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Abstract. Many widely known invasive plants are well integrated into native plant–pollinator networks. Typically, these
invaders have entomophilous flowerswhich are visited by a diverse array of pollinators. The type of breeding system and the
role that pollination services play in the reproductive success of invasive plants have, however, received little attention.
We studied the breeding system and pollen limitation of two entomophilous invasive plants, Carpobrotus affine
acinaciformis and Opuntia stricta, in different Mediterranean coastal localities in north-eastern Spain. Both species are,
to some degree self-compatible; however, because of frequent visitation, open pollination increased the seed set in both
species byat least 50%.WhereasO. stricta showednopollen limitation, somepopulationsofC. aff.acinaciformishada lower
seed set in open-pollinated flowers than in flowers where supplementary hand-pollination ensured out-crossing. This local
pollen limitation inC. aff. acinaciformis could be due to the low efficiency of its visitors (mainly beetles) or its hybrid status.
On the basis of previous studies onCarpobrotus sp. hybrid complexes, we suggest that the variability among sites in the seed
set of open-pollinated flowers is caused by different degrees of hybrid introgression. Not withstanding, we found the C. aff.
acinaciformis seed sets studied were higher than those reported in other regions. Further research is needed to assess the
invasion potential of these hybrids in Mediterranean shrublands.

Introduction

Many introduced alien plants establish and spread successfully,
thus becoming invaders (Richardson and Pyšek 2000; Pyšek
et al. 2004). Classic authors (e.g. Baker 1955, 1967, 1974;
Stebbins 1957) have pointed out that an ideal weed, and
therefore an ideal invasive plant, has asexual reproduction, is
self-compatible and/or is pollinated by generalist insects.
Recent studies on invasive plant traits have found that the
most widespread and locally abundant invasive plants have
asexual reproduction, are wind-pollinated and/or are capable
of self-pollination (Daehler and Carino 2000; Lloret et al.
2005). Indeed, self-pollinated invasive plant species are more
widespread than species requiring pollen vectors (van Kleunen
and Johnson 2007). However, many well known invasive
plants are entomophilous, receiving high numbers of flower
visits by a diverse array of pollinators (Campbell 1989; Brown
and Mitchell 2001; Chittka and Schürkens 2001; Bjerknes et al.
2007; Bartomeus et al. 2008a). In fact, many entomophilous
invasive plants arewell integrated in the plant–pollinator network
of the introduced community (Memmot and Waser 2002;
Lopezaraiza-Mikel et al. 2007). Except for species with highly
specialised pollination systems, such as Ficus spp., pollinator
limitation does not appear to be a major barrier for the spread of
invasive plants (Richardson et al. 2000). However, invasive
plants are often visited by different pollinators in invaded
areas than in their native range (Forster 1994; Stout et al.

2006) and these new pollinator interactions may have a
different efficiency compared with pollinator interactions in
the plant’s native region. Although entomophilous invasive
plants can attract a wide array of flower visitors, it is important
to ascertain how efficient these visitors are (Larson et al. 2006;
Jakobsson et al. 2007) and how important pollination service
is for seed production in the invasive plant.

Some invasive plants, despite having flowers visited by
insects, are self-compatible, e.g. the garlic mustard (AlIiaria
petiolata (Bieb.)) in North America (Cavers et al. 1979),
Miconia calvescens (DC.) in Tahiti (Meyer 1998) and several
invasive species in South Africa (Rambuda and Johnson 2004).
However, there is little knowledge about whether pollen
limitation occurs in invasive species. In native plants, pollen
limitation is spatially variable (Ashman et al. 2004; Knight et al.
2005) and few studies have shown this to be the case also
for invasive species. Cytisus scoparius (L.), a European plant
invading western North America, is pollen limited in localities
with low visitation rates, but not at sites where the visitation rate
is high (Parker 1997; Parker and Haubensak 2002). Similarly,
the skunk vine (Paederia fetida (L.)) invading native habitats
in Florida is pollen limited in certain populations, depending on
the composition of the pollinator community (Liu et al. 2006).
These studies suggest that the effect of pollinators on seed
production in invasive plants is highly context specific. In
addition, interpopulation variation in the breeding system
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seems to be common (Dieringer 1999; Lee et al. 2000). This is
especially true when populations arise from a few founder
individuals and are subject to bottleneck events that constrain
the local variability in the breeding system (Sakai et al. 2001).

We studied the breeding system and pollen limitation of
two entomophilous invasive species, Carpobrotus affine
acinaciformis (L.) and Opuntia stricta (Haw.), in different
populations situated in north-eastern Spain. Vegetative
reproduction is important in both species for the persistence of
their populations, whereas seedling recruitment is essential to
expand their area of distribution into new areas (Vilà and
D’Antonio 1998, for C. aff. acinaciformis; Gimeno and Vilà
2002, for O. stricta). Both species are entomophilous
supergeneralist species (Bartomeus et al. 2008a) and studies
conducted in other regions have found that they are, at least to
some degree, self-compatible (Suehs et al. 2004b, for C. aff.
acinaciformis; Spears 1987, for O. stricta). C. aff. acinaciformis
is particularly interesting with respect to its reproductive
biology, as different levels of introgression between
C. edulis (L.) and C. acinaciformis (L.) in different localities
could affect its breeding system (Suehs et al. 2004a). Our
hypotheses are that (1) pollinators contribute largely to the
seed set of the two studied species and, therefore, (2) the two
species are not pollen limited, although (3) the breeding system
and pollen limitation, may vary among sites.

