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Abstract Recent studies suggest that the invasive suc-
cess of Centaurea maculosa may be related to its stron-
ger allelopathic effects on native North American species
than on related European species, one component of the
“novel weapons” hypothesis. Other research indicates
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that C. maculosa plants from the invasive range in North
America have evolved to be larger and better competi-
tors than conspecifics from the native range in Europe, a
component of the “evolution of increased competitive
ability” hypothesis. These hypotheses are not mutually
exclusive, but this evidence sets the stage for comparing
the relative importance of evolved competitive ability to
inherent competitive traits. In a competition experiment
with a large number of C. maculosa populations, we
found no difference in the competitive effects of C. mac-
ulosa plants from North America and Europe on other
species. However, both North American and European
C. maculosa were much better competitors against
plants native to North America than congeners native to
Romania, collected in areas where C. maculosa is also
native. These results are consistent with the novel weapons
hypothesis. But, in a second experiment using just one
population from North America and Europe, and where
North American and European species were collected
from a broader range of sites, competitive interactions
were weaker overall, and the competitive effects of
C. maculosa were slightly stronger against European
species than against North American species. Also con-
sistent with the novel weapons hypothesis, (£)-catechin
had stronger effects on native North American species
than on native European species in two experiments. Our
results suggest that the regional composition of the plant
communities being invaded by C. maculosa may be
more important for invasive success than the evolution
of increased size and competitive ability.
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Introduction

Successful exotic plant invasion has been linked to evolu-
tionary changes in the invading species (Blossey and Notz-
old 1995; Ellstrand and Schierenbeck 2000; Siemann and
Rogers 2001, 2003a, b) and to the evolutionary naiveté of
species in invaded systems (Callaway and Aschehoug
2000; Mallik and Pellissier 2000; Callaway and Ridenour
2004; Vivanco et al. 2004; Cappuccino and Arnason 2006;
Callaway et al. 2008; Inderjit et al. 2008b). There is evi-
dence for both processes, but no experiments have
attempted to compare their relative importance using the
same invasive species. These invasive processes are not
mutually exclusive, and such a comparison does not cover
the gamut of all important mechanisms for invasions
(Hierro et al. 2005), but there are interesting implications
for understanding plant community organization. If a plant
species can rapidly evolve “invasiveness,” then long-term
local adaptation to a particular habitat would not appear to
be crucial for community dominance. On the other hand, if
a plant species can successfully invade because it possesses
a trait to which native plant species are not adapted, then it
would appear that evolutionary relationships among plant
species may have important effects on their relative distri-
butions and abundances.

The most common context in which invasion has been
attributed to the evolution of an introduced species is the
EICA or “evolution of increased competitive ability”
hypothesis (Blossey and Notzold 1995). In this case,
release from natural enemies is thought to result in strong
favorable selection on genotypes that allocate less to her-
bivore defense (see Janzen 1975), and more to growth.
Greater growth could make these new genotypes more
competitive than their predecessors in the native range
and lead to invasive success. A number of other studies
have shown that invasive genotypes are larger or more
reproductive than congeners in their native range (Blos-
sey and Notzold 1995; Siemann and Rogers 2001, 2003a,
b; Wolfe 2002; Jakobs et al. 2004), but conclusive sup-
port for the full causal process proposed for EICA is less
common (Maron et al. 2004a; Bossdorf et al. 2005; Gen-
ton et al. 2005; McKenney et al. 2007; Ridenour et al.
2008). Importantly for our study, Centaurea maculosa
Lam. (spotted knapweed, recently reported as Centaurea
stoebe L. ssp. micranthos (Gugler) Hayek [USDA,
NRCS 2007]) shows evidence for evolutionary changes
towards increased size and competitive ability in the
invaded range (Ridenour et al. in press). Centaurea mac-
ulosa is native to Europe, where it is relatively uncom-
mon, and was introduced into North America in the late
1800s (Sheley et al. 1998; LeJeune and Seastedt 2001),
where it is among the most destructive and successful
invasive plant species in the northwestern United States
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(Roché and Roché 1988; Miiller-Schirer and Schroeder
1993).

Invasion as a result of disrupting relationships among
coadapted species within communities has most often been
studied in the context of enemy release from coevolved
specialist insect herbivores (Keane and Crawley 2002;
Miiller-Schirer et al. 2004). More recently, the possibility
of disrupted coadaptation at a broader scale within commu-
nities as a driver of invasions has been considered in the
context of the “novel weapons hypothesis” (Rabotnov
1982; Callaway and Ridenour 2004). This is the idea that
some invaders may succeed because they possess unique
allelopathic, defense, or antimicrobial biochemistry to
which naive natives have not adapted. There are a number
of studies that are consistent with this hypothesis (Callaway
and Aschehoug 2000; Mallik and Pellissier 2000; Bais et al.
2003; Vivanco etal. 2004; Cappuccino and Carpenter
2005; Carpenter and Cappuccino 2005; Cappuccino and
Arnason 2006; Stinson et al. 2006; Callaway et al. 2008).

