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Abstract The impact of invasive alien species on native
species is of increasing global concern. Invasive plants
have various negative eVects on natives through competi-
tion; however, relatively little is known about competition
for pollination. The relationship between Japanese native
dandelions (Taraxacum spp.) and invasive congeners may
be a typical case of such an interaction. For example, native
dandelions are being replaced by invasive congeners, espe-
cially in urban and suburban areas of Japan. To explain this
phenomenon, we hypothesized that when natives are mixed
with attractive invasives, natives may suVer from reduced
seed set because invasives deprive natives of pollinators or
because pollinators frequently move between species,
resulting in interspeciWc pollen transfer. To test this hypoth-
esis, we studied the eVect of the invasive dandelion
T. oYcinale on the pollination and seed set of the native
T. japonicum using artiWcial arrays of monospeciWc and
mixed-species plots as well as natural populations.
Taraxacum oYcinale attracted more pollinator visits, per-
haps because it produced more nectar than T. japonicum.
The number of pollinator visits to T. japonicum was
reduced when the congeners were grown together, and poll-
inators moved frequently between the two species. The pro-
portion of seed set for T. japonicum was reduced in the
presence of T. oYcinale in both artiWcial arrays and natural
populations. These results support our hypothesis that inter-
speciWc competition for pollination plays an important role

in the recent replacement of native dandelions by invasive
congeners in Japan. Because invasive dandelions are apom-
icts, negative eVects are incurred only by sexual natives.
Thus, this system can be recognized as a rare case of inter-
speciWc interaction through pollination.
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Introduction

The impact of invasive alien species is of increasing global
concern. Invasive species are often thought to be better
competitors than native species. For example, invasive and
native plants compete for various resources such as nutri-
ents (Wardle et al. 1994), water (Delph 1986), light (e.g.,
Weihe and Neely 1997), and physical space (e.g.,
Newsome and Noble 1986). Such vegetative competition
may reduce the ability of native plants to maintain or
increase their populations (Huenneke and Thomson 1995).
The impacts of invasive plants may extend to competition
for pollination, which may reduce the reproductive success
of native plants (Chittka and Schurkens 2001; Brown et al.
2002). If invasives are apomicts and attract pollinators that
they do not need, competition for pollination between
natives and invasives will only negatively aVect the natives.

Competition for pollinator services can aVect two impor-
tant components of pollination: quantity and quality (e.g.,
Caruso 1999; Herrera 2000; Brown et al. 2002; Bell et al.
2005). The quantity component refers to the number of vis-
its or the amount of pollen received. Showy invasive spe-
cies may attract pollinators that would otherwise visit
native species, resulting in decreased visitation rates to the
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native species (i.e., exploitation competition, e.g., Free
1968; Armbruster and Herzig 1984; Brown et al. 2002).
Such decreases in visitation may reduce the amount of pol-
len arriving on stigmas and, in turn, seed and fruit produc-
tion (Burd 1994). The quality component refers to the eVect
of heterospeciWc pollen transfer that results from inconstant
foraging behaviour of pollinators. Pollen mixture and inter-
speciWc pollen transfer decrease both male and female
reproductive success (i.e., interference competition). From
the male perspective, pollinators that move between species
can waste and lose pollen (e.g., Waser 1983; Campbell and
Motten 1985; Brown and Mitchell 2001). From the female
perspective, mixed pollen loads on stigmas can reduce seed
production in a variety of ways, including pollen allelopa-
thy, stylar clogging, stigma clogging, stigma closing (e.g.,
Brown et al. 2002 and references therein), and ovule
usurping (Brown and Mitchell 2001).

Although competition for pollination between native
species has been well studied (e.g., Campbell and
Motten 1985; McGuire and Armbruster 1991; Gardner and
Macnair 2000; Bell et al. 2005), studies on competition for
pollination between invasives and natives are relatively rare
(e.g., Grabas and Laverty 1999; Chittka and Schurkens
2001; Brown et al. 2002; Aigner 2004; Totland et al. 2006;
Bjerknes et al. 2007; Bartomeus et al. 2008; Muñoz and
Cavieres 2008). Competition between sympatric native spe-
cies is mitigated by mechanisms that have arisen through
co-evolution, e.g., ecological diVerentiation (e.g., Gardner
and Macnair 2000) or Xoral character displacement (e.g.,
Fishman and Wyatt 1999; Caruso 2000). However, compe-
tition between sympatric invasives and natives may be
more severe, because of the lack of evolved mechanisms
allowing them to coexist.

In a recent nationwide phenomenon in Japan, sometimes
referred to as the ‘Dandelion Wars’ (e.g., Hayashi et al.
1989), the habitat of invasive dandelions has spread from
urban areas toward the countryside and that of native dan-
delions has been reduced to rural areas. As a result, inva-
sives have replaced natives in most urban and suburban
areas of Japan over the past few decades (Naito 1975; Hotta
1977; Ogawa and Mototani 1985). The replacement is
ongoing, and it is feared that native dandelions will eventu-
ally become extinct.

