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a  b  s  t  r  a  c  t

Successful  exotic  plant  invasions  are  likely  to be caused  by multiple,  non-mutually  exclusive  mechanisms,
and  it  is exceptionally  difficult  to weight  the  relative  importance  of these  mechanisms  identified  in dif-
ferent  experiments.  To  this  end  we  used  individual-based  models  to explore  how  integrating  empirical
results  from  experiments  might  help  to  elucidate  the  relative  importance  of seed origin,  biogeographic
differences  in competitive  outcomes,  and disturbance  in exotic  plant  invasion.  We  integrated  results
from  (1)  competition  experiments  between  Centaurea  solstitialis  derived  from  populations  in  the  non-
native  range  (California),  the  native  range  (Spain),  and  co-occurring  native  species  from  both  ranges,  (2)
seed production  by  Centaurea  plants  from  the different  ranges  grown  in  a common-garden  environment,
and  (3) responses  to disturbance  experiments  with  plants  from  different  native  and  non-native  ranges.
Californian  C.  solstitialis  reached  slightly  higher  abundances  than  its Spanish  counterparts  in every sce-
nario,  mainly  due  to  higher  seed  production  of Californians  than  their  Spanish  conspecifics,  indicating  the
potential  importance  of  evolutionary  changes  in  the  non-native  range.  In the  absence  of disturbance,  grass
species  native  to Europe  showed  stronger  competitive  effects  on C.  solstitialis  than  grass  species  native
to  North  America,  suggesting  that  release  from  competition  in  the  native  range  may  have  some  explana-
tory  power  for successful  C. solstitialis  invasion.  However,  the  intensity  of  competition  depended  on  the
disturbance  regime  used  in  models.  When  intense  disturbance  was  incorporated  into  the  model,  C. solsti-
tialis  was  favored,  with  plants  from  Californian  seed  sources  reaching  higher  densities  than  plants  from
Spanish  seed  sources.  Our results  are  consistent  with  the  idea  that  disproportional  positive  responses  to

disturbance  in  California,  relative  to those  in  the invader’s  native  range  of  Spain,  may  be  an  important
factor  in  the  dominance  of  C.  solstitialis  in  its  non-native  ranges.  It is  not  clear  why  disturbance  would
have  more  beneficial  effects  on  the  invader  in  its non-native  range,  but  the  powerful  effects  of  disturb-
ance  appear  to interact  in subtle  ways  with  biogeographic  differences  in evolutionary  trends,  competitive
intensities,  life  histories,  and reproductive  rates.
. Introduction
Successful exotic plant invasions appear to be affected by
 number of biogeographically explicit ecological processes,

∗ Corresponding author at: Centre for Functional Ecology, Department of Life
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including appropriate propagule pressure for establishment,
spread, and occupation (Von Holle and Simberloff, 2005), compe-
tition with local residents (García-Serrana et al., 2007; Maron and
Marler, 2008; Callaway et al., 2011), consumer pressure (Kulmatiski
et al., 2008; Pearson et al., 2011; Schaffner et al., 2011), and
responses to disturbance (Leishman and Thomson, 2005; Hierro
et al., 2006). These ecological phenomena are likely to interact

in complex ways, and this creates opportunities for ecologists to
explore the combined or synergistic effects of complex mecha-
nisms on invader abundance and impacts on native species (Lenz
and Facelli, 2005; Besaw et al., 2011). However, ascertaining the
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elative importance of different ecological mechanisms is difficult
or several reasons. First, it is hard to know whether mechanisms
hat are important at small scales, competition for example, are also
mportant at the scale of invaded landscapes. Second, manipulating
ome combinations of mechanisms in biogeographically explicit
eld experiments, such as herbivory and competition, is problem-
tic because of the risk of introducing additional non-native species
r genotypes. Third, field experiments yield perspectives from the
articular suite of conditions in which they are conducted, and it

s difficult to extrapolate from one suite of conditions to others in
rder to derive more general hypotheses.