Centaurea maculosa appears to possess a “novel
weapon.” Centaurea maculosa exudes the compound (%)-
catechin from its roots into its rhizospheres (Bais et al.
2003; Weir et al. 2003; Blair et al. 2005; Ridenour et al.
2008; N. Tharayil, unpublished data), which inhibits the
growth of neighboring competing plants (Bais et al. 2003;
Weir et al. 2003, 2006; Callaway et al. 2005; Perry et al.
2005a, b; Thelen et al. 2005; Thorpe 2006; Rudrappa et al.
2007; Inderjit et al. 2008a, b). A number of other authors
have reported phytotoxicity of the (+)-catechin form (Buta
and Lusby 1986; Igbal et al. 2003; Furubayashi et al. 2007;
Simdes et al. 2008), and the (-)-catechin form has been
reported to inhibit green algae (D’Abrosca etal. 2006).
However, other authors have reported no phytotoxic effects
of forms of catechin or phytotoxicity only at unreasonably
high concentrations (Blair et al. 2005; S. Duke, personal
communication; also see Furubayashi et al. 2007). There is
also initial evidence that Centaurea is more allelopathic to
North American native species than congeneric European
native species in vitro (Bais etal. 2003; Inderjit et al.
2008b) and in the field (Thorpe 2006). However, this evi-
dence is limited by the low number of species tested, the
relatively high concentrations of the root exudate used, or
the artificial nature of in vitro experiments.

Evidence that C. maculosa may have evolved greater
competitive ability but also possesses a novel weapon sets
the stage for the fundamental question addressed in this
paper: are novel competitive or allelopathic effects of
C. maculosa more inhibitory to North American plant species
than the greater competitive ability demonstrated by North
American C. maculosa genotypes? We tackled this ques-
tion by means of a greenhouse experiment comparing the
biomass of C. maculosa from North American and Euro-
pean populations, experiments with C. maculosa from
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North American and European populations competing
against congeneric North American and European competi-
tors, and experiments applying (%)-catechin to congeneric
North American and European competitors.

Methods
Comparison of North American and European populations

We used C. maculosa plants from nine North American and
eight European populations that were selected randomly
from larger pools of populations used in previous experi-
mental comparisons (Ridenour et al. 2008). Ridenour et al.
(2008) reported that plants from North American popula-
tions of C. maculosa were larger than plants from European
populations, but we repeated the experiment with the spe-
cific populations used in our competition experiments. The
phylogeny of C. maculosa is not fully resolved, but what is
called C. maculosa in North America is most likely to be
C. stoebe in Europe (http://plants.usda.gov/), which can be
either diploid or tetraploid (Miiller 1989). North American
populations appear to be almost exclusively tetraploid
(H. Miiller-Schirer, personal communication). We did not
measure the ploidy of our European populations, but the
populations sampled were identified in Europe as C. stoebe
micranthos, the subspecies considered to be tetraploid in
Europe, and the European taxon likely to be most closely
related to what is called C. maculosa in North America.
The subspecies C. stoebe stoebe is likely to be the diploid
form, and this was avoided in our European collections.
Although we attempted to keep ploidy constant by using
the C. stoebe micranthos taxon from Europe, it is important
to note that the morphological differences between subspe-
cies do not clearly correspond with differences in ploidy
(H. Miiller-Schérer, personal communication), and there-
fore the effects of ploidy could confound the effects of
continent in our experiments. However, Ridenour et al.’s
(2008) and Miiller’s (1989) results suggest that larger
ploidy may not be the main reason that North American
plants are larger. For example, Ridenour et al. (2008) found
that C. maculosa plants from tetraploid North American
populations were larger than plants from tetraploid Euro-
pean populations, and a recent outdoor common garden
experiment comparing other populations demonstrated that
tetraploid North American plants were larger than tetra-
ploid European plants (T. Bassett and R.M. Callaway,
unpublished data).

For the experiment comparing the size of North Ameri-
can and European populations, all plants were grown from
seed in 2.4 1 pots (18 cm diameter, 22 cm depth) filled with
25% field soil from Montana and 75% 20/30 grit sand.
Eight individual plants were grown for each population.

Greenhouse temperatures were kept between 15 and 30°C.
Natural light was supplemented by metal halide bulbs, and
PAR during the day remained above 1,200 pmol m~2s~!,
well above the light saturation point of Centaurea leaves.
Plants were watered once every two days to be sure that
larger plants did not become relatively more water-limited
than smaller plants, and a nutrient solution of 0.68 g/l of
water-soluble fertilizer (15-2-20, The Scotts Company,
Marysville, OH, USA) was applied every three weeks. In
other words, we compared the characteristics of these popu-
lations under good growing conditions. We chose green-
house rather than common garden experiments to avoid
introducing novel European genotypes (via pollen and
seeds) to North America. After 135 days all plants were
harvested, dried at 60°C for three days, and the total mass
was weighed. We used nested ANOVA in the PROC GLM
module within SAS utilizing Type III sum of squares (ver-
sion 9.1), where continent of population origin (Europe vs.
North America) was treated as a fixed factor and population
nested within continent was treated as a random factor.