Materials and methods
Study area
Our study area was located in coastal Mediterranean shrublands
in the Natural Park of Cap de Creus, Catalonia, north-eastern
Spain. This area is characterised by relatively cool, wet winters
and warm dry summers; the mean temperatures of the coldest
(January) and hottest (August) months in 2005 were 6�C and
23�C, respectively, and the annual precipitation was 450mm
(www.meteocat.com accessed May 2006). Our study involved
the twomost abundant invasive plants in theNatural Park, namely
Carpobrotus aff. acinaciformis, growing in coastal communities,
and O. stricta, located on hilly stony slopes.

For each species, we selected three representative invaded
sites of 50� 50m, situated at least 3 km apart. Cover of the
invasive plants ranged from 15 to 35%, typifying an initial
invasion stage. C. aff. acinaciformis and O. stricta coexisted
with 17 and 16 coflowering species, respectively.

Study species
Carpobrotus aff. acinaciformis (Aizoaceae) are crawling,
mat-forming, succulent herbs, with fast clonal growth
(Vilà and D’Antonio 1998). Native to South Africa, the
species is invasive in almost all Mediterranean-type regions. It
was introduced to Spain for gardening and soil fixation at the
beginning of the 20th century. It causes smothering, thereby
reducing the regeneration of native flora and it changes the soil
pH and nutrient regimes. This invader competes aggressively
with native plant species (D’Antonio and Mahall 1991;
D’Antonio 1993). In the study area, C. aff. acinaciformis may
form hybrids between C. edulis andC. acinaciformis. Therefore,
we follow the nomenclature proposed by Suehs et al. (2004a) and
refer to this species as the hybrid complex C. aff. acinaciformis.

These putative hybrids have flowers that are solitary, 8–10 cm in
diameter and range in colour from white to yellow. The flowers
are open, suggesting a generalist pollination system (Vilà and
D’Antonio 1998). Flowering in Spain lasts from March to June
(Sanz-Elorza et al. 2006). Fruits are fleshy, indehiscent and
edible and are ~3.5 cm in diameter. Each fruit produces
hundreds of seeds embedded in sticky, sweet, jelly-likemucilage.

The breeding system ofCarpobrotus sp. hybrids and putative
parents has been analysed in other Mediterranean communities.
C. edulis is slightly agamospermic and self-compatible (Vilà et al.
1998; Suehs et al. 2004b). In California, C. edulis hybridises
with C. chilensis (N.E.Br.) (Vilà and D’Antonio 1998) and
hybrids are also self-compatible. In France, C. edulis
hybridises with C. acinaciformis, resulting in the complex
C. aff. acinaciformis forming stands with different levels of
introgression. C. aff. acinaciformis is slightly self-compatible
(Suehs et al. 2004b). In the study area, our focal populations had a
phenotype resembling C. aff. acinaciformis in southern France
(Suehs et al. 2004a), and there were patches of pure C. edulis
phenotypes nearby.

Opuntia stricta (Cactaceae) is a succulent, perennial,
spiny plant introduced to Spain from Central America in the
16th century. O. stricta can dominate the vegetation of rocky
outcrops, physically displacing native species. It is commonly
cultivated as an ornamental and invades sunny sandstone
hillsides and abandoned orchards (Vilà et al. 2003). Plants can
become 1.5m tall and flowers are 5–10 cm in diameter and
yellow with abundant pollen. Flowering in Spain takes place
from June to July (Sanz-Elorza et al. 2006). Fruits are obovoid
and contain dozens of 4–6-cm-long, 2.5–4-cm-diameter seeds
(Gimeno and Vilà 2002). The genus Opuntia has very
heterogeneous breeding systems. Autogamy is rare, although
most species are self-compatible and some need out-crossing
for a successful seed set (Reyes-Agüero et al. 2006). It has been
documented that levels of self-pollination could vary among
populations (Bianchi et al. 2000). In Florida, where O. stricta
is native, the species presents a high level of self-pollination and
no pollen limitation (Spears 1987).

Pollinator sampling and pollination treatments
During spring 2005, C. aff. acinaciformis and O. stricta
were sampled for a total of 36min per site during their entire
flowering season. In total, 276 flowers of C. aff. acinaciformis
and 174 of O. stricta were observed, pooling the four
observation periods conducted at each site. For details of the
insect sampling protocol see Bartomeus et al. (2008a). By using
this visitation data, we calculated pollinator diversity and the
number of visits at each site.

