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Abstract

The evolution of increased competitive ability hypothesis (EICA) predicts that when alien plants are free from their natural
enemies they evolve lower allocation to defense in order to achieve a higher growth rate. If this hypothesis is true, the
converse implication would be that the defense against herbivory could be restored if a natural enemy also becomes
present in the introduced range. We tested this scenario in the case of Ambrosia artemisiifolia (common ragweed) - a
species that invaded Japan from North America. We collected seeds from five North American populations, three
populations in enemy free areas of Japan and four populations in Japan where the specialist herbivore Ophraella communa
naturalized recently. Using plants grown in a common garden in Japan, we compared performance of O. communa with a
bioassay experiment. Consistent with the EICA hypothesis, invasive Japanese populations of A. artemisiifolia exhibited a
weakened defense against the specialist herbivores and higher growth rate than native populations. Conversely, in
locations where the herbivore O. communa appeared during the past decade, populations of A. artemisiifolia exhibited
stronger defensive capabilities. These results strengthen the case for EICA and suggest that defense levels of alien
populations can be recuperated rapidly after the native specialist becomes present in the introduced range. Our study
implies that the plant defense is evolutionary labile depending on plant-herbivore interactions.
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Introduction vigor than individuals with native genotypes if compared under
the same growing conditions, and (2) specialists from the home
range will perform better on host plants with exotic genotypes.
Recent studies supported the first prediction in some cases [14,15],
but did not support it in other cases [16,17]. The second
prediction also has yeilded mixed results. [12,18] [19]. As a result,
validity of the EICA hypothesis remains disputed. Considering
these contradictory findings, Miiller-Schirer et al. (2004) and Joshi
and Vrieling (2005) proposed a more specific prediction by
distinguishing specialist and generalist herbivores: introduced
plants are expected to decrease the defense against specialist
herbivores but increase the defense against generalist herbivores
because they escaped from specialist herbivores but may still be
attacked by generalist herbivores [20,21]. Doorduin and Vrieling’s
(2011) metaanalysis supproted this prediction. Thus, further tests
of the EICA hypothesis need to discriminate between the effects of
specialist and generalist herbivores [22].

While the EICA hypothesis assumes the absence of herbivores
in exotic ranges, this is not always the case. Native specialists may
also invade exotic ranges where their host plants are already
naturalized [4,23,24]. In addition, native specialists are often
intentionally introduced to control or suppress invasive plants [25].
When a native specialist becomes present in the exotic range, an
invasive plant population with reduced defense will suffer serious
damage [26]. In this case, natural selection may favor genotypes

Human activities, such as migrations and global transportation,
have spread many plant species beyond their native habitats. Some
of these exotic plants have become invasive, seriously damaging
native species and ecosystems [1,2]. One of the explanations for
the success of invasive plants is that the non-native environments
may either be free of natural enemies or the presence of enemies
may be significantly reduced. The result is enhanced fitness due to
less damage from herbivory [3,4]. This hypothesis is called the
enemy release hypothesis (ERH) (Keane & Crawly 2002) and has
been supported by comparing herbivory rates on invasive plants
between their native and introduced ranges [5—7]. Yet, this
hypothesis has not gone uncontested [8-11] and some studies have
shown opposing evidence to suggest that invasive plants in the
introduced range have suffered comparable or even higher
herbivore pressure than in native relatives [8].

Blossey & Notzold (1995) advanced this hypothesis by employ-
ing the optimal defense theory which assumes that plants in the
conditions of limited resources will make a trade-off in resource
allocation between growth, reproduction, storage, and defense
[13]. They claimed that, in the absence of herbivores, natural
selection favors more vigorous and competitive genotypes by
reducing allocation to defense against native herbivores. This is the
Evolution of Increased Competitive Ability (EICA) hypothesis and
it predicts that (1) individuals with exotic genotypes show more
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Figure 1. Plant height of Ambrosia artemisiifolia genotype from native (solid line) and Japanese remote islands (dashed line) at 40,
60, 70, 80 days after transplanting. Numbers of samples are 59 for Japanese remote islands and 99 for native population. Err bars are SE.

doi:10.1371/journal.pone.0049114.g001

with stronger defense against the specialist [27]. As a result, if the
plant’s defensive capacities could not be rapidly recuperated the
population would be in danger of extinction. Despite the long
history of biological invasion, we discovered only one study that
has reported the evolutionary consequences of a plant’s re-
association with a coevolved herbivore [27,28]. Using herbarium
specimens spanning a 152 year period, Zangerl et al. (2005) found
that the wild parsnips (Pastinaca sativa L.) had increased their toxic
compounds after an accidental introduction of parsnip webworm
(Depressaria pastinacella Duponchel)[28]. This provides a indication
of invading plant species being able to restore defensive
capabilities after the re-colonization of specialist herbivores. In
this study, we use another approach to study ongoing recovery of
defensive ability against a native specialist. We compared the
geographical variations of defense level in interactions between the
host plant Ambrosia artenusufolia L. (Asteraceae) and its specialist
herbivore Ophraella communa LeSage (Coleoptera: Chrysomelidae).