Competition experiment 1

We conducted a competition experiment in the Campus
greenhouse at the University of Montana, in which plants
from the nine North American and eight European popula-
tions of C. maculosa (see the “Electronic supplementary
material,” or “ESM,” S1) were each planted in competition
with four native North American species (i.e., Achillea mil-
lefolium, Linum lewisii, Pseudoroegneria (Nee Agropyron)
spicata, and Stipa comata) and four native European cong-
eners or near-congeners (i.e., Achillea millefolium, Agropy-
ron cristatum, Linum austriacum, and Stipa capillata). For
the control pots, there was only one plant per pot. Native
North American species were from western Montana and
native European species were collected in areas where
C. maculosa (C. stoebe micranthos) also occurred near lasi,
Romania (ESM, S2). In this experiment, all plants were
grown from seeds in 525 ml pots (6.4 cm diameter, 25 cm
deep) filled with the same substrate as in the first experi-
ment. For each competitor species, one individual was
grown in competition against one C. maculosa individual
from each population from each continent, providing nine
replications for each native North American species and
eight for each native European species. Plants were grown
alone for controls. Plants were watered and fertilized as
described above, and greenhouse temperatures and lighting
were as described for the previous experiment. This experi-
ment ran from October 12, 2004 through January 22, 2005.
At the end of the experiment, all plants were harvested,
washed, and separated into shoots and roots. Plants were
dried at 60°C for three consecutive days and then weighed.
To evaluate the response of C. maculosa to competitors, the
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effects of C. maculosa region (North America vs. Europe,
fixed factor) and competitor region (fixed factor) were ana-
lyzed with a two-way ANOVA (SPSS 13.0, SPSS Inc,,
Chicago, IL, USA). To evaluate the responses of each
related pair of competitors, a two-way ANOVA was used
to test the effects of C. maculosa region (fixed factor) and
competitor region (fixed factor) (SPSS 13.0, SPSS Inc.).

Competition experiment 2

We conducted a second competition experiment in the
Diettart greenhouse at The University of Montana. Our
goals were to reduce noise due to among-population geo-
graphical genetic variability in C. maculosa within a conti-
nent, to increase the number of native species tested, and to
broaden the regional area from which native European spe-
cies were collected (in the first experiment all European
competitors were from fields in Romania where C. macul-
osa occurred). In other words, do results obtained using a
restricted local set of competitors correspond with results
obtained from competitor species collected regionally? We
did this by only using seeds from the North American C.
maculosa population with the smallest plants (Washington,
Fig. 1, electronic supplementary material, S1) and seeds
from the European population with the largest plants
(Romania-1, Fig. 1, ESM, S1) in our first experiment. Thus,
this experiment does not test for differences between Euro-
pean and North American C. maculosa populations, but
does provide a better replicated, and perhaps more conser-
vative, test of potential biogeographical differences among
European and North American competitors. We used nine
native species collected as seed from western Montana, one
species collected from Idaho, and 15 native species col-
lected as seed from several different places in Europe (we
could not identify all plants to species, ESM, S2). For each

-
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Centaurea maculosa biomass (g)

North America
Centaurea population source

Europe

Fig. 1 Biomasses of Centaurea maculosa from North American and
European populations. Narrow bars are mean + 1 SE for each popula-
tion, wide bars (center of figure) are means + 1 SE for each region
using population means. Full ANOVA is in ESM, S3. Asterisks denote
the populations used for the second competition experiment
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of these 25 species, we grew eight replicates in competition
with the North American C. maculosa and eight with the
European C. maculosa. Each species was also planted alone
for controls (n = 8). The pots, substrate, growth conditions
and harvesting procedure were the same as in competition
experiment 1. This experiment ran from December 14,
2005 through March 14, 2006. All plants were grown from
seeds, most of which germinated 3—17 days following the
planting. We used a two-way ANOVA with competitor
region and competition as fixed factors to test their effects
on the total biomass of competitors (SPSS 13.0, SPSS Inc.).

(£)-Catechin experiment 1

The (%) racemic form of catechin was initially reported to
frequently occur at or above ~1,000 ug g~! in soils (Bais
et al. 2003; Perry et al. 2005a; Thelen et al. 2005), but more
detailed and extensive soil analyses have convincingly
demonstrated that soil concentrations are much lower.
Using a lower detection limit of 25 ug g~!, Perry et al.
(2007) found (4)-catechin in less than 5% of C. maculosa
rhizospheres, but at a site sampled repeatedly they recorded
a pulse, in which (4)-catechin was found in all 20 rhizo-
spheres tested, of 650 + 450 (SD) pg g~ '. More sensitive
analyses have found much more frequent occurrences of
very low concentrations, but a maximum concentration of
1 ug g~! (Blair et al. 2006).