To investigate the breeding system and whether the
plants were pollen limited we assigned the following
pollination treatments in each of our six focal populations,
following protocols from Kearns and Inouye (1993) and Neal
and Anderson (2004):

(1) spontaneous self-pollination – bagged flowers with 0.2-mm-
pore bags to avoid any pollen transfer;

(2) facilitated self-pollination – hand-pollination with pollen
from each own flower (flowers remained bagged before
and after the hand-pollination treatment);
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(3) anemogamy – bagged flowers with 2.5-mm-pore bags that
permit the passing of pollen but exclude the majority of
pollinators (Bartomeus et al. 2008a);

(4) forced out-crossing – hand-pollination with pollen added
from other populations to ensure that pollen belongs to
different individuals (flowers remained bagged before and
after the hand-pollination treatment to ensure no pollen
transfer or removal); and

(5) open pollination – flowers that were not manipulated; hand-
pollination was performed with cotton swabs on fully
receptive stigmas.

To ensure pollen viability, only fresh pollen, collected 15min
before hand-pollination, was used. Clean cotton swabs were
completely covered by fresh pollen collected in Petri dishes
and directly applied on the stigma surface.

In all, 40 flowers were randomly assigned to each treatment at
each site. At the end of the experiment, some fruits had
disappeared as fruits were consumed by frugivores (17.16% in
C. aff. acinaciformis and 27.66% inO. stricta). However, overall
there was not much variation between sample sizes among
treatments and sites (C. aff. acinaciformis: 498 fruits; number
of fruits per treatment and site (mean� s.e.): 33.13� 1.82;
O. stricta: 435 fruits; number of fruits per treatment and site:
28.93� 1.83). After maturation, fruits were collected, opened in
the laboratory and seedswere counted.We investigated the effect
of the pollination treatments and site on seed set (i.e. number of
seeds per fruit) as a response variable with generalised linear
mixed models (GLMM). The number of fruits collected per
treatment was unbalanced and the number of seeds counted
was strongly left-skewed and could not be normalised by
transformations. Thus, we implemented models with Poisson
error distribution and a logit link function, as recommended by
Crawley (2002). The logit link function ensures that all the fitted
values are positive whereas the Poisson error takes into account
the fact that the data are integers and have variances that are equal
to their means (Crawley 2002). We generated models with the
glmmPQL function of the MASS library in the R statistical
software (Development Core Team 2007). The explanatory
variables pollination treatment and site were included as fixed
factors. Site was included as a random effect to account for
spatial autocorrelation in the data. To reveal post hoc pair-wise
differences among treatment levels, we repeated the analysis
grouping non-significant factor levels that did not differ from
one another by model simplification (Crawley 2002). As the
signification of the simplified model did not change, we retained
the new grouping factors in the model, assuming no significant
differences inside groups. This simplified model presented no
significant interactions between group and site. However, some
pollination treatments showed a significant interaction with
site in the non-simplified model proposed (see Results
section). For those treatments, we investigated differences in
seed set within each site by using a generalised lineal model
(GLM) for each site. In this analysis, treatment was the only fixed
factor and we used again a Poisson error distribution.

Results

Carpobrotus aff.acinaciformis andO. strictaweremainly visited
by insects from the orders Coleoptera and Hymenoptera. In total,

23 and 17 taxa visited C. aff. acinaciformis and O. stricta,
respectively (Appendix 1). At one of the study sites of C. aff.
acinaciformis (C1), we found a higher number of flower visits
and flower-visiting taxa than at the other two sites (Table 1). In
O. stricta, we found a comparable number of visitor species at the
three study sites, although one site (O1) received fewer flower
visits (Table 1). Hymenoptera represented 39.49� 1.67%
of visitor species per site and made up 29.52� 4.38% of the
visits to C. aff. Acinaciformis. However, for O. stricta,
Hymenoptera represented 67.22� 8.06% of visitors per site
and made up 70.74� 10.62% of the visits.

All fruits collected contained seeds. The number of seeds
per fruit could be explained by the pollination treatment both in
C. aff. acinaciformis and inO. stricta, when site id was included
in the model. After model simplification, we found two
significantly different treatment groups in C. aff. acinaciformis
(Group 1: forced out-crossing + open pollination + anemogamy;
Group 2: facilitated self-pollination + spontaneous self-
pollination) and three groups in O. stricta (Group 1: forced
out-crossing + open pollination; Group 2: anemogamy+
facilitated self-pollination; Group 3: spontaneous self-
pollination) (Table 2). These groups reflect the pair-wise
differences between treatments. In different groups, treatments
were significantly different; however, within the same group
treatments were not significantly different. Both species had
the highest seed set when pollen from other plants was added
(forced out-crossing) or when its flowers were open pollinated.
In C. aff. acinaciformis, anemogamy also resulted in a high
seed set, whereas in O. stricta, anemogamy reduced the seed
set to half. Although both species are self-compatible,
facilitated and spontaneous self-pollination reduced the seed
set significantly compared with open-pollinated flowers. In
O. stricta, spontaneous self-pollination achieved the lowest
seed-set values (Fig. 1).