Ragweed, 4. artemisiifolia, is native to North America and was
established in Japan more than 100 years ago [29]. By the 1950s, it
was widely distributed throughout the Japanese islands [29]. In
their native range, A. artemusufolia populations are subject to attacks
from a range of generalist and specialist herbivores [30-33].
However, naturalized populations of, A. artemisiifolia populations in
Japan remained notably free from native enemies until the
accidental introduction of a specialist herbivore, O. communa, in
1996 [34]. Since the introduction of O. communa, local A.
artenusifolia populations have been heavily damaged [35] and O.
communa has rapidly expanded its distribution over the main
Japanese islands of Honshu, Shikoku, and Kyushu [36]. However,
O. communa has not yet colonized some of Japan’s more remote
islands. According to the EICA hypothesis, these remote A.
artemisuyfolia populations may lack defensive ability but achieve
higher growth rate than the native plants, because specialist
herbivores remain absent. In contrast, various A. artemisufolia
populations in mainland Japan have been subject to intensive
herbivore attacks by introduced O. communa over periods from 11
to 13 years.

To study the evolutionary responses of A. artemisifolia to the
reassociation with its specialist herbivore, we conducted an
experiment with A. artemisiifolia seeds and seedlings obtained from
various populations, including native US regions as well as the
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main and more remote Japanese islands. We also conducted a
bioassay experiment to clarify whether the growth of specialist
herbivores diffesr on leaves of 4. artemisufolia obtained from native
US regions, the main Japanese islands or more remote islands.
From these experiments, we answer to the following questions. (1)
Do A. artemisufolia plants from enemy-free environments (i.e. the
Japanese remote islands) show higher growth rate and lead to
better growth performance of the specialist herbivore O. communa
than the plants from native populations? (2) Do A. artemisufolia
populations after reassociation with O. communa (the Japanese main
islands) lead to weaker growth performance of the specialist
herbivore than the enemy-free populations?

Results

Plant growth

We compared A. artemisufolia heights 40, 60, 70 and 80 days
after transplantation (DAT). There were significant differences in
A.  artemisufolia height between populations at a single site
(F7,148=21.132, P<<0.001). There was no significant difference
in height 40 days after transplantation between introduced and
native populations >=0, p=1). However, A. artemisiifolia from
introduced populations grew higher than native populations at 60,
70, 80 DAT compared to height at 40 DAT (groupxdays
interaction x>=98.3, p<0.01, x?=74.63, p<0.01, x?=58.04,
p<<0.01 respectively, Fig. 1). During the period from 50 to 90
DAT, introduced populations exhibited a faster growth rate than
native populations (Native: 0.86 cm+ day ', Introduced
1.37 cm-day ).

Bioassay

There were significant differences in days to pupation and O.
communa dry weight between Tsukuba’s 1998 population (see
Materials and Methods) and Japanese remote islands populations
(1,546 =39.405 P<<0.001 for time to pupation, F, 375=7.8329
P=0.005 for dry weight). Therefore, we separately analyzed O.
communa raised on Tsukuba’s 1998 and remote island populations
in the analyses of the pupation time and the dry weight. O.
communa reared on leaves coming from the Japanese remote islands
populations showed significantly higher survival rates, shorter time
to pupation and heavier adult dry weight than those fed on native
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Table 1. Results of tests using GLMMs (Generalized Linear
Mixed Models) for the survival rate of Ophraella communa, the
time to pupation, and the dry weight fed on Ambrosia
artemisiifolia plants originated from the populations of United
States and Japanese remote islands.
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Table 2. Results of tests using GLMMs (Genralized Linear
Mixed Models) for the survival rate of Ophraella communa, the
time to pupation, and the dry weight fed on A. artemisiifolia
from the populations of remote and main islands in Japan.

d.f %12 P
Survival rate
Group 1 14.9 <0.001
Days to pupation
Group 1 13.6 <0.001
Dry weight
Group 1 10.79 <0.001

Chi-square values are obtained from likelihood ratio test.
doi:10.1371/journal.pone.0049114.t001

host leaves (Table 1, Fig. 2). On the other hand, O. communa reared
on plants belonging to the Japanese main islands populations
showed significantly lower survival rate than remote island
populations (Table 2, Fig. 2a). There was, however, no significant
difference in the time to pupation and adult dry weight between
remote and main islands populations (Table 1, Fig. 2b,c).

