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Unexpected insularity effects in invasive plant mating
systems: the case of Carpobrotus (Aizoaceae) taxa in the
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Although biological invasions are currently recognized as being especially severe on islands, little attention has been
given to detecting parameters influencing this pattern. This study tested the common perceptions that uniparental
reproductive modes are associated with invasive and/or island plant populations due to a lack of pollinator vectors
and/or small initial population sizes, and that pollinator services and biparental seed production modes will subse-
quently be associated with adjacent mainland sites. Using controlled pollination and germination experiments on
invasive Carpobrotus edulis and C. aff. acinaciformis populations in both island and mainland habitats in south-east
France, we found no evidence to support these hypotheses. All significant mean differences found between locations
for reproductive indices describing uniparental reproductive modes were significantly smaller in island populations.
In contrast, seedling sizes issuing from manual outcrossing and manual hybridization experiments, regardless of
taxon, as well as C. aff. acinaciformis hybridization indices, were larger in island populations. The presence of sig-
nificant, though limited, pollinator service was detected for all populations, and stressed the importance of such
mutualisms. We suggest that invasive plant reproductive traits could be highly contextual, and that islands may
have a potential role in the acceleration of the invasion process through the production of highly variable
populations. © 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 85, 65-79.

ADDITIONAL KEYWORDS: agamospermy — hybrid vigour — inbreeding depression — island invasion —
pollinator limitation — self fertilization.

INTRODUCTION McMullen, 1993a; Barrett, 1996; Barrett, 1998). This
idea targets primarily oceanic islands due to their
extreme isolation, but supporting results have been
found for offshore islands (see Inoue & Amano, 1986;
Glover & Barrett, 1987; Spears, 1987). The same
hypotheses are also often extended to invasive plant
species, i.e. uniparental modes should favour invasion
via reproductive insurance (Baker, 1955; Baker, 1986;
Brown & Burdon, 1987; Roy, 1990; Meyer, 1998;
Cadotte & Lovett-Doust, 2001). Empirical studies
have detected concordant pollinator limitation for
non-native shrubs on the Pacific coast of the United
States (Parker, 1997; Parker & Haubensak, 2002) and
Tasmania (Stout, Kells & Goulson, 2002). However,
intraspecific studies specifically designed to compare
the reproductive traits of island and mainland plant
*Corresponding author. E-mail: carey@suehs.net populations remain rare, and the only study, to our

Present-day island invasions are frequent and severe
as compared with their mainland counterparts,
though few studies have attempted to pinpoint empir-
ically factors underlying this pattern (D’Antonio &
Dudley, 1995; MacDonald & Cooper, 1995; Lonsdale,
1999). The mating system of plants is one such crucial
factor determining their success in insular and
invasive contexts. Island theory has asserted that
uniparental reproductive modes are associated hypo-
thetically with colonization processes, since they
ensure reproduction in spite of a lack of outcrossing
opportunities associated with small population size
and/or a lack of pollination vectors (McMullen, 1987;
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knowledge, specifically studying invasive plant mat-
ing systems in function of insularity has demonstrated
a switch from sexual seed production in a native range
to apomictic seed production in an invasive, island
range (Amsellem, Noyer & Hossaert-McKey, 2001).

It seems logical, therefore, to predict that an inva-
sive plant species will differ in the success of its repro-
ductive mode when introduced on adjacent island and
mainland habitats, and that insularity will subse-
quently select for certain reproductive syndromes
associated with small population sizes or a lack of pol-
linators. In order to test these hypotheses, we initiated
a study which examined reproductive differences in
island and mainland habitats for two South African
succulents introduced into the Mediterranean Basin:
Carpobrotus edulis (L.) N. E. Br. and C. aff. acinacifor-
mis (L.) L. Bol. These species have been naturalized
along the Provencal coasts of south-east France since
the early 1900s (Albert & Jahandiez, 1908), where
they have been reported to menace several threatened
species (Suehs, Médail & Affre, 2001) and are associ-
ated with a decrease in plant diversity (Vila et al.,
2004).

Previous studies have demonstrated that despite
their very similar appearance and habit, these two
taxa differ dramatically in their reproductive strate-
gies and thus provide an ideal model for studying the
effects of extrinsic parameters, such as insularity, on
plant mating-system characteristics. C.edulis has
been shown to be slightly agamospermic, completely
self-fertile (Vila, Weber & D’Antonio, 1998; Suehs
et al., 2001; Suehs, Affre & Médail, 2004b) and self-
compatible, without inbreeding depression, and is
equally able to produce seed when crossed with C. aff.
acinaciformis (Suehs et al., 2001, 2004b). The mating
system of C. aff. acinaciformis is characterized by
extremely weak agamospermy, low self-fertility and
self-compatibility, a slight inbreeding depression, and
seed production is maximized when it is hybridized
with C. edulis (Suehs et al., 2001, 2004b). We assumed
that if consistent reproductive syndromes associated
with island populations exist despite these taxon dif-
ferences, this would be a good indication that insular-
ity is affecting the mating-system characteristics of
these plants. Within this context, we assessed agamo-
spermy, self-fertility, self-compatibility, outcrossing,
hybridization and free pollination for these two taxa
in both insular and mainland habitats, using con-
trolled pollination experiments. The resulting seed
production, germination data and reproductive mode
indices were used to test the hypotheses that: (1) uni-
parental reproductive modes (agamospermy, self-
fertility, and self-compatibility) will have higher
performance in island habitats, and (2) pollinator ser-
vice will be higher in mainland habitats, which in
turn will lead to (3) higher biparental reproductive

mode (outcrossing and hybridization) performance in
mainland habitats.