Applied concentrations of (&£)-catechin result in far
lower concentrations in solution, sand, and soil than calcu-
lated from the application rate (Inderjit et al. 2008a; J. Pol-
lock and R.M. Callaway, unpublished data). This may be
due to the interaction of the compound with components in
the soils and oxidation. Therefore, calculating phytotoxic
concentrations in soil, equivalent to those measured in situ
and based on applied doses, is not an accurate experimental
calibration approach for measured soil concentrations in the
field. To calibrate our applied concentrations to soil con-
centrations from the literature, and in situ effective experi-
mental concentrations actually experienced by the target
plants, we first measured the fate of experimentally added
(&£)-catechin at 100 pg g~ sand over a seven-day period.
Pure (+)-catechin (Shivambu International, New Delhi,
India) was dissolved in Milli-Q water (double distilled) by
gently heating the solution to ~80°C and stirring to achieve
a final concentration of 300 pg ml~!. (&)-Catechin was
applied at 100 pg per g dry weight of the sand substrate;
however, repeated measurements of pure (£)-catechin in
the sand after application showed an immediate decrease to
11 42 [1 SE] pg g~ ! (measured within 1 h of application),
9+4pgg ! threedays after application, and 10+ 4
ng g~ ! seven days after application.

We applied (£)-catechin in the way described in the pre-
vious paragraph to plants in three pulses, 15-20 days apart,
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starting at day 40 after planting, with each pulse consisting
of 100 pg g~' added to the sand. Inderjit et al. (2008a)
showed that repeated pulses do not increase the total
amount of (&£)-catechin measurable in sandy soils, but
maintain low concentrations at 0-8% of the applied
amounts. We ensured that the (£)-catechin solutions did
not directly contact seedling shoots during application. The
first pulse of (£)-catechin was applied on May 9, 2006. We
used ten North American and twelve European species.
Nine replicates of each species for each treatment ((%)-cat-
echin or no (4)-catechin) were grown in 250 cm’ rocket
pots, 5 cm top diameter and 18 cm deep. We used pure 20/
30 grit silica sand to eliminate possible confounding soil
biota effects (see Callaway et al. 2004). All plants were
grown from seeds.

Based on what we consider to be the most extensive and
accurate measurements of soil concentrations (Blair et al.
2006; Perry etal. 2007), our initial application of
3 x 100 pg g~ ! soil was high but well below the high range
of episodic measurements by Perry et al. (2007). Our pre-
liminary measurements indicated that soil concentrations of
catechin rapidly stabilized at ~10 pug g~! after 100 pg g~!
pulses. (£)-Catechin accumulation in solutions containing
C. maculosa seedlings in controlled environments has been
reported at 83-185pugml~' (Bais etal. 2002), 5-
35ugml~' (Weir etal. 2003, 2006), 424+ 12 (1 SE)
pg ml~!' (Ridenour et al. 2008), and <2.44 ug ml~! (Blair
et al. 2005), lower than the brief pulses of 300 ug ml~! that
occurred during application.

Pots were watered, fertilized, and grown in the same
conditions described above. At the end of the experiment,
all plants were harvested, washed, separated into shoots and
roots, dried at 60°C for three days, and then the total bio-
mass was weighed. This experiment ran from March 29,
2006 through July 18, 2006 at The University of Montana.
We tested the effects of (£)-catechin on North American
and European species with a two-way ANOVA, with (%)-
catechin and region as fixed factors, and species as a ran-
dom factor (SPSS 13.0, SPSS).

(£)-Catechin experiment 2

Because the phytotoxic effects of (4)-catechin are contro-
versial and vary extensively among experiments, soils, and
species (Thelen et al. 2006; Thorpe 2006; Inderjit et al.
2008a, b), we conducted a second experiment using a
different batch of (#4)-catechin (also from Shivambu Inter-
national, New Delhi, India) in a different place, using spe-
cies collected at other times and from new collection sites,
and performed by different experimenters. For this experi-
ment we used five congeneric or near-congeneric pairs of
species collected as seed from natural communities in west-
ern Montana and from Europe, where C. maculosa also

occurred. These pairs were Festuca idahoensis—F. ovina
(France), Pseudoroegneria spicata—Agropyron
(Romania), Linum lewisii—L. austricum (Romania), Koele-
ria macrantha—K. vallesiana (France), and Artemisia frig-
ida—A. absinthium (Romania). Ten seeds of each of the ten
different species were placed in each of eight sterilized Petri
dishes containing 90 mm Whatman #1 filter paper for a
total of 80 dishes and 800 seeds. Of the eight dishes
assigned to each species, four were randomly chosen as
controls and four for the (%)-catechin treatment. The con-
trol was 10 ml methanol diluted with 990 ml deionized
water, and the treatment was 100 mg (&£)-catechin mixed
with 10 ml methanol and diluted with 990 ml deionized
water to achieve an initial concentration of 100 ug ml~!,
within the ranges of the concentrations shown to accumu-
late in buffered solutions. Solutions were prepared on June
28, 2007, and immediately 4 ml of either control or treat-
ment solution was applied to the seeds in each Petri dish.
Because (%)-catechin oxidizes rapidly, it is crucial to use
fresh solutions. Germination and mortality was recorded
and 2 ml of freshly prepared solutions were added to each
Petri dish every two days until July 14, 2007. We tested the
effects of (£)-catechin on the germination and percent mor-
tality of North American and European species (n =4 for
each species—treatment combination) using a two-way
ANOVA with (£)-catechin and region as fixed factors and
species as a random factor (SPSS 13.0, SPSS Inc.).