One approach to building and strengthening hypotheses for the
elative importance and potential synergy of multiple interacting
echanisms in ecology is the use of empirical and individual-based
odeling. These models can integrate experimental results that

ary in intensity in order to assess potential conditionality in their
elative importance and the generality of a mechanisms across a
ange of conditions. Individual-based models cannot replace multi-
actorial field experiments, but they can provide a tool to develop
ypotheses for causal links between individual-level interactions
nd ecological patterns at the population or community level
Grimm and Railsback, 2005). They are also suitable for investigat-
ng the characteristics and dynamics of complex systems, which
re typical in ecological research, and in particular in the studies of
ommunities (Chen et al., 2009; Xiao et al., 2009, 2010; Michalet
t al., 2011).

A number of mechanisms appear to contribute to the invasive-
ess of Centaurea solstitialis L. (yellow starthistle) in California,

ncluding disturbance (Hierro et al., 2006), evolution of new trait
esponses in non-native ranges (Hierro et al., 2009; Dlugosch
t al., 2015), weak density-dependent competitive resistance by
ative North American species in invaded grasslands (Munshaw
nd Lortie, 2010), escape from soil pathogens (Hierro et al., 2006;
ndonian et al., 2011), competitive interactions (Graebner et al.,
012), and compensatory responses by individuals and populations
o herbivory (Callaway et al., 2006; Garren and Strauss, 2009). How-
ver, for most if not all invasions, the relative importance of these
nd other mechanisms is unknown. Here, we use individual-based
odels to integrate several empirically derived datasets from dif-

erent studies to develop hypotheses for the relative importance
f disturbance, region-specific competitive intensities, and region-
ased differences in seed production in C. solstitialis invasion. For
ach mechanism, we incorporated biogeographic differences from
xperiments or measurements made for populations from the
ative and non-native ranges, allowing us to compare mechanisms

n a biogeographical context after Hierro et al. (2006).

. Methods

.1. Overview

Centaurea solstitialis is a summer annual herb native of Eurasia
nd a highly aggressive invader in California, parts of South Amer-
ca, and Australia (Gerlach and Rice, 2003; Hierro et al., 2009).
or our individual-based models, we integrated results from (1)
n experiment comparing the intensity of competitive interactions
Relative Interaction Intensities; RII; Armas et al., 2004) between
. solstitialis from populations with North American and Spanish
ative grasses, to the competitive intensity of the same competitive

nteractions for C. solstitialis from Spain, (2) a common greenhouse
xperiment in which reproduction was compared for C. solstitialis

lants from Spanish and Californian populations, and (3) results
eported by Hierro et al. (2006) for the responses of C. solstitialis
o experimental disturbance in California and another part of its
ative range, southwestern Turkey. We  did not conduct a fully
lling 335 (2016) 39–47

factorial test of each of these processes, but applied biogeographic
differences in reproductive rates and responses to disturbance to
two different competitive scenarios; one created with C. solsti-
tialis from California and grass species native to California, and
one created with C. solstitialis from Spain and grasses native to
Spain.

2.2. Assessment of competitive interactions

Centaurea solstitialis seeds were collected from ten individuals
of each of eight populations across California and eight populations
across Spain. Grasses native to Spain (Aegilops geniculata,  Avena bar-
bata, and Brachypodium distachyon)  or California (Bromus carinatus,
Elymus glaucus, Hordeum brachyantherum, and Poa secunda) were
either collected from the wild in California or purchased (S&S Seeds,
Carpinteria, CA, USA). Grasses represented species from a variety
of common genera that overlap with the distribution of Centaurea
solstitialis in its European and North American ranges. All species
belong to Mediterranean habitats were germination occurs during
the rainy season (i.e. winter). Spanish grasses have been introduced
into California (plants.usda.gov), where they are widespread and
commonly co-occur with C. solstitialis.  Importantly, introduced
European grass species were annuals, while Californian native
grasses were perennial. Since our model incorporates a range of
disturbance levels, the differences in life-history (annual invasive
vs. perennial native grasses) could have an effect on our models,
although such effect should be minimized at high disturbance rates,
since on highly disturbed sites both annuals and perennials would
be expected to perform as annuals.

