not be able to respond to differ-
ential selection because of the lack of genetic variation in
flowering time. Second, the influences of demographic pro-
cesses such as gene flow and the recent shared ancestry of the
two populations may overwhelm that of contemporary natural
selection. Third, differential selection mediated by floral her-
bivory may have begun to operate recently, so the populations

did not have enough time to diverge genetically. The first
hypothesis of a lack of genetic variation is less likely, because
the variance in flowering time under the laboratory conditions
was comparable to the flowering-time variation in the field for
three out of four comparisons. Some of this variation is thus
likely to be genetic, unless there was a considerable maternal
environment effect. We think that the second or third scenario
is more plausible for explaining the lack of genetic differenti-
ation in flowering time. A previous study found weak or no
evidence of differentiation in 11 microsatellite loci, a nuclear
gene, and a highly variable chloroplast intergenic region
between the two populations (T. Kawagoe and H. Kudoh,
unpublished). Therefore, either the two populations have
diverged recently from an ancestral population, or they have
been connected by intensive gene flow. Furthermore, the
absence of P. brassicae in all but one neighbouring population
in this region (T. Kawagoe, personal observation) indicates that
P. brassicae has invaded the OM population recently. If this is
true, differential selection may have initiated very recently. The
distribution patterns and long-term population dynamics of
floral herbivores will be valuable for predicting the evolution of
flowering time in local populations.

Conclusions

Although geographic variation in herbivore assemblages is
well known, our understanding of variation in floral her-
bivory among natural populations and its consequences for
selection on flowering phenology is still limited. We
showed that closely located plant populations experienced
differential phenotypic selection on flowering time medi-
ated by the spatial heterogeneity of floral herbivory.
Influences of geographic variation in floral herbivory
regimes on differential selection on flowering phenology
may be more important than previously thought, and floral
herbivory can form a geographic mosaic of selection on
flowering schedule.
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