Overall, for both plant species, we found no differences
in seed set among sites (Table 2), indicating that the seed
production in each pollination treatment did not vary
consistently within sites. For O. stricta, we did not find any
significant interaction between pollination treatment and site.
However, for C. aff. acinaciformis some pollination treatments
showed an interaction with site before model simplification,
indicating particular differences of those treatments between
sites (GLMM: forced out-crossing� site estimate = 0.27,
s.e. = 0.09, t486 = 2.85, P-value = 0.005; anemogamy� site
estimate = –0.26, s.e. = 0.09, t486 = 2.84, P-value = 0.005; all

Table 1. Number of visitor species and visits received by Carpobrotus
aff. acinaciformis and Opuntia stricta at each site

Site No. of visitors No. of visits

Carpobrotus aff. acinaciformis
Site C1 19 64
Site C2 10 36
Site C3 11 33

Opunita stricta
Site O1 12 24
Site O2 12 49
Site O3 10 57
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other treatment interactions were non-significant). We then
compared seed set among treatments in Group 1 (i.e. forced
out-crossing, open pollination and anemogamy) for each site.
Significant differences among pollination treatments emerged
only within sites C2 and C3. At site C2, open-pollination
treatment was different from the forced out-crossing and
anemogamy treatments (GLM estimate for forced out-
crossing = 0.17, s.e. = 0.07, t79 = 2.56, P-value = 0.01; GLM
estimate for anemogamy= –0.16, s.e. = 0.07, t79 = –2.27,
P-value = 0.03; Fig. 1). At site C3, open pollination was
significantly different only from forced out-crossing (GLM
estimate for forced out-crossing = 0.39, s.e. = 0.09, t114 = 4.17,
P-value < 0.001; GLM estimate for anemogamy= –0.17,
s.e. = 0.11, t114 = –1.69, P-value = 0.93; Fig. 1).

Discussion

Both Carpobrotus aff. acinaciformis and O. stricta were visited
by awide array offlower visitors contributing to their seed set. For
both species, we found significant differences in seed set among
the pollination treatments tested. In the case of C. aff.
acinaciformis, some differences among pollination treatments
varied among sites.

Forced cross-pollination in C. aff. acinaciformis resulted in
the highest seed set in two of three sites. The fact that site C1
presented a lower seed set could be attributed to differences in
the degree of hybrid introgression among the different plant
populations. It is unlikely to be due to differences in the
resource availability of each site because site did not show a
consistent effect along other pollination treatments. In Southern
France, on average, the seed set in the cross-pollination treatments
had intermediate values (ranging from 800 to 1200 seeds per
fruit) compared with those for C. acinaciformis (~500 seeds)
and C. edulis (~1300 seeds) (Suehs et al. 2004b). Consequently,
C.acinaciformis increases its seed setwhen crossedwithC.edulis
(Suehs et al. 2004a). Therefore, the spatial variability in seed
set found in our study area could be a result of different levels of
introgression among sites. It will be crucial to characteriseC. aff.
acinaciformis phenotypes to assess differences in the invasion
potential of hybrids in Cap de Creus Natural Park, where the
invasion has advanced by at least 10 ha in the last 5 years
(information provided by Natural Park officers).

Recent studies have reported that insects visiting C. aff.
acinaciformis carry high amounts of C. aff. acinaciformis
pollen (Bartomeus et al. 2008b; Jakobsson et al. 2008).
Thus, we expected that plants would not be pollen limited.
Nevertheless, open-pollinated C. aff. acinaciformis flowers set
fewer seeds than cross-pollinated flowers at sites C2 and C3, as
revealed in the GLM performed for each site. In parallel, we
observed lower pollinator diversity and fewer flower visits at
these two sites. Almost 60% of the visits to flowers of C. aff.
acinaciformis were by beetles that, despite being abundant,
spend long periods of time on single flowers (Bosch 1992),

Table 2. Minimum adequate mixed model of Carpobrotus aff.
acinaciformis and Opuntia stricta

Different levels of pollination treatments are groupedbymodel simplification.
In C. aff. acinaciformis, Group 1 includes forced out-crossing, open
pollination and anemogamy, whereas Group 2 includes facilitated and
spontaneous self-pollination. In O. stricta, Group 1 includes forced out-
crossing and open pollination treatments,Group 2 anemogamy and facilitated
self-pollination and Group 3 spontaneous self-pollination. The estimates and
statistical tests are related to the differences of each group with respect to
Group 2 in C. aff. acinaciformis and Group 3 in O. stricta (Crawley 2002)

Estimate s.e. d.f. t-value P-value

Carpobrotus aff. acinaciformis
Intercept 5.86 0.16 492 37.13 <0.001
Treatment
Group 1 0.95 0.16 492 5.43 <0.001
Site –0.02 0.08 1 –0.15 0.90

Opunita stricta
Intercept 2.56 0.37 427 6.86 <0.001
Treatment
Group 1 1.96 0.38 427 5.04 <0.001
Group 2 1.30 0.41 427 3.17 <0.001
Site 0.14 0.17 1 0.85 0.55
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potentially reducing effective cross-pollination and mainly
contributing to self-pollination. This pattern has also been
observed in California, where thrips are involved in self-
pollination in the congener C. chilensis (Vilà et al. 1998).
As reported by Suehs et al. (2006), the production of aborted
pollen can be high within hybrids. In the populations studied,
on average 30% of pollen was abnormal and deformed
(I. Bartomeus, pers. obs.) and this could also decrease the
quality of the pollen deposited on stigmas, especially in self-
pollination processes.