repens

Results
Comparison of North American and European populations

The total biomass of C. maculosa plants from North Amer-
ican populations was on average 31% greater than that of
European populations (Fig. 1; see ESM, S3 for full
ANOVA). Biomass did not differ significantly among pop-
ulations, where population was treated as a random effect
(Fregion = 36.55; df =1, 16; P<0.001; Fpi0n = 0-01;
df=1, 16; P=0.914). The mean biomass of North Ameri-
can populations (7.51 £0.15g, 1 SE) was significantly
higher than the grand mean (6.62 g), whereas the mean bio-
mass of the European populations (5.73 £ 0.19 g) was sig-
nificantly lower than the grand mean. The means of all
North American populations exceeded the means of all
European populations.

Competition experiment 1
There was no difference in the response of C. maculosa
from Europe versus that from North America to competi-

tion, and the effect of competitor mass as a covariate was
not significant (P = 0.060; Fig. 2; all competitor species

@ Springer
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Fig. 2 Biomasses (mean + 1 SE) of European and North American
Centaurea maculosa populations in response to competitors from ei-
ther North America or Europe in the first competition experiment. See
ESM, S3 for full ANOVA

combined, F o aurearegion = 0-01; df = 1, 132; P = 0.954; see
ESM, S3 for full ANOVA). When the response of C. mac-
ulosa was considered for the effect of each competitor species
alone, results were similar, with the exception of Pseudo-
roegneria and Agropyron (Achillea, P ¢,qureq region = 0-819;
Stipa, P opaurea region = 0-906;  Pseudoroegneria—Agropy-
ron, PCenmurea region = 0045’ Llnum’ PCenmurm region = 0948)
However, European competitors suppressed C. maculosa
from both regions much more than North American com-
petitors  (Foompetitor region = 23-44, df=1, 16, P <0.001).
European competitors performed better in competition with
C. maculosa from North American populations than from

European populations (F Centaurea region x competitor region —
5471,df=1,132, P =0.021).

North American competitors were far more inhibited by
C. maculosa from both regions than were European com-
petitors (Fig. 3; see ESM, S3 for full ANOVAs). The bio-
mass of A. millefolium from North America was reduced by
more than 75% when competing with either North Ameri-
can or European C. maculosa, whereas the biomass of A.
millefolium from Europe was not affected by competition
with C. maculosa. The biomass of Stipa comata (North
America) was reduced by =~50% by C. maculosa from both
regions, whereas S. capillata (Europe) was reduced by only
~20% by both North American and European C. maculosa.
The Pseudoroegneria—Agropyron pair showed a more com-
plex response, with the biomass of Pseudoroegneria
reduced by =~25% by C. maculosa from both regions
(Fig. 35 Piompetitor region = 0:030). In contrast, Agropyron
(Europe) tended to be larger when planted with C. macul-
osa from Europe than when alone (a nonsignificant increase
of =25%), but Agropyron biomass was reduced by North
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American C. maculosa, yielding an overall significant
effect of C. maculosa region (P¢,uiaureq region = 0-045). This
basic pattern was similar for Linum, although the strongest
effect was the regional source of the Linum species, with
the North American L. lewisii suppressed by C. maculosa
more than the European L. austriacum. To summarize, the
results of this experiment showed minor effects of the
regional source of C. maculosa on competitive outcomes,
but also that native European species were much better
competitors against C. maculosa than native North Ameri-
can species.

Competition experiment 2

The results of the second competition experiment, designed
to expand the number of native European and North Amer-
ican species tested in competition with C. maculosa and to
test competitor species collected from a much broader geo-
graphical range, did not corroborate the results of the first
experiment, whether we tested congeneric pairs alone or all
species combined (Fig. 4; for individual species see ESM,
S3 for full ANOVA and S4). Because we only used a single
population of C. maculosa from each continent, we could
not test the effect of continent, but in contrast to what was
found in the first competition experiment, native European
species (all species combined) were slightly weaker com-
petitors against plants from the two C. maculosa popula-
tions we chose for this experiment. When all species were
considered together, the total biomass of native European
plants was reduced to 72% of the controls (see Fig. 3 for a
general comparison of proportional competitive effects)
when competing with C. maculosa, whereas the total bio-
mass of native North American plants was reduced to only
82% of that of the controls when competing with C. macul-
osa (Fig.4; for all species combined: F,

competitor region =
80.60, df =1, 521, P<0.001; Foomoeriion = 13-64, df = 1,
521, P<0.001; F,

competitor region x competition = 4'15’ df= 1’
521, P =0.042). A significant competition by region inter-
action indicated that the competitive effect of C. maculosa
was significantly stronger against European species than
against North American species. The responses of individ-
ual European and North American species to C. maculosa
were highly variable and relatively weak (ESM, S4). For
example, unlike in the first experiment, Pseudoroegneria
spicata and Agropyron cristatum did not respond to compe-
tition from C. maculosa at all (P o peiiion = 0.875), whereas
Potentilla gracilis and Potentilla sp. were very sensitive to
competition (P ooy peition < 0-0001).