For the competition contests we  used five maternal lines from
each of the eight Centaurea populations from each of the two
regions (Spain or California). For each of these maternal lines,
we sown in pots nine replicate C. solstitialis seeds, seven seeds
in one-on-one competition with seeds of each of the seven grass
species, and two  controls. We  also planted five replicates per pop-
ulation for one-on-one competition with another individual from
the same Centaurea population, and five replicates for controls.
Finally, we planted twenty replicates of each of the following:
controls for each of the seven grass species, grass species in one-
on-one competition with another individual of the same species,
and one-on-one competition for each pair of grass species from
the same region (i.e. within Spain or within California). Seeds were
sown and germinated directly in pots and grown for 90 days in
a greenhouse where temperatures were kept between 15 ◦C at
night and 30 ◦C in the day, and natural light was supplemented
with metal halide bulbs. Photosynthetic Active Radiation during
the day peaked at ≈1500 �mol  m−2 s−1 on cloudless days. We  har-
vested plants 90 days after planting while they were in vegetative
(non-reproductive) state. Each plant was dried for 72 h at 90 ◦C
and weighed. Total mean masses for all controls and competition
treatments are reported in Table 1.

From these pairwise competition contests we  constructed an
orthogonal matrix of RIIs depicting the intensity of each pair-wise
interspecific interaction between C. solstitialis from either Spain or
California, and three grass species native to Spain and four grass
species native to California, all intraspecific RIIs, and RIIs among all
Spanish grass species (with the exception of Aegilops) and among
all Californian grass species (Appendix Tables A1–A4). This index
has defined limits between −1 (competition) and +1 (facilitation),
it is symmetrical around zero, and it is calculated as follows:

(Bw − B0)

RII =

(Bw + B0)
,

in which B0 represents the mass of control individuals and Bw the
mass of individuals in competition.
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Table  1
Mean dry biomass (mg, mean ± SD) for plants from Europe or North America, in control groups, or in competition with either European or North American plants, in the
absence of disturbance.

European C. solstitialis North American C. solstitialis European grasses North American grasses
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Control 137 ± 48 186 ±
Competition with Europe 39 ± 25 59 ±
Competition with North America 62 ± 41 92 ±

.3. Assessment of reproductive rates

We  measured the reproductive rates of C. solstitialis from
alifornia and Spain in another greenhouse experiment in which
ollinators were excluded (see Montesinos et al., 2012 for detailed
ethodology). For each of the 10 mother plants from each of the

6 populations, we sowed one seed in a 2 L pot and grew them
nder common greenhouse conditions. We  grew C. solstitialis until
he plants flowered and manually pollinated all capitula (from now
n named flower-heads) within populations to obtain seed-set.
entaurea solstitialis plants from Spain and California produced a
imilar number of flowers (mean ± SD = 27 ± 3 flowers per individ-
al; D. Montesinos, unpublished data); consequently, reproductive
ates for an individual were calculated as the mean number of seeds
roduced per capitulum (8.24 for Spain, and 9.33 for California)
ultiplied by the mean germination rate (37% for Spain, and 60%

or California), which equaled 5.6 germinated seeds per flower-
ead for Californian populations and 3.0 germinated seeds per
ower-head for Spanish populations. Since we did not have mea-
urements of the reproductive rates for grass species, we assigned a
ingle reproductive rate to all grasses in the models that equal the
ean value of Californian and Spanish C. solstitialis reproductive

ates: 4.3, which did not favor model outcomes in either biogeo-
raphic scenario. Additionally, we conducted a sensitivity analysis
y including native reproductive values from 2.16 to 8.64, to assess
he robustness of our models. We  assumed annual reproduction for
ll species.