Opuntia stricta had the highest levels of seed set in cross-
pollination and open pollination at all three sites. This indicates
that pollinators are very efficient and that the species is not
pollen limited. In its native range, Opuntia sp. is strongly
associated with bee pollination, and coevolution with at least
two genera has been suggested, namely Diadasia (Apidae) and
Lithurge (Megachilidae) (Grant et al. 1979; Reyes-Agüero et al.
2006). Although neither of these two genera is present in the
study area, O. stricta is visited by many bee species, including a
large number of visits from honeybees (Apis mellifera) and
carpenter bees (Xylocopa violacea). Both bee species are large
pollinators that are capable of providing proper pollination to
O. stricta flowers. These flowers require bees bigger than 1.5 cm
long in order to be efficiently pollinated (Grant and Hurd 1979).
In the Mediterranean region, O. stricta flowers late in the season
when flowering of most of the other bee-pollinated species
(e.g. Rosmarinus officinalis (L.), Lavandula stoechas (L.)) is
over; hence, O. stricta could represent an important resource
for large bees later in the season.

Both species were self-compatible; however, self-pollination
treatments reduced the number of seeds to 50% compared
with open-pollinated flowers. On the basis of previous studies,
we expected a high degree of self-pollination in O. stricta
(Spears 1987). On the contrary, in all three populations we
found low self-pollination, which increased when facilitated
mechanically. Other Opuntia species also showed different
levels of self-fertility among populations (Bianchi et al. 2000).

The present study is the first to test anemogamia in C. aff.
acinaciformis and O. stricta. Although probably pollinators
smaller than 2mm could not be excluded, they were not seen.
Wind-pollinated flowers of C. aff. acinaciformis had as
much seed production as open pollinated flowers. C. aff.
acinaciformis flowers do not fit into a typical wind-pollination
scenario (Proctor et al. 1996). Nevertheless, these flowers have
an open-bowl shape, with exposed stigmas and a high production
of small pollen (Blake 1969). Invaded sites are very windy and,
as demonstrated in other entomophilous species, wind can
contribute to pollen dispersal (Dafni and Dukas 1986; Bullock
1994). The anemogamy treatment was not significantly different
from facilitated self-pollination treatments in O. stricta.

In an invaded community, invasive plant species face a new
reproductive situation. How the invasive species adapt to this
new situation is important in order to understand the mechanisms
involved in the invasion process. Both species included in the
present study have a generalist pollination syndrome that allows
a wide range of pollinators to visit their flowers. Although both
species have a certain degree of self-pollination, floral visitors
contribute to seed production. Whereas in O. stricta the seed set
is not limited by pollinators, in C. aff. acinaciformis open

pollination did not reach the maximum potential seed set at
two of three sites. It remains to be explored whether C. aff.
acinaciformis pollen limitation is due to low visitor efficiency by
beetles or due to its hybrid status, which results in a large amount
of non-viable pollen. However, we found C. aff. acinaciformis
seed set was higher than those reported in other regions. Further
research is needed to assess the invasion potential of these
hybrids in Mediterranean shrublands.

Acknowledgements

We thank J. Andreu for laboratory assistance, D. Sol for statistical advice
and fruitful discussion, and two anonymous reviewers for comments on a
previous version of the manuscript. Partial research support was provided
by the Integrated European Project ALARM – Assessing Large Scale Risks
to Biodiversity with Tested Methods (ALARM, available at http://www.
alarmproject.net), Contract 506675 and the Ministerio de Ciencia e
Innovación project Estructura de redes mutualistas en ecosistemas
insulares: variación a diferentes escalas y mecanismos determinantes
(REDESIN).

References

Ashman TL, Knight TM, Steets JA, Amarasekare P, Burd M, Campbell DR,
DuDash MR, Johnston MO, Mazer SJ, Mitchell RJ, Morgan MT,
Wilson WG (2004) Pollen limitation of plant reproduction, ecological
and evolutionary causes and consequences. Ecology 85, 2408–2421.
doi: 10.1890/03-8024

Baker HG (1955) Self compatibility and establishment after ‘long-distance’
dispersal. Evolution 9, 347–349. doi: 10.2307/2405656

Baker HG (1967) Support for Baker’s law as a rule. Evolution 21, 853–856.
doi: 10.2307/2406780

Baker HG (1974) The evolution of weeds. Annual Review of Ecology and
Systematics 5, 1–24. doi: 10.1146/annurev.es.05.110174.000245

Bartomeus I, Bosch J, Vilà M (2008b) Invasive plant pollen transfer to a
native plant community. Annals of Botany 102, 417–424.
doi: 10.1093/aob/mcn109

Bartomeus I, Vilà M, Santamaria L (2008a) Contrasting effects of invasive
plants in plant–pollinator networks. Oecologia 155, 761–770.
doi: 10.1007/s00442-007-0946-1

BianchiMB,Gibbs PE, PradoDE,Vesprini JL (2000) Studies on the breeding
systems of understory species of a Chaco woodland in the NE Argentina.
Flora 195, 339–348.