There were no significant correlations between the pro-
portional response of species to competition from C. mac-
ulosa and the total mass of C. maculosa competitors,
irrespective of North American origin (#*=0.011,
P =0.614), European origin (r*=0.123, P=0.085) or a
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Fig. 4 Total biomasses (mean + 1 SE) of European and North Amer-
ican competitors when grown alone or with Centaurea maculosa in the
second competition experiment

combination of both origins (¥ =0.044, P =0.142). This,
similar to the general lack of significant effects of C. macul-
osa size as a covariate in experiment 1 (see ESM, S3), sug-
gests that the competitive effects of C. maculosa were not
highly size-dependent in this experiment.

(£)-Catechin experiment 1

(£)-Catechin had much stronger effects on native North
American species than on native European species (Fig. 5;
see ESM, S3 for full ANOVA). For European species,
6.2 £+ 3.2% of the individuals died in the no-(#4)-catechin
treatment, whereas 4.4 + 2.4% of the individuals died in
the (&)-catechin treatment (Z ., qpin = 0.166, df=1, 24,
P =0.600). However, for North American species,
8.9 + 3.2% of the individuals died in the no-(&)-catechin
treatment versus 50.0 + 7.7% of the individuals in the (4)-
catechin treatment (7 ..in = 19.841, df =1, 20, P <0.0001).
The effect of (£)-catechin on the mortality of North Ameri-
can species was highly variable (ESM, S5). For example,
the effects of (£)-catechin on the mortality of Artemisia
frigida, Festuca idahoensis, and Poa secunda were much
weaker than on all other species.

Mortality reduced the replication of some North Ameri-
can species to the point that the statistical analysis of bio-
mass should be considered with caution, because plants that
died were excluded from the analysis of biomass. However,
for all species considered together, and in a simple analysis
with individual species means as replicates, (%)-catechin
significantly inhibited the total biomass of North American
natives but not European natives (Fig. 6; see ESM, S6 for
individual species). In a three-way ANOVA, there was a
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Fig. 6 Effects of (£)-catechin on the total biomasses of European and
North American native plant species, combined by region. Bars show
means + 1 SE for each treatment for each species. The ANOVA table
and individual species results are shown in the ESM, S6

significant interaction between the effect of (&£)-catechin
and region (see legend for Fig. 6), indicating that (4)-cate-
chin reduced the biomass of North American natives more
than it reduced the biomass of European natives.

(£)-Catechin experiment 2
(2£)-Catechin did not have a significant effect on the germi-

nation or subsequent mortality of European species, but
decreased the germination of North American species by
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46% and increased the mortality of germinants from 5% in
the control to 50% in the treatment (Fig. 7; see ESM, S3 for
full ANOVA). The effect of (£)-catechin was more consis-
tent across North American species than in experiment 1,
with all species showing reduced germination and increased
mortality.

Discussion

Our results suggest that the larger size of C. maculosa
plants from North American populations, as demonstrated
by Ridenour et al. (2008) and here, may not be as important
for competitive dominance as possessing a “novel
weapon.” In our first competition experiment, there were no
differences in the competitive effects or responses of C.
maculosa plants from European and North American popu-
lations. Two experiments demonstrated that a root exudate
of C. maculosa, (£)-catechin was more effective against
North American species than European species, but
because of the contrasting results from the second competi-
tion experiment our conclusions remain tentative.

For the first experiment comparing size among North
American and European populations, it is important to note
that we measured final biomass and not growth rates. This
is important, because plants may have identical growth
rates but very small differences in initial seed or seedling
size would produce substantial differences in final size. If
growth rate is a more important determinant of competitive
ability than plant size (but see Goldberg 1987), then we
may have missed important relationships between growth
rate and competitive ability. Relevant to this concern, we
found in other experiments that the mass of individual C.
maculosa seeds collected from North American popula-
tions was on average 42% more than that of seed from
European populations (W. He and R.M. Callaway, unpub-
lished data). However, there was no significant correlation
between the mean seed size of a population and the mean
biomass of plants produced from these seeds (W. He and
R.M. Callaway, unpublished data).