MATERIAL AND METHODS

FOCAL SPECIES AND STUDY SITES

The Carpobrotus (Aizoaceae) species studied are
robust, trailing succulents, which can form mats up to
10 m in diameter and 40 cm deep (D’Antonio &
Mabhall, 1991). The flowers are large (50-120 cm in
diameter), actinomorphic and hermaphroditic, and
can produce hundreds of seeds per flower (Blake, 1969;
Wisura & Glen, 1993). C. edulis (L.) N. E. Br. is the
only member of its genus to have distinctly yellow
flowers (Blake, 1969; Wisura & Glen, 1993), while
C. aff. acinaciformis typically has magenta flowers.
Pollinators include Bombus terrestris, Halictus sp. and
Anthidium sp. (C. Suehs, unpubl. data).

The Carpobrotus populations studied occur on
Bagaud island and the adjacent mainland on the
Provencal coast of France, as presented in Figure 1.
The island, with a surface area of 45 ha and a maxi-
mum altitude of 59 m, is 7.5 km from the adjacent
mainland and 500 m from the nearest island (Port
Cros) within the French National Park of Port Cros.
Population Caa-I (C. aff. acinaciformis — Island) con-
sists of a 1500-m? mat of C. aff. acinaciformis spread-
ing over the low coastal matorral on the eastern side of
the Bagaud island. Population Ce-I (C. edulis — Island)
corresponds to a 2020-m? population of C. edulis on the
western side of the same island. Populations Caa-M
(400 m?; C. aff. acinaciformis — Mainland) and Ce-M
(1000 m?; C. edulis — Mainland) are dispersed on the
thin littoral belt of the French mainland near the local-
ity of Brégancon. Both island and mainland sites are
characterized by a mediterranean climate, silicious
bedrock and a typical mediterranean coastal matorral
formation. In addition, Bagaud island only recently
separated from the mainland (8500-9000 years BP
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Figure 1. Locations on the south-east coast of France of
Carpobrotus aff. acinaciformis (Caa-I and Caa-M) and
C. edulis (Ce-1 and Ce-M) populations studied.
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Sartoretto, Verlaque & Laborel, 1996), resulting in
highly similar native communities and abiotic factors
between insular and mainland communities.

CONTROLLED POLLINATION EXPERIMENTS
AND SEED PRODUCTION

In April 1999 and 2000, flower buds were manipulated
in order to evaluate seed production as follows: (1) aga-
mospermy [stamen and style removal, plus veiling
(0.5 x 0.5 nylon mesh)], (2) spontaneous selfing (veiling
only), (3) manual selfing (hand self-pollination plus
veiling), (4) manual outcrossing (hand, intraspecific
cross-pollination plus veiling), (5) manual hybridiza-
tion (hand, interspecific cross-pollination plus veiling),
and (6) free pollination (the flower bud was marked,
but was otherwise left unmanipulated). The compact
nature of buds necessitated petal removal, but previ-
ous experiments have demonstrated no negative effect
as a result of this manipulation (Suehs et al., 2004Db).
Hand pollinations were performed using cotton swabs
on fully receptive stigmas on two consecutive days.
Pollen donors separated from pollen receivers by as
great a distance as possible (minimum 7-10 m) were
selected. In total, the six controlled pollination exper-
iments were performed on 38, 32, 25 and 30 individu-
als for populations Caa-I, Ce-I, Caa-M and Ce-M,
respectively. Individual plants were known to be genet-
ically different due to a previous isozyme study (Suehs,
Affre & Médail, 2004a) or belonged to spatially and
visually separate, non-overlapping clones separated by
a minimum of 5 m. All six pollination treatments were
applied in a random fashion on each individual so that
no phenological difference among the flowers of one
individual could be confused with experimental effects.
Fruits were collected at the end of each season (June to
July), and total seed production mass (mg) was quan-
tified and seed counts per fruit were estimated using
the weight of 100 hand counted seeds from each fruit.
The mean seed mass (the average mass of one seed per
fruit, mg) was then calculated by taking the mass of
100 seeds, or the total number of seeds if there were
less than 100, and dividing by the number of seeds;
this later served for calculation of relative performance
indices (see below).