Two major hypotheses have been proposed to explain
this phenomenon. The classic hypothesis explains it based
on diVerences in breeding systems and fecundity, with
invasives having advantages over natives (e.g., Ohga 1974;
Hayashi et al. 1989). For example, typical native dandeli-
ons, such as Taraxacum japonicum and T. platycarpum,
reproduce sexually and are self-incompatible, whereas
invasives, represented by T. oYcinale, reproduce asexually
through apomixis (Hayashi et al. 1989; Morita 1997;
Ogawa 2001). Thus, the former species need pollinators

and other conspeciWcs nearby, whereas the latter species
requires neither pollinators nor conspeciWcs to reproduce.
Furthermore, the invasives produce more capitula per plant
and more seeds per capitulum, and higher proportions of
these seeds germinate and grow more rapidly than those of
the natives (Morita 1997). As a result, invasives can out-
number and outgrow natives and occupy their habitats.

The second hypothesis is that the congeners have diVer-
ent habitat requirements, and that anthropogenic habitat
change is the primary reason for the invasion of exotics and
the decline of natives (Ogawa and Mototani 1991; Ogawa
2001). That is, natives occupy preserved or rural areas with
low environmental disturbance but with many vegetative
competitors. Meanwhile, invasives occupy roadsides and
vacant or urban land-use areas with high environmental dis-
turbance but few vegetative competitors. Hada (1988) also
pointed out that natives are adapted to fertile, slightly acidic
soils, whereas invasives are adapted to sterile, slightly alka-
line soils. The hypothesis argues that recent urban expan-
sion and other forms of development have enlarged the
areas suitable for invasives but not for natives. However,
clear habitat segregation has not been observed in the Weld;
natural populations are often mixtures of native and inva-
sive species (Watanabe et al. 1997a; this study).

Here, we propose a third hypothesis: that invasive
apomicts unilaterally reduce the reproduction of native sex-
uals through competition for pollination. This hypothesis
assumes the following scenario. As invasives entered Japan
and expanded their range, native populations became mixed
with invasives in various locations. In such mixed popula-
tions, natives may experience lowered visitation rates,
because invasives deprive natives of pollinators and thus
reduce pollen quantity. Natives may also experience inter-
speciWc pollen transfer, because pollinators move fre-
quently between species, again reducing pollen quality;
consequently, native species may suVer from decreased
seed set. Accordingly, in such mixed populations, repro-
duction cannot maintain native populations. Such unilateral
negative eVects on natives through competition for pollina-
tion may be one important factor contributing to the recent
replacement of native dandelions by invasive congeners in
Japan. To test this hypothesis, we studied the eVect of the
invasive T. oYcinale on pollination and seed set in the
native T. japonicum.

We speciWcally addressed four questions: (1) which of
T. japonicum or T. oYcinale attracts a larger number of
pollinator visits? (2) Does T. oYcinale deprive T. japonicum
of pollinator visits when the two species coexist? (3) Do
pollinators move frequently between the two species in
mixed populations? (4) Is seed set of T. japonicum reduced
when it grows mixed with T. oYcinale? We addressed
these questions using artiWcial arrays and natural popula-
tions of the two dandelion species.
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Methods

Study species

Taraxacum japonicum Koidz. (section Mongolica) (Com-
positae), a perennial rosette herb and one of the more
recognized native dandelions in Japan (Hayashi et al.
1989), is widespread in western Japan, especially in rural
areas such as our study site. This species is bisexual and
self-incompatible (Richards 1973), as are most of the native
dandelion species in Japan. The capitula are yellow and rel-
atively small (25–35 mm in diameter), and each contains
approximately 50–75 Xorets (I. Kandori, unpublished data).

Taraxacum oYcinale Weber (section Ruderalia) is a
perennial herb native to Europe that now has a global distri-
bution. This invasive species entered Japan more than
100 years ago (Ogawa 2001) and has since spread to most
areas, especially urban and suburban sites, becoming one of
the most widespread invasive dandelions in Japan (Morita
1995). It reproduces through apomixis (Richards 1973),
although it has yellow capitula with pollen and nectar that
attract many insects (see Results). The capitula are relatively
large (35–45 mm in diameter), and each contains approxi-
mately 160–230 Xorets (I. Kandori, unpublished data). The
capitula of the two species are readily distinguishable by
their involucres; the involucral scales of T. oYcinale bend
backwards, whereas those of T. japonicum do not (Hayashi
et al. 1989). Typically, a T. oYcinale plant produces more
capitula than does an equally sized native plant (Morita
1997).

Recent studies have reported the occurrence of hybrids
between the native Japanese Taraxacum spp. and the inva-
sive species, which has been conWrmed by the use of elec-
trophoretic markers (e.g., Morita et al. 1990a). In artiWcial
crossing experiments, Morita et al. (1990a) found that a few
hybrids were produced when diploids received pollen from
triploids. Hybrids are found in most parts of Japan. In many
cases, putative T. oYcinale plants are chieXy hybrids,
whereas few ‘pure’ T. oYcinale actually exist (Watanabe
et al. 1997b; Shibaike et al. 2002; Yamano et al. 2002). A
preliminary DNA analysis revealed that more than half of
the plants used as T. oYcinale in this study were hybrids
(T. Morita and I. Kandori, unpublished data). However,
because hybrids and ‘pure’ T. oYcinale closely resemble
each other in Xoral features and both reproduce by apo-
mixis (Morita 1997, 2004), we used both as the invasive
species in this study (and hereafter refer to them simply as
T. oYcinale unless speciWcally mentioned).