Bjerknes AL, Totland O, Hegland SJ, Nielsen A (2007) Do alien plant
invasions really affect pollination success in native plant species?
Biological Conservation 138, 1–12. doi: 10.1016/j.biocon.2007.04.015

Blake ST (1969) A revision of Carpobrotus and Sarcozona in Australia,
genera allied to Mesembryanthemum (Aizoaceae). Contributions to
Queensland Herbarium 7, 1–65.

Bosch J (1992) Floral biology and pollinators of three co-occurring
Cistus species (Cistaceae). Botanical Journal of the Linnean Society
109, 39–55. doi: 10.1111/j.1095-8339.1992.tb00257.x

Brown BJ, Mitchell RJ (2001) Competition for pollinator, effects of pollen
of an invasive plant on seed set of a native congener. Oecologia 129,
43–49. doi: 10.1007/s004420100700

Bullock SH (1994) Wind pollination of neotropical dioecious trees.
Biotropica 26, 172–179. doi: 10.2307/2388806

Campbell DR (1989) Inflorescence size, test of the male function hypothesis.
American Journal of Botany 76, 730–738. doi: 10.2307/2444419

Cavers PB,HeagyMI, KokronRF (1979) The biology of Canadianweeds 35.
Alliaria petiolata (M.Bieb.). Canadian Journal of Plant Science 59,
217–229.

Chittka L, Schürkens S (2001) Successful invasion of a floral market. Nature
411, 653. doi: 10.1038/35079676

Breeding system of two invasive plants Australian Journal of Botany 113



Crawley MJ (2002) ‘Statistical computing. An introduction to data analysis
using S-Plus.’ (Wiley: Chichester, UK)

D’Antonio CM (1993) Mechanisms controlling invasion of coastal plant
communities by the alien succulent Carpobrotus edulis. Ecology 74,
83–95. doi: 10.2307/1939503

D’Antonio CM, Mahall BE (1991) Root profiles and competition between
the invasive, exotic perennial, Carpobrotus edulis, and two native shrub
species in California coastal scrub. American Journal of Botany 78,
885–894. doi: 10.2307/2445167

Daehler CC, Carino DA (2000) Predicting invasive plants, prospects for a
general screening system based on current regional models. Biological
Invasions 2, 93–102. doi: 10.1023/A:1010002005024

Dafni A, Dukas R (1986) Insect and wind pollination in Urginea maritima
(Liliaceae). Plant Systematics and Evolution 154, 1–10.
doi: 10.1007/BF00984864

Development Core Team (2007) ‘R: a language and environment for
statistical computing.’ (R Foundation for Statistical Computing:
Vienna). Available at http://www.R-project.org

Dieringer G (1999) Reproductive biology of Agalinis skinneriana
(Scrophulariaceae), a threatened species. The Journal of the Torrey
Botanical Society 126, 289–295. doi: 10.2307/2997312

Forster PI (1994) Diurnal insects associated with the flowers of
Gomphocarpus physocarpus E.Mey (Asclepiadaceaea), and introduced
weed in Australia. Biotropica 26, 214–217. doi: 10.2307/2388811

Gimeno I, Vilà M (2002) Recruitment of two Opuntia species invading
abandoned olives groves. Acta Oecologica 23, 239–246.
doi: 10.1016/S1146-609X(02)01143-8

Grant V, Hurd PD (1979) Pollination of the southwestern opuntias. Plant
Systematics and Evolution 133, 15–28. doi: 10.1007/BF00985876

Grant V, Grant KA, Hurd PD (1979) Pollination of Opuntia lindheimeri and
related species. Plant Systematics and Evolution 132, 313–320.
doi: 10.1007/BF00982393

Jakobsson A, Padrón B, Traveset A (2007) Pollen transfer from invasive
Carpobrotus spp. to natives. A study of pollinator behaviour and
reproduction success. Biological Conservation 141, 136–145.
doi: 10.1016/j.biocon.2007.09.005

Kearns CA, Inouye DW (1993) ‘Techniques for pollination biologists.’
(University Press of Colorado: Boulder, CO)

Knight TM, Steets JA, Vamosi JC, Mazer SJ, Burd M, Campbell DR,
Dudash MR, Johnston MO, Mitchell RJ, Ashman T (2005) Pollen
limitation of plant reproduction, pattern and process. Annual Review
of Ecology Evolution and Systematics 36, 467–497.
doi: 10.1146/annurev.ecolsys.36.102403.115320