In order to evaluate taxon, pollination treatment,
and island-mainland differences at the seed produc-
tion level, seed counts were analysed as recommended
by Manly (1997) using two-group, distribution free
randomization tests due to distributions that were
naturally non-normal (counts) and whose large
amounts of ties in the small-integer range resulted in
zero-skewed data, non-normality, heteroscedascity
and non-transformability. Significance was assessed
by comparing the mean seed count difference observed
between two groups with the one-tailed distribution

generated from 5000 random samplings without
replacement of those two groups, with Bonferroni
adjustment (Manly, 1997). C. aff. acinaciformis seed
count means were compared with those of C.edulis
within each pollination treatment, and island vs.
mainland seed count means were compared within
each taxon and pollination treatment. Pollination
treatment performance, within taxa but both across
and within sites, was evaluated using analogous tests
comparing manual outcrossing with each of the
remaining treatments since manual outcrossing was
assumed to maximize the quantity of progeny.

SEED GERMINATION AND SEEDLING SIZE PARAMETERS

Manual selfing, manual outcrossing and manual
hybridization progeny were chosen for continued
study by germination experiments because this
allowed subsequent determination of relative perfor-
mance indices (see biparental or mixed indices, below).
Thirty seeds were selected from each fruit resulting
from each pollination experiment for both taxa and
locations. If a fruit contained less than 30 seeds (only
nine of the 293 available fruits), all seeds were
selected. Each lot of seeds was scarified and was
allowed to germinate in Petri dishes prepared with a
30-g layer of Fontainebleau sand at room temperature
(18-20 °C). Benlate solution (1 g/L) was added to each
Petri dish to prevent fungal infection, and sand was
kept moist with demineralized water on a daily basis.
Petri dishes were arranged randomly to reduce posi-
tion and edge effects. The number of germinations
(determined when both cotyledons were distinguish-
able) in each Petri dish was counted every 2—-3 days for
1 month, and every 4 days for an additional 17 days.
After a total of 47 days, final cumulative per cent ger-
minations were assessed to estimate seed viability,
and ten germinations were removed from each Petri
dish in order to measure cotyledon width, the length of
cotyledon spread, and stem length using callipers pre-
cise to 0.1 mm. Cotyledon surface area (mm?) was
estimated as 0.5 X cotyledon width (mm) x cotyledon
spread (mm).

Three way ANOVARs (ANOVA with repeated mea-
sures) were used to test for taxon, insularity and treat-
ment effects for cumulative germination percentages
and also for germination speeds (A percentage germi-
nation/A days) occurring throughout the duration of
the study. Because of a lack of sphericity, Greenhouse—
Geiser corrections on significance values were used
(Stevens, 1992). Post-hoc Scheffé tests were used to
pinpoint differences between groups within days.

A three-way MANOVA was used to test for taxon,
insularity and treatment effects on cotyledon surface
areas (mm?) and stem lengths (mm) of seedlings.
Cotyledon surface area was square-root transformed
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to eliminate heteroscedasticity during analysis (Sokal
& Rohlf, 1995). Post-hoc Scheffé tests were used to
detect overall differences between treatments,
between taxa for each treatment and between treat-
ments within each taxa, as well as location differences
within each taxon-treatment group. Statistica 6.0
(StatSoft, 2001) was used to perform ANOVARsS,
MANOVAs and posthoc Scheffé tests.

INDICES DESCRIBING UNIPARENTAL
REPRODUCTIVE MODES

Reproductive mode indices were used to describe the
ability of an individual to perform in a given mode rel-
ative to a standard, which maximizes theoretical
performance. They therefore characterized an
individual’s capacity in a given reproductive mode,
incorporating maternal effects.

Relative agamospermic capacities (AC) were esti-
mated using the following equation: AC = a/(a + R,.4.),
where a represents the seed count in agamospermy,
and R, represents the highest seed count chosen
from among all other pollination treatments per-
formed. When AC =0, no agamospermic capacity was
detected. When 0 < AC < 0.5, agamospermic capacity
was detected, but it was weak and did not maximize
seed production. When 0.5 < AC < 1, preferential aga-
mospermic capacity was detected.

We calculated a self-fertility index (SF) for each
individual as SS/(SS + MO), where SS is the seed set
of spontaneously selfed fruits, and MO that of manu-
ally outcrossed fruits. In a similar fashion, we
calculated a self-compatibility index (SC) as MS/
(MS + MO), where MS is the seed set of manually
selfed fruits (Lloyd & Schoen, 1992). Sterile indivi-
duals, where numerators and denominators both
equalled zero, were scored as zero (self-infertile/
self-incompatible). Index values under 0.5 indicated
partial self-fertility or self-compatibility, 0.5 was the
value obtained for equal performances in selfing and
outcrossing, and thus complete self-fertility or self-
compatibility, and values above 0.5 indicated prefer-
entially self-fertile or self-compatible individuals.