.4. Assessment of the effect of disturbance

Hierro et al. (2006) investigated the effects of disturbance on the
uccess of C. solstitialis in California and in its native Turkey by sim-
lating different field disturbances and adding locally collected C.
olstitialis seeds. They found that disturbance increased C. solstitialis
ensity and relative performance far more in non-native ranges
han in the native range. We  used results from Hierro et al. (2006) to

odel biogeographic responses to disturbance in the context of the
ther factors studied here. We  used post-disturbance C. solstitialis
ensities from native and non-native ranges to calculate a constant
c”. We  divided post-disturbance density in the native range by
ost-disturbance density on the non-native range. Therefore “c”
alues lower than one would indicate that native C. solstitialis popu-
ations are more negatively affected by disturbance than non-native
opulations, and values higher than one would indicate that non-
ative populations were more negatively affected by disturbance
han native populations. Therefore, the obtained value of c = 0.403
ndicates a more negative impact of disturbance on C. solstitialis
opulations in the native range than populations in the non-native
ange.

.5. Model design

We  used the RII matrix described above to build an individual-

ased spatially explicit dual-lattice model (Travis et al., 2005, 2006;
ichalet et al., 2011) with C. solstitialis and all native species occu-

ying one two-dimensional lattice (100 × 100 cells) for California
nd Spain, respectively. Each individual of each C. solstitialis and
305 ± 35 301 ± 34
337 ± 129 206 ± 95
290 ± 99 199 ± 103

each native species occupied one cell in the lattice. When repro-
duction occurred (annually), individuals produced propagules that
were identical to their parents. The total number of these propag-
ules equalled the reproductive rate rC of the C. solstitialis plant
and the reproductive rate rN of the native species. rC was 5.598
in California and 3.045 in Spain, and rN was the same for all native
species populations, which equaled 4.321. All propagules of C. sol-
stitialis and native species were dispersed sequentially to one of
the patches that were randomly selected within the lattice. The
propagules were only allowed to establish in empty cells and the
propagule arriving first occupied the cell. We  used a “wraparound”
(torus) approach to avoid edge effects (Yamamura et al., 2004).

We assumed that both intra- and inter-specific competition
decrease the survival rate of the species, and that this negative
effect increases linearly with the increase of the RII value. Individ-
uals competed only with other individuals within a neighborhood,
and the neighborhood was  defined as the Moore neighborhood in
our model, including eight immediate neighbors of a given cell:
north, northeast, east, southeast, south, southwest, west and north-
west (Ifti et al., 2004).

Therefore, the survival rate of species i was:

Si = Smax–
n∑

j=1

(
RIIj on i

8

)

where Smax was  the maximum survival rate of the species without
competition, and we  assumed that it was the same for all species,
with a value equal to 0.8. However, we conducted a sensitivity anal-
ysis with Smax values equalling to 0.4, 0.6 and 1.0, to confirm the
robustness of our models. RIIj on i indicates the competitive RII val-
ues of neighboring species j on species i. n is the total number of
neighboring plants of one individual of species i.

To account for the impact of disturbance, we  defined d as the
intensity of disturbance in both the native and non-native ranges,
ranging from 0 to 1. In our models, d was set to 0 (no disturb-
ance), 0.1 (low disturbance), 0.4 (moderate disturbance) and 0.7
(high disturbance). We assumed that the impact of disturbance also
decreased the survival rate of species and that this impact increased
linearly with the increase of the d value. Therefore, the survival rate
of species i experiencing disturbance was:

Si = Smax(1–c  ∗ d)–
n∑

j=1

(
RIIj on i

8

)

As described above, c equals 0.403 for Californian C. solstitialis,
and 1 for Spanish C. solstitialis,  and 1 for all native species both from
North America and Europe. We  used asynchronous updating in the
model that worked in the following way. First a single individual of
species was  selected at random. Second, we  determined whether
the individual survived at a certain survival rate Si. If the individual
survived it reproduced and dispersed propagules. Each time step
was made up of N of such updates, where N referred to the number
of all individuals within the community. Since the initial population

sizes of invaders are likely to be relatively small at the beginning of
invasions, all simulations were initiated with only 100 individuals
of Californian C. solstitialis.  Initial conditions started with saturated
communities of native species with each having the same number
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f individuals. All individuals of species were randomly dispersed
cross the lattice.