Experimental procedure

We used potted plants placed in the Weld (experiments
1–4) and natural populations (experiment 5). To conduct

experiments 1–4, we initially grew T. japonicum and
T. oYcinale from seeds collected in 2002 or used plants
collected in 2003 and 2004 from >50 patches belonging to
>10 sites of natural populations in Nara, Yamatokooriy-
ama, and Ikoma (Nara Prefecture, Japan). When rosettes
were >15 cm in diameter, they were transplanted to plastic
pots (15–18 cm in diameter and 12–15 cm deep) for trans-
fer to the Weld.

At the beginning of experiments 1–4, we randomly
selected potted plants and assigned them to three types of
plots: T. japonicum, T. oYcinale, and mixed. For mixed
plots, the two species were arranged in a systematic alter-
nating design. For all plots, potted plants were arranged in a
grid with 15 cm spacing between the plants. The types of
plots and numbers of plants within plots diVered among the
experiments. We then moved the plants to locations 1–3 to
conduct experiments 1–4 (see Table 1 for details of loca-
tions). Location 1 was the main study area, located on the
Nara Campus of Kinki University, and included three sub-
locations, 1a, 1b, and 1c. Within each sub-location, multi-
ple observation plots were established such that each plot
was >20 m from the nearest adjacent plot. Locations 2 and
3 were away from the campus and included only one obser-
vation plot each. Other naturally occurring Taraxacum
plants in the vicinity were at least 20 m away from the focal
plots. Total numbers of plants we used in experiments 1–4
were 60, 270, and 150 for T. japonicum, and 60, 240, and
90 for T. oYcinale, in 2003, 2004, and 2005, respectively.

Experiment 1: pollinator visitation to monospeciWc plots

This experiment was conducted to address the Wrst question
of which species attracts the larger number of pollinator vis-
its. We observed insect visitation to T. japonicum and
T. oYcinale plots during the Xowering seasons (early April
to mid-May) of 2003 and 2004. In 2003 we placed a plot
with 30 individual plants of T. japonicum (30-T. japonicum
plot) and a 30-T. oYcinale plot (treatment B) at location 1a
(Table 1). In 2004, we placed a 15-T. japonicum plot and a
15-T. oYcinale plot (treatment A), a 30-T. japonicum plot
and a 30-T. oYcinale plot (treatment B), and a 60-
T. japonicum plot and a 60-T. oYcinale plot (treatment C) at
location 1b (Table 1). Before each observation, we counted
the number of open capitula in each plot and cut random
capitula by hand to equalize the numbers of capitula between
the plots within a treatment, so that variation in the numbers
of capitula would not be a confounding factor. Each plot was
observed for 30 min daily, two or three times per week. Dur-
ing observations, we measured ‘the number of visits’ in two
ways. First, to count the number of total visits within a plot,
we followed all individual visitors that visited a plot and
recorded the type of visitor and the number of capitula vis-
ited. Second, to avoid pseudoreplication in data analysis
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[analysis of variance (ANOVA)], we randomly chose a new
plant within each plot, and visitors to that plant were counted
for each observation day. The observations were made
between 0900 and 1230 hours, when capitula of both species
were open. We rotated the order of observation for treat-
ments and for plots within a treatment on every observation
day, so that the time of day would not be a factor. We rotated
the position of the plots within a sub-location after every two
consecutive observation days, so that plot position would not
become a factor. In total, each plot was observed ten and
eight times during the Xowering seasons of 2003 and 2004,
respectively. The numbers of T. japonicum capitula after
trimming were 49.8 § 6.5 (10) [mean § standard error (SE);
( numbers in parentheses are the numbers of observation
days)] for a 30-T. japonicum plot in 2003, and 31.1 § 12.0
(8), 52.0 § 14.0 (8), and 80.8 § 23.1 (8) for 15-, 30-, and 60-
T. japonicum plots, respectively, in 2004. The numbers of
T. oYcinale capitula were equal to those of T. japonicum
within the same treatment/year combination.

Experiment 2: pollinator visitation to T. japonicum 
in monospeciWc and mixed plots

We conducted this experiment to examine the second
question of whether T. oYcinale deprives T. japonicum of
pollinator visits when the two species are mixed together.
We observed insect visitation to T. japonicum in
T. japonicum plots and in mixed plots during the Xowering
season of 2005. We placed a 30-T. japonicum plot, a 30-
mixed plot (15 T. japonicum and 15 T. oYcinale plants), and

a 60-mixed plot (30 T. japonicum and 30 T. oYcinale
plants) at both locations 1a and 1c (Table 1). Before each
observation, we counted the number of open capitula for
each plot and species. For mixed plots, we randomly cut
capitula by hand from the species with more capitula, so that
capitulum numbers were equal between species within a
plot. The other methods of observation and movement of
plots were the same as for experiment 1. We did not observe
plots in which few (<5) T. japonicum capitula were open. In
total, we observed each plot 13–17 times during the Xower-
ing season. The numbers of T. japonicum capitula after trim-
ming, which were equal to those of T. oYcinale in mixed
plots, were 42.5 § 4.4 (17), 23.1 § 3.3 (14), and 58.6 § 6.1
(17), at location 1a and 57.2 § 8.3 (14), 33.5 § 4.5 (13), and
55.9 § 8.0 (15) at location 1c for a 30-T. japonicum plot, a
30-mixed plot, and a 60-mixed plot, respectively.