INDICES DESCRIBING POLLINATOR SERVICE AND
BIPARENTAL REPRODUCTIVE MODES

In order to quantify to what extent in situ pollination
maximizes seed production, a pollinator service index
(PS) was created for each individual. When free polli-
nation seed counts were less than that for spontane-
ous selfing, PS=0 and no evidence of pollinator
service was detected. Otherwise, PS was equal to
(f — 8)/(f + Rmax — 28), where f represents the seed count
resulting from free pollination, s the seed count result-
ing from spontaneous selfing, and R.,., the largest seed

count from amongst spontaneous selfing, manual self-
ing, manual outcrossing and manual hybridization
experiments. When 0 < PS < 0.5, evidence of pollinator
service was present, but this service did not maximize
seed counts. When 0.5 < PS < 1, evidence of pollinator
service was detected and this service was considered
as ‘efficient’, or as maximizing seed counts.

Inbreeding (RP;) and hybridization (RPp) indices
are based on the relative performances of manual self-
ing and manual hybridization compared with that of
manual outcrossing, where performance is multiplica-
tive across life-history stages (Agren & Schemske,
1993). For an individual within a pollination treat-
ment, performance was thus calculated by multiplying
seed count, seed mass (mg), % seed viability, cotyledon
width (mm), cotyledon length (mm) and stem length
(mm). The inbreeding index was then calculated as
RP;=(W,-W)/W,..., where W, is the performance in
manual outcrossing, W, the performance in manual
selfing, and W, the larger of W, and W,. Similarly,
the hybridization index was calculated as RPy = (W), —
W,)/W,..., where W, is the performance in manual
hybridization, and W, the larger of W, and W,. Pos-
itive values for these two indices indicated inbreeding
or outbreeding depressions corresponding to outbreed-
ing or hybridization vigours, and negative values
indicated outbreeding or hybridization depressions,
respectively.

Index means were first tested against relevant
thresholds in order to determine overall reproductive
capacities, and then compared between taxa and
between island and mainland sites within taxa. Due
to large amounts of ties resulting in non-normality,
heteroscedascity and non-transformability, this was
accomplished using distribution free randomization
tests as recommended by Manly (1997). Overall repro-
ductive capacities were determined by comparing
index means to their nearest 0.5 increment threshold
using two-tailed, 5000 repeat, Fisher’s randomization
tests (Manly, 1997), both over and within each location
for each taxon. Two-group randomization tests identi-
cal to those used at the seed count level were then
chosen to compare index mean differences between
Carpobrotus taxa, and between sites within Carpobro-
tus taxa.

RESULTS

SEED COUNTS

Seed count distributions are presented in Figure 2.
Seed counts for C.edulis were significantly higher
than were those of C. aff. acinaciformis at the
P <0.001 level for all controlled pollination experi-
ments with the exception of agamospermy. Among
pollination treatment comparisons, agamospermy
resulted in significantly smaller seed counts than did
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Figure 2. Means, standard deviations, minima and maxima for seed counts per fruit resulting from controlled pollination
experiments on Carpobrotus aff. acinaciformis and C. edulis on Bagaud island (white) and the mainland (black). The
sample size per experiment is given below each box. AG, agamospermy; SS, spontaneous selfing; MS, manual selfing; FP,
free pollination; MO, manual outcrossing; MH, manual hybridization.

manual outcrossing (C. aff. acinaciformis agamo-
spermy vs. outcrossing: P <0.01; C.edulis agamo-
spermy vs. outcrossing: P <0.001). C.edulis
performed equally well in the remaining experiments.
C. aff. acinaciformis, however, maximized seed counts
in hybridization (hybridization vs. outcrossing:
P < 0.01). Significantly smaller seed counts in agamo-
spermy compared with manual outcrossing also per-
sisted within populations for C. edulis on both Bagaud
island (agamospermy vs. outcrossing: P < 0.001) and
the mainland (agamospermy vs. outcrossing:
P <0.001), and for C. aff. acinaciformis on the main-
land (agamospermy vs. outcrossing: P < 0.01). The
capacity of C. aff. acinaciformis to maximize seed
counts through hybridization existed at the within
population level only for the Bagaud island population
(hybridization vs. outcrossing: P < 0.001). No signifi-
cant differences were found when comparing Bagaud
island and mainland seed count means.

CUMULATIVE GERMINATION PERCENTAGES AND SPEED

Cumulative germination percentages and germination
speeds are presented in Figures 3 and 4, respectively.
A three-way ANOVAR revealed only a significant day

effect (P < 0.001), and a significant day—taxon interac-
tion (P <0.01) for cumulative germination percent-
ages, indicating that site location and treatment did
not affect this life-history stage (Table 1). Post-hoc
Scheffé tests indicated that the day—taxon interaction
resulted in significantly higher (P < 0.05) cumulative
germination percentages for C.edulis as compared
with C. aff. acinaciformis for days 6-28.