Discussion

Our results partially support the EICA hypothesis from both the
host plant side and specialist herbivore side. Introduced A.
artemistifolia from Japanese remote islands exhibited a genetic
predisposition for faster growth in height than native plants did.
Likewise the specialist herbivore O. communa performed better on
the Japanese 4. artemisizfolia than on native plants. The difference
in plant height between native and introduced populations was
likely due to a higher allocation to growth at the expense of
defense capacity. The temperature, which may influence the
outcome of the common garden experiments [37], is unlikely to be
the primary factor because mean temperatures in July in both the
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Days after transplantation

d.f 12 P
Survival rate
Group 1 7.57 <0.01
Days to pupation
Group 1 1.8 0.18
Dry weight
Group 1 0.28 0.59

Chi-square values are obtained from likelihood ratio test.
doi:10.1371/journal.pone.0049114.t002

native and introduced sampling sites were similar and overlapping;
21~24°C in the native and 23~26°C in the introduced site
(Weatherbase http://www.weatherbase.com/ and Japan Meteo-
rological Agency http://www.jma.go.jp/jma/index.html). How-
ever, differences in other factors between sampling sites such as
water availability and soil nutrients might have affected the
outcome of the experiments. Hodgins and Rieseberg (2011) also
reported that European populations of introduced A. artemisufolia
showed greater growth and reproduction compared to natives[38].
We found that the growth performance of O. communa was better
when fed with the foliage from the introduced, enemy-free A.
artemistifolia (Japanese remote islands) in comparison to the foliage
from the native populations. If O. communa was fed with the foliage
of introduced A. artemisifolia invaded by O. communa (Japanese main
islands) the growth performance was worse than on the foliage
from the enemy-free plants. These results suggest that the defense
level of A. artemusifolia, which is inferred to have decreased in
enemy-free habitats, had been regained rapidly by populations
after the reassociation with the native specialist O. communa. This
recovery was likely to have occurred within 10-12 years since the
introduction of O. communa in 1996, suggesting that plant defense

80

Figure 2. Specialist bioassay reared on Ambrosia artemisiifolia plants from Native, Japanese remote and Japanese main islands
populations. Numbers under population name are sample size. Err bars are SE. (a) Larval survival of the Ophraella communa until pupation. (b)
Mean days to pupation from hatching. (c) Dry weight of adult beetle soon after eclosion. In Figure 2a-c, three bars in the right side show the results
pooled for the native area, the Japanese remote islands and the Japanese main islands. An asterisk indicates the statistically significant difference,

P<0.01.
doi:10.1371/journal.pone.0049114.9002
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capacity is evolutionarily very labile. Based on the EICA
hypothesis, we consider that the higher defense level of the
Japanese main islands populations is a direct result of herbivore
attacks during the recent 10-12 years of renewed exposure. On
the other hand, the differences between the remote and main
islands populations could also be due to other differences
attributable to the varying degree of isolation. First, populations
in remote islands might maintain lower genetic variability than
main islands populations due to bottleneck effects and/or
restricted gene flow [39] and evolutionary recovery of defense
against the renewed exposure to the specialist could be slower.
Second, differences in native generalist herbivores between remote
and main islands populations might influence the differences in
defense level between them. The latter possibility 1s, however, less
likely because very few native generalist herbivores have been
observed in the introduced 4. artemisiifolia populations [40].