All simulations were run for 10,000 time steps in order to
llow the system to reach a steady state. However, note that all
imulations reached stable proportional of species before 100 gen-
rations. Centaurea solstitialis was introduced to California roughly
00 years ago, thus even assuming a time lag from the first intro-
uction until high densities were reached our simulations generally

orrespond with the timeframe of C. solstitialis invasion. All mea-
urements were determined as the mean values of 100 independent
eplicate runs for each time step. Simulations were performed in
etLogo (Wilensky, 1999, http://ccl.northwestern.edu/netlogo/), a
 three different maximum survival rates, experiencing four different disturbance

powerful multi-agent modeling language particularly well suited
for modeling complex systems that develop over time. Both the
ODD protocol (Grimm et al., 2010) and the NetLogo code for the
model used can be found as Supplementary Information 1 and 2,
respectively.

3. Results
3.1. Response of Centaurea solstitialis

In the absence of disturbance, the modeled abundance of C.
solstitialis decreased rapidly in all scenarios but one, and was

http://ccl.northwestern.edu/netlogo/
http://ccl.northwestern.edu/netlogo/
http://ccl.northwestern.edu/netlogo/
http://ccl.northwestern.edu/netlogo/
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liminated in less than 50 time steps (Figs. 1 and 2). In one case, uti-
izing a very low grass reproductive rate, a Californian C. solstitialis
opulation was able to persist (Fig. 2). In all scenarios, the final

bundance of C. solstitialis was slightly higher, and C. solstitialis
urvived for a short time longer, when competing with native
orth American grasses than when competing with native Euro-
ean grasses. Nevertheless, the final abundance of C. solstitialis was
 different levels of grass reproductive rates, experiencing four different disturbance

consistently much higher when moderate or high levels disturb-
ance occurred across all survival and reproductive rates.

At the lowest level of disturbance, C. solstitialis abundances were

higher than without disturbance, but decreased rapidly, and C.
solstitialis was eliminated from the models with native European
grasses in approximately 10 time steps. The models with native
North American grasses required roughly 50 time steps for the
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xtirpation of C. solstitialis.  At moderate disturbance levels, C. sol-
titialis became dominant only when in competition with native
orth American grasses. Centaurea solstitialis from both ranges
ere rapidly eliminated from the model when in competition
ith native European grasses. Similar results occurred at high dis-

urbance levels, with C. solstitialis becoming highly abundant in
ompetition with Californian grasses but not when in competition
ith Spanish grasses.

The sensitivity analysis for grass reproductive rates showed that
ncreasing grass reproductive rates decreased the final densities of
. solstitialis.  However, even at the highest grass reproductive rate,
. solstitialis populations were able to establish, with higher final
bundances for populations of Californian origin. Thus the sensi-
ivity analyses showed that our modeled outcomes were robust
egardless of grass reproductive rates.

.2. Responses of North American and European grasses

Modeled dynamics of the abundances of grass species native
o North America versus those native to Europe, with all species
n each region combined, reflected those for the abundance of
. solstitialis.  Without disturbance and at low disturbance levels
ative grasses from both regions rapidly became dominant, reflect-

ng differences between the regions in competitive outcomes and
atching the rapid decline in C. solstitialis abundance.
In moderate disturbance levels modeled outcomes were stri-

ingly different than without disturbance. There were substantial
ecreases in the abundance of native grasses in both ranges,
ut stronger decreases for North American grasses. At the mod-
rate disturbance level, North American grasses abundances
ecreased sharply and were ultimately eliminated from the
odel.
At the highest disturbance level, the abundance of native grasses

ecreased substantially for plants from both ranges, but native
rass species remained in the system and reached stable levels
hen in competition with Spanish C. solstitialis.  At this high dis-

urbance rate, all native grasses were extirpated within 10 time
teps when in competition with Californian C. solstitialis.  Results
rom sensitivity analyses, with Smax values equalling 0.4, 0.6 and
.0 were qualitatively the same as those reported above, again

ndicating that the general patterns in our models were robust.
ensitivity analyses using different reproductive rates for different
rass species were qualitatively similar, although higher reproduc-
ive levels for grasses resulted in slightly lower final densities of C.
olstitialis.