For germination speeds, a three-way ANOVAR
detected a significant day effect (P < 0.001) and day—
taxon (P < 0.001), day—location (P <0.01) and day—
taxon—location interactions (P < 0.001; Table 2). No
treatment effects were found at this life-history stage.
Post-hoc Scheffé tests between the four taxon—location
groups within each day (Table 3) suggested a complex
pattern dominated by higher germination speeds for
C. edulis on Bagaud island during the first 14 days of
the germination trial, and higher germination speeds
for C. aff. acinaciformis on the continent and then
switching to Bagaud island between 18 and 30 days.

SEEDLING SIZE

Means and standard deviations for cotyledon sur-
face areas and stem lengths are presented in
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Figure 3. Per cent cumulative germinations for Carpobrotus aff. acinaciformis (white) and C. edulis (black) from Bagaud
island (solid lines) and the mainland (dotted lines) and issuing from manual selfing (triangles), manual outcrossing (circles)

and manual hybridization (squares).
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Figure 4. Germination speeds (A percentage germination/A days) for Carpobrotus aff. acinaciformis (white) and C. edulis
(black) on both Bagaud island (solid lines) and the mainland (dotted lines) and issuing from manual selfing (triangles),
manual outcrossing (circles) and manual hybridization (squares).

Figure 5. A three-way MANOVA detected signifi-
cant taxon (F'=8.51, d.f.=2, P<0.001), insularity
(F=113.98, d.f.=2, P<0.001) and treatment effects
(F=13.10, d.f.=4, P<0.001), as well as taxon by
location (F=4.45, d.f.=2, P<0.05), taxon by treat-
ment (F'=5.08, d.f.=4, P<0.001) and treatment by
location (F'=9.57, df. =4, P<0.001) interactions
(Table 4). Post-hoc Scheffé tests detected that, in
general, only cotyledon area (P <0.001) was signifi-
cantly different between the two taxa. However, this
difference was most likely due to the number of indi-
viduals within each treatment as no significant dif-
ferences were detected between the two taxa within
treatments. Overall manual hybridization cotyledon

surface areas were significantly larger than were
those of manual outcrossing and manual selfing at
the P <0.001 level, and all three treatments were
significantly different for stem lengths at the
P <0.05 level (manual selfing < manual outcrossing
<manual hybridization). Within each taxon, this
pattern persisted at the P <0.05 level with the
exception that no significant differences were found
for manual selfing vs. manual outcrossing, nor for
C. aff. acinaciformis manual selfing vs. manual
hybridization. When comparing sites, island values
were significantly larger than were mainland values
for all manual outcrossing comparisons, with the
exception of C. aff. acinaciformis stem lengths, and
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Table 1. Repeated analysis of variance results for per cent cumulative germinations for Carpobrotus aff. acinaciformis
and C. edulis issued from insular and mainland sites and three reproductive mode treatments, with Greenhouse—Geiser

significance values (Pg¢) corrected for a lack of sphericity

Source d.f. SS MS F P< Pge <
Days 15 320965 21398 304.19 0.001 0.001
Days x taxon 15 6218 415 5.89 0.001 0.004
Days X location 15 990 66 0.94 0.520 0.381
Days x treatment 30 1014 34 0.48 0.993 0.726
Days x taxon X location 15 3025 202 2.87 0.002 0.065
Days x taxon X treatment 30 3013 100 1.43 0.062 0.229
Days x location x treatment 30 1983 66 0.94 0.560 0.432
Days x taxon x location x treatment 30 1263 42 0.60 0.959 0.642
Error 4215 296491 70

SS, sum of squares; MS, mean squares.

Table 2. Repeated analysis of variance results for germination speeds for Carpobrotus aff. acinaciformis and C. edulis
issued from insular and mainland sites and three reproductive mode treatments, with Greenhouse—Geiser significance

values (Pgg) corrected for a lack of sphericity

Source d.f. SS MS F P< Peoe <
Days 15 961.05 64.07 24.91 0.001 0.001
Days x taxon 15 327.33 21.82 8.48 0.001 0.001
Days x location 15 119.33 7.96 3.09 0.001 0.002
Days x treatment 30 59.79 1.99 0.77 0.804 0.714
Days x taxon x location 15 192.90 12.86 5.00 0.001 0.001
Days x taxon x treatment 30 76.23 2.54 0.99 0.485 0.467
Days x location x treatment 30 102.33 3.41 1.33 0.110 0.173
Days x taxon x location x treatment 30 111.62 3.72 1.45 0.052 0.112
Error 4215 10841.72 2.57

SS, sum of squares; MS, mean squares.

all manual hybridization comparisons at the P < 0.05
level.