We do not know why our two competition experiments
produced such different results, but we did not find the same
results for the competitive responses of regionally collected
(experiment 2) European species and a restricted local col-
lection of European species. In competition experiment 1,
competition with C. maculosa reduced the biomass of
North American species by more than 55% overall but that
of related European species by less than 15%. In competi-
tion experiment 2, competition with C. maculosa reduced
the biomass of North American species by only 18% but
that of related European species by 28%. Importantly, the
overall competitive effect of C. maculosa in experiment 1
was approximately two times stronger than the overall
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competitive effect in experiment 2, which could have been a
major problem in the latter experiment. In other words, we
may not have seen strong biogeographical differences in
competition because the conditions in which we conducted
experiment 2 did not produce strong competition for some
reason . The two experiments were conducted in different
greenhouses and at different times, and there were differ-
ences in the total biomass achieved by competing plants
(both plants combined for total biomass) in the two experi-

ments; 0.63 +0.03 in the first experiment versus

0.45 £ 0.06 in the second experiment. The outcome of a
competition experiment depends in part on the total yield,
and it is possible that strong competition was produced in
the first experiment because of the greater biomass attained.
Also, the first experiment ran for 102 days while the second
one ran for 90 days. However, the average mass of C. mac-
ulosa plants in the pots with competitors did not differ
between the experiments (0.34 &+ 0.03 in experiment 1 vs.
0.31 &+ 0.02 in experiment 2), suggesting that C. maculosa
size, per se, did not determine the differences. However, the
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average biomass of North American plants grown alone in
competition experiment 2 was less than half that of the
European plants grown alone. In the first experiment, there
was no difference in the average biomass of North Ameri-
can and European plants grown alone. Whatever the reason
for this difference in experiment 2, perhaps the inherently
smaller North American species used in this experiment
competed poorly, and low inherent growth rates could have
reduced the relative difference between the control and
C. maculosa competition treatment for North American
species.

The second competition experiment was designed to
expand the number of European and North American
natives tested. To keep the experiment manageable we used
only one North American and one European population,
and therefore did not consider variation among C. maculosa
populations. If we chose C. maculosa populations that were
relatively poor competitors and thus did not elicit strong
suppression of neighbors, this could also explain the oppo-
site biogeographic effects. In an attempt to minimize
regional differences for C. maculosa in experiment 2, we
chose the North American population that produced the
smallest plants and the European populations that produced
the largest plants, thinking that size would have a stronger
effect on competition than it did. If indeed (+)-catechin or
another allelopathic process is an important source of
C. maculosa competitive ability, perhaps we chose popula-
tions with weaker allelopathic effects. The chance that we
used populations with generally weak competitive effects is
supported by examining the data from competition experi-
ment 1. The North American population, Washington,
reduced the growth of the eight competitor species by only
11%, much less than the average reduction of 35% for all
populations combined.

If the allelopathic effects of (4)-catechin were an impor-
tant component of C. maculosa’s competitive effects in our
experiments, then variation in the amount of (4)-catechin
released may have affected the contrasting results. Perry
et al. (2007) documented sporadic or pulsed soil concentra-
tions in C. maculosa rhizospheres in the field, pulsed
releases appear to occur in mesocosms (M. Schultze and
M. Paschke, unpublished data), and there is substantial var-
iation among individual C. maculosa plants in the release of
(&£)-catechin into solution (J. Pollock and R.M. Callaway,
unpublished data).

Alternatively, the number of native species in the first
competition experiment may have not been adequate
enough for a reasonable test of the novel weapons hypothe-
sis and may therefore have exaggerated biogeographical
differences. Also, the first competition experiment that
showed strong support for the novel weapons hypothesis
was conducted with species collected from only one site in
Romania, while in the second experiment competitors were
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collected from many different parts of Europe (but always
from communities with C. maculosa). Regardless, the
results of the competition experiments demonstrate sub-
stantial variation in the general competitive effects of
C. maculosa, and variation in the comparative effects of the
weed on North American and European natives.

Our results for 100 pugg~! of applied (&)-catechin
(=10 pg g~ estimated for soil concentrations) applied
three times over the course of the experiment indicated
strong (4)-catechin phytotoxicity. However, (+)-catechin
phytotoxicity has been shown to be variable. For example,
the effects of (+)-catechin on Festuca idahoensis have been
tested in many experiments, and the effects of (£)-catechin
on just this species have varied from very strong to nonex-
istent in the field (Thorpe 2006; Inderjit et al. 2008b), and
from very strong (Perry et al. 2005b; Callaway et al. 2005;
J. Pollock, unpublished data) to weak or nonexistent in
other experiments (Bais etal. 2003; Blair etal. 2005;
K. Metlen et al., unpublished data). Furthermore, the general
phytotoxic effects of (£)-catechin on other species have
ranged from zero to significant to very strong (Thorpe
2006).