Experiment 3: pollinator visitation and movement 
in mixed plots

To determine whether pollinators move frequently between
the two species in mixed populations, we observed insect
visits and transitions in mixed plots. We placed a 60-mixed
plot at location 1a in 2003 and at locations 1c, 2, and 3 in
2004 (Table 1). Before each observation we standardized
the numbers of open capitula for both species within each
plot, using the same methods described above. We
observed one sequential Xower visit by a single pollinator
at a time and recorded the pollinator species and its inter-
plant movements. Observations were conducted for 1–2 h

Table 1 Locations of Weld experiments 1–4 and sites of natural populations of Taraxacum japonicum and T. oYcinale (experiment 5) in Nara,
Osaka, and Kyoto Prefectures

Dots below each experiment indicate the location or site where the experiment was conducted

Location 
or site

Experiment Locality

1 2 3 4 5

Location 1 Nara Campus of Kinki University, Naka-machi, Nara. Surrounded by rural aVorested environment

1a � � � Grass Weld surrounding a storage reservoir. Few Taraxacum japonicum in the vicinity

1b � Grass Weld surrounding a playground. Few Taraxacum japonicum and T. oYcinale in the vicinity

1c � � � Forest edge surrounding a parking lot. Few Taraxacum japonicum and T. oYcinale in the vicinity

Location 2 � Yatayama natural park, Yata-cho, Yamatokoriyama. Surrounded by rural aVorested environment

Many Taraxacum japonicum and some T. oYcinale in the vicinity

Location 3 � Recreation ground, Omiya-cho, Nara. Surrounded by urban environment

Some Taraxacum oYcinale in the vicinity

Site 1 � Taraxacum japonicum and mixed populations in Jonai-cho, Yamatokoriyama, Nara Prefecture

Site 2 � Taraxacum japonicum and mixed populations in Heijokyu, Saki-cho, Nara, Nara Prefecture

Site 3 � Taraxacum japonicum and mixed populations in Ichibu-cho, Ikoma, Nara Prefecture

Site 4 � Taraxacum japonicum and mixed populations in Satsukidai, Ikoma, Nara Prefecture

Site 5 � Taraxacum japonicum and mixed populations in Osaka Castle, Osaka, Osaka Prefecture

Site 6 � Taraxacum japonicum and mixed populations in Shimogamo, Kyoto, Kyoto Prefecture

Site 7 � Taraxacum japonicum and mixed populations in Matsugasaki, Kyoto, Kyoto Prefecture
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per day, for a total of 5–10 h for each location. The num-
bers of T. japonicum capitula within plots after trimming,
which were equal to those of T. oYcinale, were 41.5 § 7.3
(6), 70.6 § 14.1 (5), 42.4 § 4.7 (7), and 39.0 § 5.3 (4), for
locations 1a, 1c, 2, and 3, respectively.

Experiment 4: seed set in experimental plots

To assess whether the presence of T. oYcinale reduces seed
set in T. japonicum, seed set in T. japonicum was compared
between T. japonicum plots and mixed plots. We placed a
30-T. japonicum plot, a 30-mixed plot, and a 60-mixed plot
at location 1c in 2004 (Table 1). Natural insect visitors freely
pollinated the Xowers. We rotated the positions of the plots
within a sub-location every 2 or 3 days during the Xowering
season so that plot position would not become a factor.
Approximately 10 days after Xowering, capitula were mature
enough for us to count seed set. To avoid pseudoreplication,
we randomly chose a new T. japonicum plant within each
plot for each collection day and collected all of the mature
capitula from that plant. These collections were conducted
2–3 days per week during the seed production season. In
counting seed set, we separated seeds into two categories: set
or unset, based on seed size, thickness, and colour, i.e., set
seeds were often large, thick, and brown, whereas unset ones
were small, thin, and white. When it was still diYcult to dis-
tinguish seeds using these features, we crushed the seeds to
determine whether they contained well-developed ovules.
We then calculated seed set per capitulum.

Experiment 5: seed set in natural populations

To examine further whether the presence of T. oYcinale
reduces seed set in T. japonicum, we also investigated seed
set in natural populations of T. japonicum. We investigated
four sites in Nara Prefecture, one site in Osaka Prefecture,
and two sites in Kyoto Prefecture. We selected these sites
because monospeciWc T. japonicum populations were
found in close proximity (20–100 m) to mixed populations
within sites (Table 1). Both species were strongly intermin-
gled in all mixed populations. We randomly collected 32–
109 T. japonicum capitula from each population within a
site during the seed production season in 2002 or 2005. To
avoid pseudoreplication, we collected only one capitulum
from each individual plant. Seed set was counted, and the
proportion seed set was calculated for each capitulum,
using the same method described above.