UNIPARENTAL REPRODUCTIVE MODES

Reproductive index distributions are presented in
Figure 6. C. edulis had significantly higher agamo-
spermic capacity (P < 0.001), self-fertility (P < 0.001)
and self-compatibility (P <0.001) compared with
C. aff. acinaciformis. Fisher’s randomization tests
(Table 5) detected the presence of weak agamospermic
capacities across sites for C. aff. acinaciformis, though
this effect disappeared at the within-location level
due to the corresponding drop in observation
numbers. Both across and within locations,
C. aff. acinaciformis was also partially self-fertile and
self-compatible while C.edulis was weakly agamo-
spermic, completely self-fertile and self-compatible.
The relative levels of these uniparental capacities
were significantly higher on the mainland than they

were on Bagaud island at the P <0.05 level for
C. edulis agamospermy and C. aff. acinaciformis self-
fertility and self-compatibility.

POLLINATOR SERVICE AND BIPARENTAL
REPRODUCTIVE MODES

Comparing indices between the two taxa, the only
differences found were that C. aff. acinaciformis had
significantly higher outbreeding (P < 0.05) and hybrid-
ization (P <0.01) vigours compared with C.edulis.
Fisher’s randomization tests (Table 5) detected signif-
icant pollinator service for both taxa across and within
locations, though this service did not maximize seed
counts. Mean differences between island and main-
land pollinator services were also not significant.
Inbreeding indices indicated outbreeding vigour for
C. aff. acinaciformis, and neither vigour nor depres-
sion for C. edulis both across and within locations. In
contrast, island—mainland differences were apparent
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Table 3. Post-hoc Scheffé test probability values on germi-
nation speeds within days and between four taxon-location
groups

Caa-1 Caa-M Ce-1 Caa-l1 Caa-1 Caa-M
vSs. vs. vs. vs. vs. vS.
Ce-1 Ce-1 Ce-M Ce-M Caa-M Ce-M

Day 6 0.001 0.001 0.001 NS NS NS
Day8 NS NS NS NS NS NS
Day 10 0.001 0.05 NS NS NS NS
Day 12 0.001 0.05 0.001 NS NS NS
Day 14 0.05 NS NS NS NS NS
Day 16 NS NS NS NS NS NS
Day18 NS 005 NS NS NS NS
Day2l 001 005 NS NS NS NS
Day 23 0.01 NS NS NS NS NS
Day 25 0.001 NS NS 001 NS NS
Day 28 0.01 NS NS 0001 001 NS
Day 30 0.001 NS NS NS NS NS
Day34 NS 005 001 NS NS NS
Day38 NS NS 005 NS NS NS
Day42 NS NS 005 NS NS NS
Day47 NS 005 NS NS 005 005

Caa-1 = Carpobrotus aff. acinaciformis on Bagaud island;
Ce-1=_C. edulis on Bagaud island; Caa-M = C. aff. acinaci-
formis on the mainland; Ce-M = C. edulis on the mainland.
NS, not significant.

for hybridization indices for both taxa, with hybrid
vigour being found in island populations. This
insular hybrid vigour was strong enough in
C. aff. acinaciformis to induce an across-sites hybrid
vigour, which was not the case for C. edulis. The only
significant difference found between insular and
mainland biparental reproductive mode means was
that C. aff. acinaciformis had a higher hybrid vigour
mean (P < 0.001) on Bagaud island than it did on the
adjacent mainland.

DISCUSSION

The plant reproductive characters of the Carpobrotus
taxa studied are consistent with previous work (Vila
et al., 1998; Suehs et al., 2001, 2004b). The overall
greater seed production capacities and greater uni-
parental capacities of C.edulis compared with
C. aff. acinaciformis help to explain its larger distribu-
tion in south-east France (Suehs et al., 2001). As
regards the effects of insularity on plant reproductive
characters, one must first keep in mind the very
important factor that, aside from using two different
taxa, our experiment was pseudoreplicated, and there-
fore subject to interference from common maternal
effects. In addition, the weak agamospermic capacities

Table 4. Multiple analysis of variance results for cotyle-
don areas and stem lengths of Carpobrotus aff. acinacifor-
mis and C.edulis seedlings issued from insular and
mainland sites and three reproductive mode treatments,
with cotyledon areas square-root transformed before
analysis

Source d.f. F P<

Taxon 2 8.512 0.001
Location 2 113.984 0.001
Treatment 4 13.101 0.001
Taxon x location 2 4.450 0.013
Taxon x treatment 4 5.083 0.001
Location x treatment 4 9.566 0.001
Taxon X location X treatment 4 1.703 0.148

Error 229

(Fig. 6) detected may participate in the seed produc-
tion of other reproductive modes. Keeping these
caveats in mind, we found varying results among the
life-history stages studied (indicating the importance
of investigating as many stages as possible), which
nevertheless suggested certain insularity patterns. No
island-mainland differences were detected at the raw
seed production or cumulative seed germination (seed
viability) levels. However, at the germination speed
level, complex taxon—insularity interactions (Fig. 4)
indicate a potential role played by insularity, though a
clear-cut conclusion remains elusive. The seedling-size
stages and reproductive indices, which take into
account the relative performance among reproductive
modes, provide the most insight into the potential
effects of insularity on plant reproductive systems.