. Discussion

Our models supported the fundamental importance of dis-
urbance for invasion by Centaurea solstitialis.  Differences in
ompetitive interactions and reproductive rates may  contribute
o higher relative abundances of C. solstitialis in its non-native
ange than in its native range, but biogeographic differences
n competitive outcomes were not manifest without disturb-
nce. To best illustrate the interaction between disturbance and
iogeographically based competition, even at moderate or high
isturbance rates, C. solstitialis reached dominance (i.e. the most
bundant species in the community) in competition with Span-
sh grasses only when survival rates were set to be lower than
ne, or when grasses’ reproductive rates were set to the lowest

oint. However, C. solstitialis became dominant in high disturb-
nce rates in competition with Californian native grasses regardless
f biogeographic differences in reproductive rates or survival
ates.
lling 335 (2016) 39–47

We  do not have data for grass reproductive rates, but our models
suggest that abundant native seed availability might be crucial for
controlling C. solstitialis invasion. Furthermore, the modeled effect
of disturbance on survival rates was important, since only in the
models in which survival responses to disturbance were moderate
or low were systems dominated by C. solstitialis, regardless of the
origin of the grass species.

Our models incorporated relative biogeographical differences in
greenhouse-based competitive outcomes and reproductive rates
with relative biogeographical differences in the abundance of C. sol-
stitialis and native species in field experiments with disturbance,
the outcome of which was also affected by competition and repro-
ductive rates. Therefore, we have not tested each mechanism in a
factorial manner, and thus our models only suggest potential direc-
tions in which to focus more intensely in order to better understand
C. solstitialis invasion. These models suggest that biogeographical
differences in response to disturbance might be crucial. Disturb-
ance is associated with nearly 70% of all plant invasions (Lozon
and MacIsaac, 1997), and it commonly increases the abundance
of exotic plants (Gray, 1879; Elton, 1958; D’Antonio et al., 1999).
Changes in resource availability (Davis et al., 2000) and disturb-
ance (MacDougall and Turkington, 2005) have been considered
more determinant of invasive success than particular species traits
(Bennett et al., 2012). Experimental data consistently shows a high
benefit of disturbance to C. solstitialis performance (Hierro et al.,
2013; Gerlach and Rice, 2003). However, we know little about
how disturbance affects exotics in their native ranges. For dis-
turbance to explain biogeographic differences in the abundance of
exotic invaders we must know whether disturbance triggers the
same extraordinary response in the abundance of some invaders
where they are natives as observed where they are exotics (Hierro
et al., 2005). In our case, the competitive advantage C. solstitialis
has against Californian grasses may  be a key link to understand-
ing why disturbance has a stronger effect in California than in the
native range of the invader.

The vast majority of California grasslands have been invaded
by European grasses, which are common competitors of C. solsti-
tialis in California. Our results indicate that C. solstitialis dominates
grass communities at high disturbance rates regardless of the ori-
gin of the grass community, but European grasses survive with
C. solstitialis although at much lower densities. This suggest that
ruderalization of native plant communities in California greatly
facilitates invasive processes by ruderal species like C. solsti-
tialis. One other potential biogeographical mechanism that might
explain the stronger positive effects of disturbance in the non-
native ranges of C. solstitialis,  is soil biota. For example, Hierro
et al. (2006) found that soil from the native range suppressed the
growth of C. solstitialis,  whereas soil biota from two non-native
ranges did not. However, other biogeographical comparisons of
soil biota are not as clear. Andonian et al. (2012) found that soil
biota from both native and non-native ranges of C. solstitialis had
negative effects on plants, but these negative effects were sig-
nificantly weaker in soils from non-native ranges in Chile and
California than in those from the non-native range in Argentina
and the native range in Eurasia, patterns that did not correspond
completely with the strength of invasion in non-native ranges.
In another study, Andonian et al. (2011) found that C. solsti-
tialis generated strong negative feedbacks in regions where it is
the most invasive but neutral plant-soil feedbacks where it is
non-invasive.