Accurate and ecologically realistic effective soil concen-
trations of (&)-catechin are difficult to determine, because
soil concentrations are virtually always evaluated for
“pure” (%)-catechin that can be detected by a specific
HPLC procedure whereas phytotoxic concentrations are
evaluated for the amount of (%)-catechin experimentally
added to water, sand, or soil. However, pure (4)-catechin is
transformed immediately into other forms upon injection
into field soils (Blair et al. 2005; Inderjit et al. 2008a; J.L.
Pollock et al., unpublished results), so added concentrations
do not represent effective concentrations. The experimental
concentrations we used (=10 pg g~') are higher than the
maximum natural soil concentrations (1 pg g~!) reported
by Blair et al. (2006), but more than an order of magnitude
lower than the pulse reported by Perry etal. (2007).
Another approach for determining reasonable experimental
concentrations for (4)-catechin may be to emulate the
concentration of (%)-catechin achieved by root exudation
from C. maculosa into solution. For seedlings, this has been
reported as 0—2.4pgml~' (Blair etal. 2005), 5-
35 ug ml~! (Weir etal. 2003), 0-113 pg ml~! (Ridenour
etal. 2008), and 83-185 pg ml~! (Bais etal. 2002). For
mature plants, concentrations of 0-33 ug ml~!' have been
measured (R.M. Callaway and J. Pollock, unpublished
data). These concentrations should be considered estimates,
as in all of these cases seedlings were not exposed to natu-
ral light or natural soils. Importantly, the high rates reported
by Bais et al. (2002) have not been demonstrated in other
experiments. Our experimental solution concentration of
300 ug ml~! may have exposed plants to brief pulses of
unusually high doses, but they were below the pulse
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recorded by Perry et al. (2007). Furthermore, because we
focused on the direct effects of (4)-catechin, our experi-
ments did not include the potential interacting effects of soil
microbes, organic material in soils, or fine clay and silt
mineral particles.

Our results suggest that C. maculosa may gain an advan-
tage over North American organisms through its phyloge-
netic (e.g., Strauss et al. 2006) or biochemical (Cappuccino
and Arnason 2006) novelty. However, both inherent and
recently evolved aspects of C. maculosa may synergisti-
cally enhance competitive ability and invasion (Callaway
and Maron 2006). For example, we did not find evidence
that North American C. maculosa plants were better com-
petitors than European plants, but another study with much
higher population-level replication and using two dominant
North American species (F. idahoensis and P. spicata)
found stronger competitive effects of North American
C. maculosa than European C. maculosa (Ridenour et al.
2008), suggesting that our results may be underestimating
the importance of evolved competitive ability in the
invaded range.

An unusual aspect of our results is the high mortality
experienced in (+)-catechin experiment 1 by North Ameri-
can species. Most previous experiments (including some
using much higher concentrations) with the root exudate
have not resulted in mortality but in reduced growth. The
mortality in our experiment occurred during or within a few
weeks after a brief (several days) but hot period in the
greenhouse when temperatures exceeded 35°C during the
day and the experimental sand dried much faster. This
occurred within the last 30 days of the experiment. (%)-
Catechin affects roots more than shoots (Perry et al. 2005a),
and perhaps root inhibition exacerbated the effects of high
temperatures and drying soils, resulting in unusually strong
effects of (%)-catechin. On the other hand, perhaps high
temperatures exacerbated the effect of (+)-catechin on rela-
tively more water-stressed roots.

Similar biogeographic differences in competitive, allelo-
pathic, or antimicrobial effects have been shown or sug-
gested for other species, including Vaccinium myrtillus
(Mallik and Pellissier 2000), Centaurea diffusa (Callaway
and Aschehoug 2000; Vivanco etal. 2004), Lepidium
draba (McKenney et al. 2007), and Alliaria petiolata (Call-
away et al. 2008). Biochemicals in root exudates, leaves, or
litter may be relatively ineffective against their natural
plant, microbial, or herbivore neighbors because these
neighbors may have adapted to the biochemicals over time
(Rabotnov 1982; Callaway and Ridenour 2004; Callaway
et al. 2005; Cappuccino and Carpenter 2005; Cappuccino
and Arnason 2006). These same biochemicals may be
highly inhibitory to newly encountered species in invaded
communities because the latter have not adapted. In other
words, the biochemistry of some plant invaders may

provide them with an advantage arising from differences in
the regional coevolutionary trajectories of plant communi-
ties (Callaway and Ridenour 2004).

A number of studies suggest that invasive plants have
undergone an evolved increase in size or competitive abil-
ity in their invaded habitats; some, but not all, of these stud-
ies have attributed this change to escape from natural
enemies and subsequent change in allocation from defense
to growth (e.g., Blossey and Notzold 1995; Wolfe 2002;
Siemann and Rogers 2001, 2003a, b; Jakobs et al. 2004;
Maron et al. 2004a, b; Joshi and Vrieling 2005). As stated
by Bossdorf et al. (2005), “field data suggest that increased
vigor and reduced herbivory are common in introduced
plant populations.” However, our study is the first to
attempt a comparison of the relative importance of this evo-
lution of increased competitive ability with other potential
processes that could explain the competitive success of an
invader. Our results are mixed and our conclusions are ten-
tative because of the contrasting competition experiments,
but overall they suggest that the evolution of increased
competitive ability by C. maculosa may contribute less to
the invasive success of this invader in North America than
inherent biochemical traits. The stronger negative effect of
(4)-catechin on native North American species than on its
long-term European neighbors suggests that disproportion-
ally strong allelopathic effects of C. maculosa in North
America play an important role in the weed’s invasive
success.
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