These findings appear to be inconsistent with the results of an
inter-continental reciprocal transplant experiment on the native
and introduced A. artemisufolia populations performed by Genton et
al. (2005) [41]. This 2005 study compared the herbivore damage
level in A. artemusizfolia individuals, comparing traits between native
North American genotype and introduced French genotype in
both native and introduced ranges. Although transplanted A.
artenusiifolia, irrespective of the origin, suffered far less attacks by
herbivores in France than in North America, they reported that
the introduced A. artenmusifolia did not show any evidence of
evolutionary loss of defense compared to the native A. artemusifolia.
They suggested that the toxins were retained in the French
populations as a defense against generalist herbivores or as
allelochemicals. However, it should be noted that the study by
Genton ef al. was mainly concerned with generalist herbivores and
specialist herbivores were not in the focus of their field
experiments. In contrast the EICA hypothesis focuses specifically
on invading species that have been freed from the pressure of
native specialist herbivores [12]. As there are fundamental
differences between defense mechanisms against specialists and
generalists [20], introduced plants may indeed fail to decrease
their defense against the generalist herbivores in the introduced
areas [20-22]. Therefore, it remains uncertain whether French
and native 4. artemisifolia populations do indeed differ in their
defense capabilities to specialist herbivores. In the present study,
we found that plants originating from naturalized populations
showed higher growth than plants from the native populations in a
controlled environment. We also found that the growth perfor-
mance of the specialist herbivore was lower when fed with the
foliage from native plants in comparison to the foliage from
mvading plants. These results strongly suggest that the defense
capacity of A. artemisifolia has been influenced by the presence of
specialist herbivores. However, it remains, uncertain whether the
Japanese populations differ in their defense capacity against
generalist herbivores compared to the native populations. The
Japanese population might have reduced the defense capacity
against generalist herbivore. Alternatively, they might maintain
the defense capacity against generalist herbivore because only
occasional damage by generalist herbivores are found in the
introduced range of Japan [40]. Thus our results are not
necessarily inconsistent with the finding of Genton et al. (2005),
but rather suggest that further studies are required to distinguish
effects of generalists and specialists on EICA more carefully.

In addition to the case of A. artemisifolia, there are a number of
studies that have tested the EICA hypothesis for various other
plant species. Some studies have supported the hypothesis while
others did not [42]. To explain such conflicting evidence, Dietz
and Edwards (2006) proposed the importance of time since
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mvasion [43]. Here they divided invasion periods between primary
and secondary phases of invasion. They reasoned that the
introduced species are initially subject to weaker competition,
but in the secondary phase the competition becomes fierce once
again, which is why the introduced species evolve higher
competitive ability. The authors also argued, for species and
populations they studied, that the data from the four species
mtroduced into new areas 200-250 years ago revealed strong
support for the EICA hypothesis, three of which had invaded
closed, competitive native vegetation. On the other hand, the eight
species showing no support to the EICA hypothesis had been
introduced to the new areas 50-150 years ago and seven of them
were noted to be restricted to disturbed habitats with more open
vegetation. The results of this study conflicted somewhat with
those of Dietz and Edwards (2006) because in this case A.
artemistifolia despite being introduced to Japan only around 100
years ago and becoming established in disturbed environments,
still provided evidence in favor of EICA. Here we showed that the
evolutionary response occurred even within a 13 year period,
indicating that the evolution can act much faster than the time
scale proposed by Dietz and Edwards (2006). As the speed of
evolution depends on the generation time along with the
interaction of natural selection and genetic variability, more
careful comparisons of characteristics of host plants and herbivores
in native and introduced ranges are required to generalize the
conditions where EICA occurs as suggested by Atwood and
Meyerson (2011)[44]. As for the strength of competition, it is
difficult to test the idea that the introduced species are initially
subject to weaker competition. However, we observed high
seedling density of A.artemisifolia in the field in spite that they
grow in disturbed habitats, suggesting that the intraspecific
competition rather than competition with the native vegetation
predicted by Dietz and Edwards (2006) could be a major selective
force for plant height.

Our study has implications for the biological control of invasive
plants. It was suggested that if invasive plants decrease their
defense against specialists in an introduced range, biocontrol
agents could be more effective for use against an invasive genotype
in comparison to the native genotype [20,42]. O. communa reared
on A. artemisiifolia from the Japanese populations taken in the areas
where the specialist herbivores are absent achieved higher survival
rate, shorter times to pupation and greater weight than the
individuals reared on the native 4. artemisiifolia. 'This appears to
support such a possibility. However, our study also suggests that
the A. artenusufolia populations in the main islands have been
evolving their defense against recently-introduced specialists.
Although numerous studies have demonstrated that the evolu-
tionary change can occur even within a few generations in natural
populations [45,46], little is known about the evolution of defense
in target plants under the introduction of biocontrol agents
[47,48]. Our study, together with the findings of Zangerl and
Berenbaum (2005), shows that the alien plants Pastinaca sativa can
rapidly evolve defense against a specialist Depressaria pastinacella
after the reassociation. This suggests that the effectiveness of a
biocontrol agent may be weakened over time.