A leading hypothesis for invasive success is escape from nat-
ural enemies, and therefore a major gap in our study is that we

did not incorporate effects of herbivores. However, C. solstitialis
may  actually experience greater attack by biological control agents
in its introduced range in California than it does in its native
range. In California, biological control weevils can be found in
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Appendix A.

See Tables A1–A4.

Table A1
RII values for competition between Californian C. solstitialis and North American
native species. Each RII value represents the competitive effects of the species from
each column on the species in each row.

Species causing the competitive response

Species Centaurea Poa Bromus Elymus Hordeum

Centaurea −0.238 −0.152 −0.226 −0.194 0.085
S. Xiao et al. / Ecological

ver 50% of C. solstitialis inflorescences and on over 90% of plants
Gutierrez et al., 2005; Swope and Parker, 2010a,b), but in native
egions in Eurasia no more than 18% of plants in a population
ave been found to be infested (Uygur et al., 2004). And Wallace
t al. (2008) found that livestock herbivory early in the growth of
. solstitialis in its non-native range stimulated overcompensation

n reproduction. Similarly, Garren and Strauss (2009) found that
wo biocontrol agents strongly reduced seed production but that
everal compensatory processes prevented effective population
ontrol. Self-thinning, apparently caused by intraspecific compe-
ition, reduced the numbers of seedlings to the point where the
ffects of biocontrol agents were not detected. Swope and Parker
2010a,b) found a similar pattern for C. solstitialis,  in which initial
igh plant density resulted in lower final C. solstitialis density, but
aving no overall effect on fitness due to compensatory reproduc-
ive responses of surviving adults. Other studies have shown that
iocontrol agents can decrease seed production by 40–100% per
ead (Pitcairn and DiTomaso, 2000), and yet others suggest that
his effect may  not significantly reduce yellow starthistle popula-
ions (Turner and Fornasari, 1992; Sun and Ritland, 1998; DiTomaso
nd Gerlach, 2000). The incorporation of any biogeographic differ-
nces in herbivore effects would have improved our models, but a
umber of studies suggest that specialist and generalist herbivores
o not have unusually strong effects in the non-native range of C.
olstitialis.

A second weakness of our model is that we did not incorporate
ariation in the reproductive rates of the Californian and European
rasses. Instead, we simply set these reproductive rates at an arbi-
rary but identical background against which the consequences of
xperimentally measured variation in the reproductive rates of C.
olstitialis could be estimated. Thus, it is important to note that the
utcome of biological interest in this context is the effect of the
elative difference in measured reproductive rate of plants from
alifornian and Spanish populations of C. solstitialis.  Regardless,
ur results are likely to be representative only for similar annual
erbs presenting strict sexual reproduction in disturbed ruderal
abitats.

We do not know the mechanism for why C. solstitialis had
tronger competitive effects on North American native grasses than
n European grasses, but common explanations for such differ-
nces, such as novel allelopathic effects (Callaway and Ridenour,
004; Inderjit et al., 2011; Svensson et al., 2013) are unlikely
o apply. Qin et al. (2007) found that experiments with acti-
ated carbon, crude root exudates, and chloroform-extracted root
xudates from C. solstitialis did not demonstrate evidence for
llelopathic inhibition of native North American species. Fur-
hermore, field experiments testing the effects of competition
n two non-native ranges, California and Argentina, competition
rom annual grasses and perennial grasses reduced C. solstitialis
erformance similarly in both ranges (Hierro et al., 2011). In con-
rast, Munshaw and Lortie (2010) added C. solstitialis seed into
xisting vegetation and found no evidence for regulation of the
nvader via intra or interspecific competition in the non-native
ange.