Nectar production

Individual capitula of T. japonicum and T. oYcinale usu-
ally open only during the daytime, the former lasting for 2–
3 days and the latter for 3–4 days. During the blooming

season of 2006, nectar production of the two species was
investigated for plants used in the experiments. On day 1 of
each experiment, capitula were randomly chosen and
bagged with 0.25 mm nylon mesh from the evening until
the next afternoon (day 2) to exclude all Xower visitors.
Nectar produced during the bagged period was assumed to
have been produced on day 2, because nectar produced on
day 1 had probably been consumed by frequent Xower visi-
tors on that day and because the capitula open in the morn-
ing and close in the afternoon when nectar is likely to be
secreted. Soon after removing the bags, we counted the
number of open Xorets, and nectar was collected from all
open Xorets for each capitulum with a 1 �l capillary tube.
The amount of nectar was estimated by the length of the
tube Wlled with nectar. Nectar sugar concentrations (weight
percent; grammes of sugar/100 g solution) were measured
with hand-held light refractometers.

Data analysis

All analyses were conducted with SPSS base 14.0 (SPSS
Inc. 2005) statistical software. We used a Wxed-eVects anal-
ysis of variance [ANOVA; general linear model (GLM)
with type III sums of squares] to test for eVects on visitation
rate (log+1-transformed). In experiment 1 the model
included species and day of observation in 2003 and plot
size, species, day of observation, and all their two-way
interactions in 2004 as independent factors. In
experiment 2, the model included composition, location,
day of observation, and all their two-way interactions as
independent factors. We also used a Wxed-eVects ANOVA
to test for eVects on proportion of seed set (arcsine square-
root transformed). The model included composition and
day of collection in experiment 4, and site, population type,
and their two-way interaction in experiment 5 as indepen-
dent factors. A priori contrasts were performed to test for
signiWcant diVerences between T. japonicum plots and
mixed plots and between two types of mixed plots in
experiments 2 and 4. In experiment 3, we tested pollinator
visitation and movement in the mixed plots using 1-group
�2 tests to determine pollinator preference and constancy,
respectively (see Jones 1997).

Results

Pollinator visitation to monospeciWc plots

At location 1a in 2003, copper butterXies (Lycaena phla-
eas) were the most frequent pollinators (60% of all
recorded visitation to both plant species; 251 and 799 visits
to T. japonicum and T. oYcinale, respectively), and Oede-
meronia lucidicollis (Coleoptera, Oedemeridae) were the
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second most frequent (32%; 213 and 345 visits). At
location 1b in 2004, honeybees (Apis mellifera) were the
most frequent pollinators (20%; 165 and 265 visits), and
Sphaerophoria spp. (Diptera, Syrphidae) and Bombylius
major (Diptera, Bombyliidae) were the second most fre-
quent (Sphaerophoria spp. 9%; 92 and 92 visits; B. major

9%; 83 and 101 visits). Overall, we recorded a total of 563
and 1,201 visits to T. japonicum and T. oYcinale in 2003
and 833 and 1,317 visits in 2004, respectively.

In all four treatment–year combinations, mean visitation
rate per capitulum was higher for T. oYcinale than for
T. japonicum (Fig. 1). ANOVA for visits per capitulum per
30 min indicated that the eVect of species was signiWcant in
2003 and nearly signiWcant in 2004 (Table 2a). Thus,
T. oYcinale capitula attracted larger numbers of pollinator
visits than did T. japonicum capitula.

Pollinator visitation to T. japonicum in monospeciWc 
and mixed plots

At location 1a in 2005, the most frequent visitor to
T. japonicum was the bee Osmia orientalis (Hymenoptera,
Megachilidae), accounting for 27% of all recorded visits.
At location 1c in 2005, Andrena (Micrandrena) spp.
(Hymenoptera, Andrenidae) was the most frequent pollina-
tor, accounting for 15%. Overall, we recorded a total of 762
and 682 visits to T. japonicum at locations 1a and 1c,
respectively.

ANOVA for visits per capitulum to T. japonicum per
30 min indicated signiWcant eVects of composition and day
of observation (Table 2b). A priori contrasts clearly showed
that the pollinator visitation rate to T. japonicum was sig-
niWcantly lower in the mixed plots than in the T. japonicum
plots (F1,39 = 17.21, P < 0.001) but did not diVer between

Fig. 1 Visits (mean § SE) per capitulum in monospeciWc plots of
either Taraxacum japonicum or T. oYcinale during 30-min observa-
tion periods. Treatments A, B, and C refer to pairs of two monospeciWc
plots consisting of the same numbers of plants: 15, 30, and 60, respec-
tively. N (days of observation) = 10 for B/2003, 8 for others
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Table 2 ANOVA for visits per 
capitulum