Larson DL, Royer RA, Royer MR (2006) Insect visitation and pollen
deposition in an invaded prairie plant community. Biological
Conservation 130, 148–159. doi: 10.1016/j.biocon.2005.12.009

Lee SL, Wickneswari R, Mahani MC, Zakri AH (2000) Mating system
parameters in a tropical tree species, Shorea leprosula
(Dipterocarpaceae), from Malaysian lowland, dipterocarp forest.
Biotropica 32, 693–702.
doi: 10.1646/0006-3606(2000)032[0693:MSPIAT]2.0.CO;2

Liu H, Pemberton RW, Stiling P (2006) Native and introduced pollinators
promote an invasivewoody vine (Paederia foetidaL.) in Florida. Journal
of the Torrey Botanical Society 133, 304–311.
doi: 10.3159/1095-5674(2006)133[304:NAIPPA]2.0.CO;2

Lopezaraiza-Mikel ME, Hayes RB, Whalley MR, Memmott J (2007)
The impact of an alien plant on a native plant-pollinator network, an
experimental approach. Ecology Letters 10, 539–550.
doi: 10.1111/j.1461-0248.2007.01055.x

Lloret F, Médail F, Brundu G, Camarda I, Moragues E, Ritas J, Lambdon P,
Hulme PE (2005) Species attributes and invasion success by alien plants
on Mediterranean islands. Journal of Ecology 93, 512–520.
doi: 10.1111/j.1365-2745.2005.00979.x

Memmot J, Waser NM (2002) Integration of alien plants into a native
flower–pollinator visitation web. Proceedings of the Royal Society of
London 269, 2395–2399. doi: 10.1098/rspb.2002.2174

Meyer J (1998) Observations on the reproductive biology of Miconia
calvescens DC (Melastomataceae), an alien invasive tree on the island
of Tahiti (South Pacific Ocean). Biotropica 30, 609–624.
doi: 10.1111/j.1744-7429.1998.tb00101.x

Neal P, Anderson G (2004) Does the ‘old bag’ make a good ‘wind bag’?
Comparison of four fabrics commonly used as exclusion bags in studies
of pollination and reproductive biology. Annals of Botany 93, 603–607.
doi: 10.1093/aob/mch068

Parker IM (1997) Pollinator limitation of Cytisus scoparius (Scotch broom),
an invasive exotic shrub. Ecology 78, 1457–1470.

Parker IM, Haubensak KI (2002) Comparative pollinator limitation of two
non-native shrubs, do mutualisms influence invasions? Oecologia 130,
250–258.

Proctor M, Yeo P, Lack A (1996) ‘The natural history of pollination.’
(Timber Press: Portland, OR)

Pyšek P, Richardson DM, Rejmanek M, Webster GL, Williamson M,
Kirschner J (2004) Alien plants in checklists and floras: towards
better communication between taxonomists and ecologists. Taxon 53,
131–143. doi: 10.2307/4135498

Rambuda RD, Johnson SD (2004) Breeding systems of invasive alien plants
in South Africa, does Baker’s rule apply? Diversity & Distributions
10, 409–416. doi: 10.1111/j.1366-9516.2004.00100.x

Reyes-Agüero JA, Aguirre JR, Valiente-Banuet A (2006) Reproductive
biology of Opuntia, a review. Journal of Arid Environments 64,
549–585. doi: 10.1016/j.jaridenv.2005.06.018

Richardson DM, Pyšek P (2000) Naturalization and invasion of alien plants,
concepts and definitions. Diversity & Distributions 6, 93–107.
doi: 10.1046/j.1472-4642.2000.00083.x

RichardsonDM, AllsoppN, D’Antonio CM (2000) Plant invasions – the role
of mutualisms. Biological Reviews of the Cambridge Philosophical
Society 75, 65–93. doi: 10.1017/S0006323199005435

Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J, With KA,
Baughman S, Cabin RJ, Cohen JE, Ellstrand NC, McCauley DE,
O’Neil P, Parker IM, Thompson JN, Weller SG (2001) The
population biology of invasive species. Annual Review of Ecology
and Systematics 32, 305–332.
doi: 10.1146/annurev.ecolsys.32.081501.114037

Sanz-Elorza M, Dana ED, Sobrino D (2006) ‘Atlas de las plantas alóctonas
invasoras de España.’ (Dirección general para la biodiversidad: Madrid)

Spears EE (1987) Island and mainland pollination ecology of Centrosema
virginianum and Opuntia stricta. Journal of Ecology 75, 351–362.
doi: 10.2307/2260423

Suehs CM, Affre L, Medail F (2004a) Invasion dynamics of two alien
Carpobrotus (Aizoaceae) taxa on a Mediterranean island, I. Genetic
diversity and introgression. Heredity 92, 31–40.
doi: 10.1038/sj.hdy.6800374

Suehs CM, Affre L, Medail F (2004b) Invasion dynamics of two
alien Carpobrotus (Aizoaceae) taxa on a Mediterranean island,
II. Reproductive strategies. Heredity 92, 550–556.
doi: 10.1038/sj.hdy.6800454

Suehs CM, Charpentier S, Affre L, Medail F (2006) The evolutionary
potential of invasive Carpobrotus (Aizoaceae) taxa. Are pollen-
mediated gene flow potential and hybrid vigor levels connected?
Evolutionary Ecology 20, 447–463.