In conclusion, we found that the A. artemisiifolia naturalized in
Japan had higher growth capacity than A. artemisiyfolia from its
native range. This was probably at the expense of defense
capacity. We also found evidence that the naturalized A.
artemistfolia populations can quickly restore defense capacity after
the renewed exposure to the native specialists. These results are
consistent with the predictions of the EICA hypothesis. Such rapid
evolution of defense capacity deserves more attention. As
suggested by [49], the resurrection approach, using stocked
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ancestral seeds for experiments, is a promising way to understand
contemporary evolutionary change.

Materials and Methods

Ethics statement

No specific permits were required for the described field study.
The insect and plant species collected are not endangered or
protected.

Study species

Common ragweed, A. artemisufolia, native to North America, is a
vigorous invasive weed and naturalized to many places over the
world [50]. It is an annual which germinates in spring and
produces seeds in late summer. In both native and naturalized
ranges, A. artenusifolia often grows in habitats that have been
disturbed by human activity such as the urban areas and roadsides
in the rural areas [30]. Ambrosia artemisiifolia is particularly notable
for its link to human health as its wind-dispersed pollens can cause
many allergic responses[51].

Ophraella communa (Chrysomelidae) was also native to North
America and accidentally introduced to Chiba prefecture, Japan in
1996 [34]. After the initial introduction, O. communa rapidly
expanded its range and became established in most of the Japanese
islands [36]. Overwintering adults deposit a cluster eggs on the
host plant in spring. At 25°C, three weeks are required from
hatching to adulthood. Three or four generations annually occur
before diapause in late autumn. In its native range, O. communa
uses several species of Ambrosia and fva as host plants [31]. In
Japan, O. communa mainly forage upon A. artemusifolia in its early
growing season but also has used giant ragweed Ambrosia trifida
(also native to North America) in cases where A. artemusigfolia plants
had become defoliated completely by O. communa [35]. O. communa
is foliivorous but often feed on the reproductive parts of plant.
Ophraella  communa has also been considered as a potential
biocontrol agent to control A. artemisiifolia in Australia and Eastern
Europe [52,53].

Plant growth

In 2008, we collected seeds of A. artemisitfolia from five
populations in the United States (Webster, Morganton, Hillsville,
Ruther Glen, New Haven) and from three populations located in
the Japanese remote islands (T'sushima, Iki, Oki). We also collected
seceds in Honshu, Japan’s largest island, in 2008 (T'sukuba) and
2009 (Kusatsu, Yawata, Toyohashi). The Honshu populations had
experienced O. communa attacks for at least the past 1lyears. The
Tsukuba population had experienced the same for 13 years [36].
At each site, seeds were collected from about ten individuals
(Fig. 3). The collected seeds were stored at 4°C until the
experiment. In addition, we obtained seeds that were collected
in Tsukuba in 1998, shortly after the introduction of O. communa.
In both cases, seeds were harvested in bulk, and we could not
examine possible effects of maternal plants. In 2009, we sowed 200
seeds from each population in the germination beds filled with
commercially available garden soil (Sun&Hope Co., Japan) that is
a mixture of sand, pumice, volcanic ash, humus and fertilizer and
free from other seeds. At about 10 days after germination we
randomly selected 20 plants from each population to be
individually transplanted to pots filled with 3 liters of garden soil.
This was because days to germination differed among the
population. In addition to seedlings grown from seeds, 20 seedlings
from each of the field populations of Kusatsu, Yawata, and
Toyohashi in Honshu were directly transplanted to pots and
placed in the meshed house at Kyushu University Fukuoka
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prefecture, Japan soon after field sampling. We grew all plants in a
mesh house to prevent insect damage. Plants were watered every
day. Plant height was measured once a week from June to August,
until plants were harvested for the bioassay experiment. Plants
grown from seedlings were not used for height growth analysis due
to the initial size effect and were therefore only used for the
bioassay experiment, although these plants grew in the same way
as plants grown from seeds.

Bioassay

To evaluate the differences in defense levels of each A.
artenusuifolia population against the specialist herbivore, we
measured the fitness components of O. communa fed on each A.
artemisiifolia population. About 3000 O. communa adults were
collected not from A. artemisitfolia but from A. trifida populations
near Kyushu University and reared in the laboratory because O.
communa defoliated many A.artemisufolia individuals and began to
use A. trifida populations when we started the experiment. After
hatching, we divided first-instar larvae into a few groups and
reared them on leaves of A. artemusiufolia taken from different
populations that were grown in the mesh house of the Kyushu
University. Every two or three days, we replaced the leaves and
counted the number of surviving larvae. To record the days to
pupation, we checked larvae everyday from 10 days post-hatching.
Emerged adults were collected after eclosion and their weight was
measured after drying in an oven for more than 6 hours at 60°C,
(sufficient to completely dry adults of O. communa.).