Source df MS F P

(a) For Taraxacum japonicum or T. oYcinale in monospeciWc plots

2003

Species 1 0.097 6.65 0.030

Day of observation 9 0.042 2.89 0.065

Error 9 0.015

2004

Plot size 2 0.020 0.75 0.491

Species 1 0.115 4.34 0.052

Day of observation 7 0.054 2.06 0.118

Plot size £ species 2 0.002 0.07 0.938

Plot size £ day of observation 14 0.022 0.83 0.632

Species £ day of observation 7 0.027 1.03 0.455

Error 14 0.026

(b) For T. japonicum in monospeciWc and mixed-species plots

Composition 2 0.048 8.41 0.002

Location 1 0.015 2.57 0.123

Day of observation 16 0.012 2.18 0.045

Composition £ location 2 0.006 1.02 0.377

Composition £ day of observation 31 0.010 1.80 0.078

Location £ day of observation 15 0.007 1.23 0.319

Error 22 0.006

Species refers to the eVect of 
Xower species (T. japonicum 
and T. oYcinale). Day of obser-
vation refers to the eVect of days 
when observations were con-
ducted. Plot size refers to the 
eVect of diVerent numbers of 
plants (15, 30, and 60) within 
plots. Because plot size was not 
varied in 2003, we analysed this 
year separately. Composition 
refers to the eVect of the three 
experimental plots (one 
T. japonicum plot and two 
mixed-species plots of diVerent 
sizes). Location refers to the 
eVect of the two experimental 
locations (1a and 1c)
123



Oecologia (2009) 159:559–569 565
the two mixed plots (F1,9 = 0.55, P = 0.477). Thus, pollina-
tor visitation to T. japonicum was reduced in the presence
of T. oYcinale (Fig. 2).

Pollinator visitation and movement in mixed plots

The most frequently recorded pollinators in mixed plots
were: Lycaena phlaeas (accounting for 64% of all recorded
visits) at location 1a, Apis mellifera (23%) at location 1c,
A. mellifera (51%) at location 2, and Andrena knuthi
(Hymenoptera, Andrenidae, 96%) at location 3.

At all locations except location 3, pollinators visited
T. oYcinale more frequently than they visited T. japonicum
(Table 3a), indicating that pollinators often prefer T. oYcinale
to T. japonicum in mixed plots. Pollinators did not show
constancy to either plant species at any of the locations
(Table 3b). On the contrary, they showed more frequent
interspecies movements than expected by random
movements at location 1c (Table 3b). Comparing moves
from T. japonicum to T. japonicum with moves from
T. japonicum to T. oYcinale and with moves from
T. oYcinale to T. japonicum, we found that the Wrst was
less common than each of the latter two at all locations
except location 3. These frequent interspeciWc movements
suggest that severe pollen loss and heavy pollen contamina-
tion occurred for T. japonicum in mixed plots.

Seed set in experimental plots

Mean proportion of seed set per T. japonicum capitulum
was always lower by 21–37% in the two types of mixed

Fig. 2 Visits (mean + SE) per capitulum to Taraxacum japonicum
during 30-min observation periods for a T. japonicum plot and two
mixed-species plots in a location 1a and b 1c. Numbers on the x-axes
refer to the number of T. japonicum per T. oYcinale plants in each
plot. N (days of observation) range from 13 to 17
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Table 3 Numbers of (a) 
pollinator visits and (b) pollina-
tor movements between species, 
in mixed-species plots, 
all of which contained 30 
Taraxacum japonicum (J) and 
30 T. oYcinale plants (O)

(a) Visits J O 1-group �2 test

�2 P

Location

1a 70 (92) 114 (92) 10.52 <0.005

1c 348 (397) 446 (397) 12.10 <0.001

2 225 (283) 341 (283) 23.77 <0.001

3 175 (150.5) 126 (150.5) 7.98 <0.005

(b) Movements IntraspeciWc InterspeciWc 1-group �2 test

From J O J O �2 P

To J O O J

Location

1a 22 (19.1) 52 (50.7) 28 (31.1) 30 (31.1) 0.83 NS

1c 115 (124.7) 184 (204.8) 177 (159.8) 173 (159.8) 5.81 <0.05

2 69 (69.2) 166 (159.0) 104 (104.9) 99 (104.9) 0.65 NS

3 65 (67.6) 37 (35.0) 47 (48.7) 51 (48.7) 0.38 NS

Numbers in parentheses indicate 
expected numbers by a null 
hypothesis (a) that visitors prefer 
both species equally and (b) that 
visitors show random move-
ments between plants based on 
overall visitation rates to the two 
species
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plots than in the T. japonicum plots (Fig. 3). ANOVA for
proportion of seed set indicated a signiWcant eVect of com-
position as well as day of collection (Table 4). A priori con-
trast showed that the proportion of seed set in T. japonicum
was signiWcantly lower in the mixed plots than in the
T. japonicum plots (F1,27 = 101.61, P < 0.001) and was also
signiWcantly diVerent in the two mixed plots (F1,13 = 50.74,
P < 0.001). Thus, seed set in T. japonicum was reduced in
the presence of the invasive T. oYcinale.

Seed set in natural populations

At all seven sites, proportion of seed set per capitulum of
T. japonicum was always lower in the mixed populations
than in the adjacent monospeciWc T. japonicum populations
(Fig. 4). The reductions in seed set were 24%, 25%, 10%,
18%, 35%, 15%, and 2% for sites 1–7, respectively.
ANOVA for proportion of seed set indicated signiWcant
eVects of population type, site, and their interaction
(Table 4). Thus, seed set in T. japonicum decreased in the

presence of T. oYcinale in natural as well as artiWcial popu-
lations.