Stebbins GL (1957) Self fertilization and population variability in the higher
plants. American Naturalist 91, 337–354. doi: 10.1086/281999

Stout JC, Parnell JAN, Arroyo J, Crowe TP (2006) Pollination ecology and
seed production of Rhododendron ponticum in native and exotic habitats.
Biodiversity and Conservation 15, 755–777.
doi: 10.1007/s10531-004-1065-5

114 Australian Journal of Botany I. Bartomeus and M. Vilà



Van Kleunen M, Johnson SD (2007) Effects of self-compatibility on the
distribution range of invasive European plants in North America.
Conservation Biology 21, 1437–1444.

Vilà M, D’Antonio C (1998) Hybrid vigor for clonal growth in Carpobrotus
(Aizoaceae) in coastal California.Ecological Applications 8, 1196–1205.

Vilà M, Weber E, D’Antonio CM (1998) Flowering and mating system in
hybridizing Carpobrotus in coastal California. Canadian Journal of
Botany 76, 1165–1169. doi: 10.1139/cjb-76-7-1165

Vilà M, Burriel JA, Pino J, Chamizo J, Llach E, Porterias M, Vives M (2003)
Association betweenOpuntia spp. invasion and changes in land-cover in
the Mediterranean region. Global Change Biology 9, 1234–1239.
doi: 10.1046/j.1365-2486.2003.00652.x

Manuscript received 12 September 2008, accepted 12 March 2009

Appendix 1. Visitors sampled visiting Carpobrotus aff. acinaciformis and Opuntia stricta, and the total
number of visits recorded to both plant species

Previous plant–pollination analyses sampling all visitors to plant species at this site (Bartomeus et al. 2008a)
showed that no visitors were exclusive toC. aff. acinaciformis, which was visited by 43.4% of the observed insect
taxa and that Opuntia stricta was visited by 30.9% of the observed insect taxa, with only Xylocopa violacea an

exclusive visitor of the invasive plant

Order Family Species No. of visits

Carpobrotus aff. acinaciformis
Coleoptera Dasytidae Coleoptera_sp. 1 1
Coleoptera Dasytidae Coleoptera_sp. 2 8
Coleoptera Bruchidae Coleoptera_sp. 3 2
Coleoptera Chrysomelidae Cryptocephalus sp. 3
Coleoptera Mordelidae Mordella sp. 1
Coleoptera Mordelidae Mordellistema sp. 7
Coleoptera Oedemeridae Oedemera flavipes 3
Coleoptera Oedemeridae Oedemera lurida 21
Coleoptera Oedemeridae Oedemera nobilis 2
Coleoptera Scarabaeidae Oxythyrea funesta 20
Coleoptera Dasytidae Psilothix sp. 22
Hymenoptera Andrenidae Andrena sp. 4
Hymenoptera Megachilidae Anthidium sticticum 5
Hymenoptera Apoidea Apis melifera 7
Hymenoptera Apoidea Bombus terrestris 14
Hymenoptera Anthophoridae Eucera sp 1
Hymenoptera Megachillidae Megachille sp. 1
Hymenoptera Halictidae Halictus sp. 1
Hymenoptera Halictidae Halictus sp. 3
Hymenoptera Megachilidae Megachile sp. 1
Hymenoptera Megachilidae Osmia sp. 2
Hymenoptera Formicidae Plagiolepsis pigmaea 2
Hymenoptera Anthophoridae Xylocopa sp. 1

Opuntia stricta
Coleoptera Dasytidae Coleoptera_sp. 1 4
Coleoptera Mordelidae Mordella sp. 2
Coleoptera Mordelidae Mordellistena sp. 3
Coleoptera Maloidea Myrabilis quadripunctata 20
Coleoptera Oedemeridae Oedemera flavipes 2
Coleoptera Oedemeridae Oxythyrea funesta 6
Hymenoptera Andrenidae Andrena sp. 1
Hymenoptera Megachilidae Anthidium sp. 5
Hymenoptera Megachilidae Anthidium sticticum 2
Hymenoptera Apoidea Apis melifera 33
Hymenoptera Apoidea Bombus terrestris 18
Hymenoptera Formicidae Camponotus aetiops 7
Hymenoptera Halictidae Halictus pirenaicus 5
Hymenoptera Colletidae Hylaeus nigritus 2
Hymenoptera Halictidae Lasioglossum sp. 3
Hymenoptera Scolidae Scolia sp. 2
Hymenoptera Anthophoridae Xylocopa violacea 15
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