Statistical analyses

To compare the height of 4. artemisizfolia derived from the native
and introduced populations at 40 days after transplantation, we
employed Generalized Linear Mixed Models (GLMMs) with
groups (native and introduced populations), and populations
(nested in groups) as random effects with the Gaussian distribution
and identity link. To compare the growth rate between native and
introduced populations, we also employed GLMMs with groups
(native and introduced populations), days after transplantation,
their interactions as explanatory variables and ID and populations
(nested in groups) as random effects with the Gaussian distribution
and identity link. ID was included as a random effect because we
measured height of the same individuals at different time points.
We used the Bonferroni procedure to correct for multiple
comparisons.

To examine the EICA hypothesis and the possibility of rapid
recovery of defense, bioassay experiments were analyzed in two
categories (native vs. Japanese remote islands and Japanese remote
islands vs. main islands). We also employed GLMMs to analyze
the data from bioassay experiments and considered groups as
explanatory variable, populations (nested within groups) and O.
communa lineage (same egg cluster) as random effects. Survival rates
were analyzed with a binominal distribution and a logit link
function since the response variable was binary. Days to pupation
and adult dry weights were analyzed with a Gaussian distribution
and identity link functions. We used the likelihood ratio test for
overall significance of the explanatory variables. The interactions
were excluded from the analyses of the bioassay data. In all
analyses, we examined the difference between remote island
populations and Tsukuba’s 1998 population that experienced
herbivory of O. communa for only 1 or 2 years. If the difference was
insignificant, we included the 1998 population with the remote
island populations and reanalyzed data between sites. For all
statistical analyses, we used the software R [54] with the package
Ime4 and the function Imer.
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Figure 3. Locations of seed and seedling source populations of Ambrosia artemisiifolia in the United States (shaded circle), and Japan
(un-shaded diamond for remote islands populations, un-shaded circle for mainland populations). The experimental site is represented
as an un-shaded triangle.

doi:10.1371/journal.pone.0049114.g003

Acknowledgments

We thank Koichi Tanaka for providing ragweed seeds from Tsukuba and
valuable research suggestion, Yusuke Onoda and Steve Franks for their
critical comments on our draft, Atsushi Shiota, Yoshinobu Takizaki, and
Konami Kinoshita for their kind help in sampling plant and insect
materials, Chris Wood and Marko Jusup for editing the manuscript and
members of ecology group in Kyushu University for helpful discussion.

References

1.

~

22.

23.

Cronk QC, Fuller J (1995) Plant Invaders. The Threat to Natural Ecosystems.
London: Chapman and Hall.

. Williamson M (1996) Biological Invasions (Population and Community Biology

Series). Chapman an. London: Chapman and Hall.
Elton CS (1958) The Ecology of Invasions by Animals and Plants. London:
Methuen.

. Keane RM, Crawley MJ (2002) Exotic plant invasions and the enemy release

hypothesis. Trends in Ecology & Evolution 17: 164-170.

. Wolfe LM (2002) Why alien invaders succeed: support for the escape-from-

enemy hypothesis. The American naturalist 160: 705-711.

. Liu H, Stiling P (2006) Testing the enemy release hypothesis: a review and meta-

analysis. Biological Invasions 8: 1535-1545.

. Mitchell CE, Power AG (2003) Release of invasive plants from fungal and viral

pathogens. Nature 421: 625-627.

. Agrawal AA, Kotanen PM (2003) Herbivores and the success of exotic plants: a

phylogenetically controlled experiment. Ecology Letters 6: 712-715.

. Colautti RI, Ricciardi A, Grigorovich IA, Maclsaac HJ (2004) Is invasion

success explained by the enemy release hypothesis? Ecology Letters 7: 721-733.

. Liu H, Stiling P, Pemberton RW (2007) Does enemy release matter for invasive

plants? evidence from a comparison of insect herbivore damage among invasive,
non-invasive and native congeners. Biological Invasions 9: 773-781.

. van Kleunen M, Fischer M (2009) Release from foliar and floral fungal pathogen

species does not explain the geographic spread of naturalized North American
plants in Europe. Journal of Ecology 97: 385-392.

. Blossey B, Noétzold R (1995) Evolution of increased competitive ability in

invasive nonindigenous plants: a hypothesis. Journal of Ecology 83: 887-889.