Nectar production

Nectar production per capitulum per day was signiWcantly
lower for T. japonicum (0.60 § 0.09 �l, mean § SE,
N = 15) than for T. oYcinale (1.48 § 0.14 �l, N = 17;
Mann–Whitney U test; P = 0.0001). The number of open
Xorets per capitulum per day was signiWcantly smaller for
T. japonicum (34.20 § 1.89, N = 15) than for T. oYcinale
(54.29 § 4.35, N = 17; Mann–Whitney U test; P = 0.0006).
In addition, the estimated nectar production per open Xoret
per day was signiWcantly lower for T. japonicum (0.0176 §
0.0024 �l, N = 15) than for T. oYcinale (0.0289 §
0.0028 �l, N = 17; Mann–Whitney U test; P = 0.011). The
concentration of nectar sugar in T. japonicum (58.1 §
1.6%, grammes of sugar/100 g solution, N = 15) did not
diVer from that of T. oYcinale (62.7 § 2.0%, N = 17;
Mann–Whitney U test; N.S.).

Discussion

This study revealed that seed set of the native dandelion
T. japonicum can be reduced by the presence of the inva-
sive congener T. oYcinale (Table 4; Figs. 3, 4). This eVect
was likely to be due, in part, to T. oYcinale depriving
T. japonicum of pollinator visits (Table 2b; Fig. 2), because
the former is more attractive than the latter (Table 2a;
Fig. 1), resulting in a reduced number of pollinator ser-
vices. Reduction in the quality of pollinator services may
also contribute to reduced seed set, because the frequent
interspeciWc movements of pollinators in mixed plots
(Table 3) would be likely to result in interspeciWc pollen
transfer. The above results support our hypothesis of inter-
speciWc competition for pollination. Because the invasives
are apomicts and do not need pollinators, competition for

Fig. 3 Proportions of seed set (mean + SE) per capitulum of
Taraxacum japonicum for a T. japonicum plot and two mixed-species
plots. Numbers on the x-axis refer to the number of T. japonicum plants
per number of T. oYcinale plants in each plot. N (days of collecting
capitula) = 14 for each bar
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Table 4 ANOVA for proportions of seed set per capitulum of
Taraxacum japonicum in experimental plots and in natural populations

Parameter df MS F P

Source: experimental plots

Composition 2 0.568 225.51 <0.001

Day of collection 13 0.007 2.87 0.011

Error 26 0.003

Source: natural populations

Site 6 8.170 127.29 <0.001

Population type 1 12.249 190.84 <0.001

Site £ population type 6 0.753 11.73 <0.001

Error 973 0.064

Fig. 4 Proportions of seed set (mean + SE) per capitulum of
Taraxacum japonicum in natural populations at seven study sites.
N (numbers of capitula) range from 32 to 109 for each bar. See
Methods and Table 1 for information about study sites
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pollination only negatively aVects the sexual natives. This
hypothesis partly explains the recent replacement of native
dandelions by invasive congeners in Japan. However,
whether the observed reduction in seed set markedly aVects
the numerical dynamics of the native populations remains
to be determined. This question could be addressed by
long-term comparisons of population sizes between natural
populations with and without the observed reduction in
seed set by constantly trimming a certain proportion of
capitula in the populations.

Our results showed that T. oYcinale attracts a larger
number of pollinator visits than T. japonicum (Table 2a;
Fig. 1), which may be, in part, because T. oYcinale pro-
duces more nectar than T. japonicum does (more than twice
the amount per capitulum per day, which resulted from more
open Xorets per capitulum per day and more nectar produc-
tion per open Xoret per day; see Results). Alternatively,
T. oYcinale may attract a larger number of pollinator visits
simply because it has larger capitula than T. japonicum has
(see Methods). Many surveys of pollination systems have
revealed that pollinators innately prefer larger Xowers or
larger Xoral displays (Campbell 1989; Ohara and Higashi
1994; Schemske and Agren 1995; Conner and Rush 1996).
The attractiveness of T. oYcinale to pollinators could have
been even greater if we had not equalized capitulum num-
bers between T. japonicum and T. oYcinale, because a
T. oYcinale plant produces more capitula than does an
equally sized native plant (Morita 1997).

Previous studies have demonstrated that invasive alien
species are important competitors of native species for
resources such as nutrients, water, light, and physical space
(e.g., Newsome and Noble 1986; Wardle et al. 1994; Weihe
and Neely 1997). A relatively small but growing number of
studies has recently shown that invasives also compete with
the native Xora for pollinator services (e.g., Chittka and
Schurkens 2001; Brown et al. 2002; Aigner 2004; Moragues
and Traveset 2005; Totland et al. 2006). In most cases, nega-
tive eVects through competition for pollination (exploitation
competition and/or interference competition) are assumed to
arise for both natives and invasives if both need pollinators
to reproduce. However, in our case, negative eVects through
competition for pollination only arise for the sexual natives
and not for the apomictic invasives, representing a rare case
of interspeciWc interaction through pollination.