THE IMPORTANCE OF POLLINATORS IN PREDICTING
INVASIVE PLANT MATING SYSTEMS

We hypothesized that pollinator services for invasive
species will be greater in mainland habitats than they
are on islands. Contrary to this prediction, though we
did detect significant pollination service in all popula-
tions, we did not detect significant differences due to
insularity. Previous studies using fluorescent powders
have also contradicted this prediction by demon-
strating significantly smaller pollen dispersal dis-
tances for C. edulis and a paucity of pollinator visits
for C. aff. acinaciformis on the mainland vs. Bagaud
island (Suehs, Médail & Affre, 2003). The presence of
a pollinator vector substantially alters the predictions
that can be made about the reproductive characters of
the ‘ideal’ invasive or island plant. Both the coloniza-
tion and naturalization/adaptation stages of the inva-
sion process are likely to be affected by the availability
of pollinator services. We should expect an overall
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Table 5. Results for Fisher’s randomization tests comparing in Carpobrotus aff. acinaciformis and C. edulis mean repro-
ductive indices to their nearest 0.5 increment threshold, which defines reproductive categories

C. aff. acinaciformis C. edulis
Across locations Island Mainland Across locations  Island Mainland

Agamospermic capacity

Mean + SD  0.01£0.04 0.01+£0.02 0.02+0.06 0.09 £0.12 0.06 £0.09 0.12£0.13

P< 0.01 NS NS 0.001 0.001 0.001

Category Weak None None Weak Weak Weak
Self-fertility

Mean + SD  0.21+0.34 0.14+£0.31 0.31+0.37 0.48 £0.19 0.51+0.13 0.46 £0.24

P< 0.001 0.01 0.01 NS NS NS

Category Partial Partial Partial Complete Complete Complete
Self-compatibility

Mean + SD  0.19+0.31 0.11+£0.28 0.28+0.32 0.50 £0.19 0.54 £0.12 0.47 £0.23

P< 0.001 0.01 0.001 NS NS NS

Category Partial Partial Partial Complete Complete Complete
Pollinator service

Mean + SD  0.22+0.25 0.18£0.19 0.26+0.31 0.28 £0.27 0.28 £0.28 0.29 £0.25

P< 0.001 0.001 0.001 0.001 0.001 0.001

Category Present Present Present Present Present Present
Outcrossing

Mean + SD  0.31£0.09 0.23+£0.10 0.39+0.15 0.01 £0.09 -0.02+0.10 0.04 £0.14

P< 0.01 0.001 NS NS NS NS

Category Vigour Vigour Vigour No preference No preference  No preference
Hybridization

Mean + SD  0.38 £0.09 0.83+£0.10 -0.07+0.13 0.14 £0.09 0.21£0.10 0.08 £0.15

P< NS 0.001 NS NS 0.05 NS

Category Vigour Vigour No preference  No preference Vigour No preference

NS, not significant.

negative correlation between the degree of pollinator
service and invasive-plant dependence on uniparental
reproductive modes, regardless of the invasion stage
being studied. Conversely, we expect highly outcross-
ing invasive plants to demonstrate a positive relation-
ship between the degree of pollinator service and fruit/
seed set (e.g. Parker & Haubensak, 2002; Stout et al.,
2002). Indeed, simulations by Parker (1997) suggested
potentially large effects of increasing pollinator visi-
tation in rapidly expanding populations of highly out-
crossing invaders.

Restricted pollinator guilds, and a corresponding
high dependence on uniparental reproductive modes,
are most likely to occur on rather isolated islands
(Barrett, 1998), such as the Galapagos (McMullen,
1993b; McMullen, 1994) or the Izu islands off the coast
of Japan (Inoue & Amano, 1986). Otherwise, many
areas, including offshore islands such as that studied,
may have a generalist guild readily adaptable to the
flowers of incoming colonists (Valentine, 1978; Rich-
ardson et al., 2000), though this guild may be limited
in diversity according to insularity, habitat fragmen-

tation or other factors. For example, British aliens are
more likely than not to be pollinated by insects (Craw-
ley, Harey & Purvis, 1996). Native bumble bees were
important pollinators of invasive Cytisus scoparius
and Genista monspessulana populations in California
(Parker et al., 2002). Impatiens glandulifera is
another good example of a highly invasive species that
has had no problem in attracting native pollinators in
its adventive range (Valentine, 1978; Thompson,
Hodgson & Rich, 1995; Chittka & Schiirkens, 2001).
Such is also likely the case for the island habitat stud-
ied, which is only 7.5 km from the mainland (Fig. 1)
and where a generalist pollinator guild servicing Car-
pobrotus is represented by Bombus terrestris, Apis
mellifera and Halictus sp. (C. M. Suehs, unpubl. data).
In addition, though such insular guilds may lack
diversity, the abundance of certain species, such as
B. terrestris on Bagaud island (C. M. Suehs, unpubl.
data), could ensure pollinator services.