. Coley PD, Bryant JP, Chapin FS (1985) Resource availability and plant

antiherbivore defense. Science 230: 895-899.

. Blair AC, Wolfe LM (2004) The evolution of an invasive plant: an experimental

study with Silene latifolia. Ecology 85: 3035-3042.

Stastny M, Schaffner U, Elle E (2005) Do vigour of introduced populations and
escape from specialist herbivores contribute to invasiveness? Journal of Ecology
93: 27-37.

. Buschmann H, Edwards PJ, Dietz H (2005) Variation in growth pattern and

response to slug damage among native and invasive provenances of four
perennial Brassicaceae species. Journal of Ecology 93: 322-334.

. Cripps MG, Hinz HL, McKenney JL, Price W], Schwarzlander M (2009) No

evidence for an “evolution of increased competitive ability” for the invasive

Lepidium draba. Basic and Applied Ecology 10: 103-112.

. Huang W, Siemann E, Wheeler GS, Zou J, Carrillo J, et al. (2010) Resource

allocation to defence and growth are driven by different responses to generalist
and specialist herbivory in an invasive plant. Journal of Ecology 98: 1157-1167.

. Hull-Sanders HM, Clare R, Johnson RH, Meyer GA (2007) Evaluation of the

evolution of increased competitive ability (EICA) hypothesis: loss of defense
against generalist but not specialist herbivores. Journal of Chemical Ecology 33:
781-799.

. Miiller-Schirer H, Schaffner U, Steinger T (2004) Evolution in invasive plants:

implications for biological control. Trends in Ecology & Evolution 19: 417-422.

. Joshi J, Vrieling K (2005) The enemy release and EICA hypothesis revisited:

incorporating the fundamental difference between specialist and generalist
herbivores. Ecology Letters 8: 704-714.

Doorduin L], Vrieling K (2011) A review of the phytochemical support for the
shifting defence hypothesis. Phytochemistry reviews : proceedings of the
Phytochemical Society of Europe 10: 99-106.

Parker JD, Burkepile DE, Hay ME (2006) Opposing effects of native and exotic
herbivores on plant invasions. Science 311: 1459-1461.

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006) Understanding the long-
term effects of species invasions. Trends in ecology & evolution 21: 645-651.

. Julien MH, Griffiths MW (1998) Biological control of weeds: a world catalogue

of agents and their target weeds. ed. 4. Wallingford, UK: 4CABI Publishing. p.
Siemann E, Rogers WE (2003) Increased competitive ability of an invasive tree
may be limited by an invasive beetle. Ecological Applications 13: 1503-1507.

. Zangerl AR, Stanley MC, Berenbaum MR (2008) Selection for chemical trait

remixing in an invasive weed after reassociation with a coevolved specialist.

PLOS ONE | www.plosone.org

This work was carried out with a support from Sumitomo Foundation

No. 083356.

Author Contributions

Conceived and designed the experiments: YF TY. Performed the
experiments: YF. Analyzed the data: YF. Contributed reagents/materi-
als/analysis tools: YF. Wrote the paper: YF TY.

28.

29.
30.

31.

32.

34.

36.

37.

38.

41.

42.

43.

44.

46.

47.

48.

49.

Proceedings of the National Academy of Sciences of the United States of
America 105: 4547-4552.

Zangerl AR, Berenbaum MR (2005) Increase in toxicity of an invasive weed
after reassociation with its coevolved herbivore. Proceedings of the National
Academy of Sciences of the United States of America 102: 15529-15532.
Hisauchi K (1950) Naturalized plants. Tokyo: Kagakutosyo syuppan. p.
Bassett IJ, Crompton CW (1975) The biology of canadian weeds: 11. Ambrosia
artemisiifolia L. and A. psilostachya DC. Canadian Journal of Plant Science 55:
463-476.

Futuyma DJ (1990) Observations on the Taxonomy and Natural History of
Ophraclla Wilcox (Coleoptera: Chrysomelidae), with a Description of a New
Species. Journal of the New York Entomological Society 98: 163-186.
MacKay J, Kotanen PM (2008) Local escape of an invasive plant, common
ragweed (Ambrosia artemisiifolia L.), from above-ground and below-ground
enemies in its native area. Journal of Ecology 96: 1152-1161.

MacDonald AAM, Kotanen PM (2010) The effects of disturbance and enemy
exclusion on performance of an invasive species, common ragweed, in its native
range. Oecologia 162: 977-986.