Our measurements of greater reproductive rates for Californian
opulations than Spanish populations support the possibility that
volution has occurred in the non-native range. Recent studies
oint to changes in the reproductive system, which is establish-

ng reproductive barriers between populations in the native and
on-native ranges of the species (Montesinos et al., 2012). Other
tudies have found differences between C. solstitialis derived from
ts native and non-native ranges in germination, relative growth

ates, competitive resistance, seed and seedling mass, resistance
o disturbance, and resource use (Hierro et al., 2006, 2009, 2013;
raebner et al., 2012; Dlugosch et al., 2015). These changes might
e partially responsible for the results observed in our simulations.
lling 335 (2016) 39–47 45

Regardless, our models primarily point to biogeographical differ-
ences in the effects of disturbance, with other factors appearing to
be secondary. Our simulations indicate that an important aspect
of biotic resistance to C. solstitialis in the non-native ranges is the
competitive effects of native grass species, which is consistent with
empirical studies (Gerlach and Rice, 2003; Hierro et al., 2011, 2013).
Disturbance has negative effects on native grass species in the
Californian scenarios, which of course reduces their ability to com-
petitively resist C. solstitialis.  Disturbance also had a direct negative
effect on C. solstitialis,  but the impact of disturbance was lower for C.
solstitialis than for grass species, particularly for grass species native
to North America. Our results also suggest that the ruderalization
of native Californial grasslands could be key to facilitating inva-
sive processes by exotic species pre-adapted to high disturbance
regimes.

5. Conclusions

The most important contribution of our work is to provide a
suggestion for how ecologists might link small-scale mechanis-
tic results to ecological patterns at the population or community
level (Grimm and Railsback, 2005), and through this linkage to esti-
mate the relative importance of different smaller scale results. In
our case, our models point most strongly to the need to explore
biogeographic differences in disturbance as a key driver for inva-
sion by C. solstitialis.  But our results also indicate that escape
from stronger competitive environments and evolution toward
greater reproductive capacity in non-native ranges may  also con-
tribute to larger scale patterns of the invader’s distribution and
abundance.
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Table  A2
RII values for competitive effects between Spanish C. solstitialis and North American
native species. Each RII value represents the competitive effects of the species from
each column on the species in each row.

Species causing the competitive response

Species Centaurea Poa Bromus Elymus Hordeum

Centaurea −0.298 −0.059 −0.202 −0.175 0.075
Poa  −0.092 −0.244 0.028 −0.145 −0.071
Bromus −0.452 −0.492 −0.142 −0.321 −0.348
Elymus −0.444 −0.421 −0.248 −0.301 −0.343
Hordeum −0.527 −0.461 −0.151 −0.251 −0.215

Table A3
RII values of competitive effects among Californian C. solstitialis and European native
species. Each RII value represents competitive effects of the species from each col-
umn  on the species in each row. We did not conduct pair-wise competition trials
between Aegilops and the other grass species or intra-specific competition trials
for Aegilops. Therefore we used the mean of RII values for the inter-specific and
intra-specific competitions of Avena and Brachypodium as substitutes for the corre-
sponding RII values of Aegilops.

Species causing the competitive response

Species Centaurea Avena Brachypodium Aegilops

Centaurea −0.238 −0.063 −0.026 0.026
Avena −0.485 −0.250 −0.341 −0.341
Brachypodium −0.526 −0.293 −0.231 −0.293
Aegilops −0.546 −0.293 −0.341 −0.240

Table A4
RII values of competitive effects among Spanish C. solstitialis and European native
species. Each RII value represents the competitive effect of the species from each
column on the species in each row. We did not conduct pair-wise competition tri-
als between Aegilops and the other grass species or the intra-specific competition
trials for Aegilops. Therefore we used the mean of RII values for the inter-specific
and intra-specific competitions of Avena and Brachypodium as substitutes for the
corresponding RII values of Aegilops.

Species causing the competitive response

Species Centaurea Avena Brachypodium Aegilops

Centaurea −0.298 0.044 −0.035 0.108
Avena −0.494 −0.250 −0.341 −0.341

A

t
0

A

t
0

R

A

A

A

B

Maron, J.L., Marler, M.,  2008. Effects of native species diversity and resource
Brachypodium −0.556 −0.293 −0.231 −0.293
Aegilops −0.609 −0.293 −0.341 −0.240
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