In general, most insects visit a single Xower species
through learning and memory, at least during an individual
foraging bout (e.g., Heinrich 1976; Lewis 1989; Kandori
and Ohsaki 1996, 1998; Goulson and Wright 1998).
Moragues and Traveset (2005) discovered that in the rela-
tionship between the invasive Carpobrotus spp. and four
native species, heterospeciWc pollen on native stigmas was
negligible in mixed stands, even if a large proportion of the
insect visitors (species) were shared. One of the reasons

may be that each individual insect showed Xower con-
stancy. However, when the two competitive plant species
were closely related, such as congeners, visitors could not
easily distinguish between them, resulting in frequent inter-
speciWc movements and interspeciWc pollen transfer in the
mixed stands. This may also have been the case in the study
by Brown et al. (2002) and in our study.

We reported that competition for pollination with an
apomictic invasive dandelion reduces the reproductive suc-
cess of a coexisting sexual native congener. Another possi-
ble factor that could inXuence the relative reproductive
success of the two species is the reproductive assurance of
apomicts. Reproductive assurance is expected to be equal
between sexuals and apomicts in years with good pollinator
conditions, whereas, in years with poor pollinator condi-
tions, the balance may shift toward the apomicts in the
mixed sexual and apomictic populations in Europe (Ver-
duijn et al. 2004).

Other factors that could aVect the coexistence of the two
species are asymmetric hybridization and genetic assimila-
tion. In Taraxacum, the diploid dandelions invariably
reproduce sexually and are generally outbreeding, whereas
triploids and tetraploids are generally obligately apomictic
(e.g., Verduijn et al. 2004). In experimental crosses
between sexual diploids ($) and apomictic triploids (#),
diploid oVspring, as well as some triploid and tetraploid
oVspring, are produced (reviewed by Morita et al. 1990b),
presenting two serious problems for diploids. First, the pro-
duction of triploid and tetraploid hybrids on diploid sexual
plants may cause a decrease in the numbers of sexuals in
each generation. This is one of several reasons why her-
maphroditic asexuals rapidly replace outcrossing sexuals in
population genetics models (Charlesworth 1980; Marshall
and Brown 1981; Joshi and Moody 1998). However, the
frequency of polyploid oVspring on diploid sexuals is low,
both in experimental crosses (12.5% polyploid oVspring
with the rest being diploid with 4–25% seed set; Morita
et al. 1990a) and in mixed populations in the Weld (fewer
than 2% on average; Verduijn et al. 2004). Therefore, it is
doubtful that the process of asymmetric hybridization could
strongly decrease the numbers of pure native oVspring pro-
duced on native Xowers. However, once hybrids are pro-
duced and established, they may become extremely
important competitors that aVect the existence of natives,
which is discussed further below. Secondly, it is possible
for gene Xow to occur from the polyploid apomicts into the
diploid sexual gene pool through hybridized diploid
oVspring (i.e., genetic assimilation), resulting in the loss of
the ‘pure’ diploid sexual population. Brock (2004) feared
that, in mixed populations of native sexual T. ceratophorum
and invasive apomictic T. oYcinale in North America, the
asymmetrical direction of hybridization would create the
potential for genetic assimilation of T. ceratophorum by
123



568 Oecologia (2009) 159:559–569
T. oYcinale. However, analyses using allozyme markers
indicated that sexual diploid–apomictic triploid crosses
produced polyploid oVspring that were all hybrids and dip-
loid oVspring that were all selfed, which were produced
from a breakdown in self-incompatibility, i.e., the mentor
eVect (Morita et al. 1990a). Thus, genetic assimilation of
sexual natives by apomictic invasives may not occur. How-
ever, selfed oVspring produced by interspeciWc pollination
may suVer from inbreeding depression, which could also
contribute to the reduction of native populations.

Several studies have reported natural hybridization
between native sexual diploids and invasive apomictic
Taraxacum triploids in Japan (Watanabe et al. 1997b;
Shibaike et al. 2002; Yamano et al. 2002). According to a
recent, large-scale, survey of the distribution of T. oYcinale
and its hybrids, hybrids outnumbered ‘pure’ T. oYcinale in
most areas examined (Yamano et al. 2002). Hybrids may be
more adapted than ‘pure’ T. oYcinale to the Japanese cli-
mate. Furthermore, these hybrids may exhibit more similar
ecological and physiological characteristics to natives than
do ‘pure’ T. oYcinale and may, thus, be stronger vegetative
competitors for natives than ‘pure’ T. oYcinale. We believe
that hybridization partly explains why putative T. oYcinale
(perhaps mostly hybrids) and natives are often mixed in the
Weld.

We conclude that the recent replacement of native dande-
lions by invasive congeners can be explained as follows. The
two groups exhibit some diVerences in habitat requirements.
Recent urban expansion and other forms of development
may have enlarged the areas suitable for invasives but not
for natives. However, habitat segregation is not clear
between the two species; rather, mixed stands have formed
in the course of invasive expansion. In such areas, invasives
outnumber and outgrow natives because of advantages in
breeding system and fecundity. In addition, invasives unilat-
erally reduce native reproduction through competition for
pollination, as we have demonstrated in this study. We
believe that together these factors have accelerated the
decline of native dandelions in Japan. For the purposes of
conservation of native Japanese dandelions, it is necessary to
reassess the eVect of invasive dandelions on native species.
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