Takizawa H, Saito A, Saito K, Hirano Y, Ohno M (1999) Invading insect,
Ophraella communa LeSage, 1986: range expansion and life history in Kanto
district, Japan. Gekkan-Mushi 338: 26-31.

. Yamazaki K, Imai C, Natuhara Y (2000) Rapid population growth and food-

plant exploitation pattern in an exotic leaf beetle, Ophraella communa LeSage
(Coleoptera: Chrysomelidae), in western Japan.pdf. Applied Entomology and
Zoology 35: 215-223.

Moriya S, Shiyake S (2001) Spreading the distribution of an exotic ragweed
beetle, Ophraella communa LeSage. Japanese Journal of Entomology 4: 99—
102.

Moloney KA, Holzapfel C, Tielborger K, Jeltsch F, Schurr FM (2009)
Rethinking the common garden in invasion research. Perspectives in Plant
Ecology, Evolution and Systematics 11: 311-320.

Hodgins KA, Rieseberg L (2011) Genetic differentiation in life-history traits of
introduced and native common ragweed (Ambrosia artemisiifolia) populations.
Journal of evolutionary biology 24: 2731-2749.

. Franks SJ (2009) Genetics, Evolution, and Conservation of Island Plants. Journal

of Plant Biology 53: 1-9.

. Kato A, Ohbayashi N (2008) Insect communities associated with an invasive

plant, the common ragweed, Ambrosia artemisiifolia L., in western Japan.
Japanese Journal of Environmental Entomology 19: 125-132.

Genton BJ, Kotanen PM, Cheptou PO, Adolphe C, Shykoff JA (2005) Enemy
release but no evolutionary loss of defence in a plant invasion: an inter-
continental reciprocal transplant experiment. Oecologia 146: 404-—414.
Bossdorf O, Auge H, Lafuma L, Rogers WE, Siemann E, et al. (2005)
Phenotypic and genetic differentiation between native and introduced plant
populations. Oecologia 144: 1-11.

Dietz H, Edwards PJ (2006) Recognition that causal processes change during
plant invasion helps explain conflicts in evidence. Ecology 87: 1359-1367.
Atwood J, Meyerson L (2011) Beyond EICA: understanding post-establishment
evolution requires a broader evaluation of potential selection pressures.
NeoBiota 10: 7.

. Hendry AP, Kinnison MT (1999) Perspective: The Pace of Modern Life:

Measuring Rates of Contemporary Microevolution. Evolution 1999: 6.
Stockwell CA, Hendry AP, Kinnison MT (2003) Contemporary evolution meets
conservation biology. Trends in Ecology & Evolution 18: 94-101.

Maron J, Vila M (2008) Exotic plants in an altered enemy landscape: effects on
enemy resistance. In: Specialization, speciation and radiation. In: Kelley J,
Tilmon J, editors. Specialization, speciation, and radiation: the evolutionary
biology of herbivorous insects. California: University of California Press. 280—
295.

Orians CM, Ward D (2010) Evolution of plant defenses in nonindigenous
environments. Annual review of entomology 55: 439-459.

Franks SJ, Avise JC, Bradshaw WE, Conner JK, Etterson JR, et al. (2008) The
Resurrection Initiative: Storing Ancestral Genotypes to Capture Evolution in
Action. BioScience 58: 870.

November 2012 | Volume 7 | Issue 11 | e49114



50.

51.

Gaudeul M, Giraud T, Kiss L, Shykoff JA (2011) Nuclear and chloroplast
microsatellites show multiple introductions in the worldwide invasion history of
common ragweed, Ambrosia artemisiifolia. PloS one 6: ¢17658.

Meggs W], Dunn KA, Bloch RM, Goodman PE, Davidoff AL (1996) Prevalence
and nature of allergy and chemical sensitivity in a general population. Archives
of environmental health 51: 275-282.

PLOS ONE | www.plosone.org

52.

54.

Evolutionary Change of Defense in an Alien Plant

Palmer WA, Goeden RD (1991) The Host Range of Ophraclla communa
Lesage (Coleoptera: Chrysomelidae). The Coleopterists Bulletin 45: 115-120.

. Kiss LL (2007) Why is biological control of common ragweed, the most allergenic

weed in Eastern Europe, still only a hope? In: Vincent C, Goettel M, G L,
editors. Biological control: a global perspective.Wallingford: CABI. 80-91.

R Development Core Team (2010) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing Vienna Austria.

November 2012 | Volume 7 | Issue 11 | e49114