The ubiquity of generalist pollinator guilds has led
to the conclusion that pollinator mutualisms are
widely available to invasive plants (Valentine, 1978;
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Figure 5. Cotyledon area (mm?) and stem length (mm) means for Carpobrotus aff. acinaciformis and C. edulis seedlings
resulting from manual selfing (MS), manual outcrossing (MO) and manual hybridization (MH) experiments on Bagaud
island (white) and the mainland (black). The sample size per experiment is given below each set of boxes. Bars indicate

standard deviations.

Richardson et al., 2000) and perhaps generally do not
restrict modern invasions. However, one should note
that though we detected significant pollinator service,
this service was not maximizing seed counts, and
therefore Carpobrotus seed production in the study
area seems to be pollinator limited. Pollinator limita-
tion can be expected for invasive species because their
recent introduction may not have allowed enough time
for mutualisms to develop with the entire available
pollinator guild. Pollinator limitation has also been
found for invasive Cytisus scoparius and Genista mon-
spessulana populations along the Pacific coast of the
United States (Parker, 1997; Parker & Haubensak,
2002), as well as Lupinus arboreus in Tasmania (Stout
et al., 2002). This stresses the importance played by
pollinator services in the invasion process, which
should not be ignored. At what point a limitation in
pollinator service restricts the expansion of outcross-
ing plant populations merits further investigation.

THE LACK OF ASSOCIATION BETWEEN UNTPARENTAL
REPRODUCTIVE MODES AND INSULARITY

Uniparental reproductive modes were hypothesized to
strongly characterize exotic plant taxa invading island

habitats. However, our results do not support this pre-
diction. Though raw seed count performance for
C. aff. acinaciformis agamospermy on Bagaud island
was not significantly different from manual outcross-
ing (the reproductive mode theoretically maximizing
progeny number and quality), and may therefore be
interpreted as a strong indicator of agamospermic
capacity in this island population, this result was due
to distributions highly skewed towards zero for both of
these experiments (Fig. 2). Otherwise, the only differ-
ences found between island and mainland populations
regarding uniparentality were found among the rela-
tive reproductive mode indices. Weaker uniparental
capacities, when they were found, were associated
with Bagaud island and not with the adjacent main-
land (see C.edulis agamospermic capacities, and
C. aff. acinaciformis self-fertility and self-compati-
bility; Fig. 6). This lack of reproductive assurance via
seed production may be compensated for in island
habitats by clonality. Aggressive vegetative reproduc-
tion is often reported for introgressed or hybridized
plants (Vila, Weber & D’Antonio, 2000), as is the case
for C. aff. acinaciformis. Indeed, we have previously
shown that C. aff. acinaciformis relies more on clon-
ality than it does on sexual reproduction (Suehs et al.,
2004a). Clonality has also been observed in C. edulis
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hybridization.

(Suehs et al., 2003, 2004a), and though vegetative
growth is non-significantly different between insular
and mainland matorral habitats similar to those stud-
ied (Suehs et al., 2003), its existence may compensate
for diminished self-fertility and self-compatibility
within populations. In addition, self-infertility and
self-incompatibility may be associated with meiotic
perturbations found within the insular populations
(both C. aff. acinaciformis and C. edulis) studied (K.
Diadema, unpubl. data) due to the putative hybrid
origin of these populations (Suehs et al., 2004a). Fur-
ther studies describing resource allocation to vegeta-
tive and sexual modes of reproduction in insular and
mainland habitats, as well as in relation to intro-
gression, are needed to evaluate the role that clonality
and hybridization may play in the uniparental seed
production patterns found in the populations studied.

Lack of evidence supporting the active selection of
uniparental modes in island habitats may be due to a
corresponding lack of conditions, such as small initial
population sizes, which render such modes necessary
for population survival. In fact, previous studies dem-
onstrating (1) higher than average clonal and genetic
variability for both the island populations studied here

(Suehs et al., 2001, 2004a) and for C. edulis popula-
tions in California (Gallagher, Schierenbeck & D’Anto-
nio, 1997), as well as (2) the fact that we found high
outcrossing vigour (inbreeding depression) for
C. aff. acinaciformis in this study, suggest that small
initial population size or bottlenecking is not associ-
ated with these invasions. Evidence that sufficiently
large initial population sizes may avoid selection for
uniparentality has also been found for oceanic island
floras, with the association between grouped seed dis-
persal via bird ingestion, fleshy fruits and floral dimor-
phism having been used to explain the high incidence
of dioecy on Hawaii (Sakai et al., 1995a). In addition,
large initial populations are likely to arise frequently
in invasions because they are often vehiculed by man
in large numbers and/or with multiple introductions
(Noble, 1989). The resulting high propagule pressure
may provide a sufficient number of individuals at the
onset of invasion so as to provide ample opportunities
for outcrossing, and no need for uniparental modes for
population survival and expansion.

A third explanation for the weaker uniparental
capacities associated with island habitats in this
study is that once the colonization stage of the inva-
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sion process has been surpassed, either naturally or
by human intervention, the mating system of the spe-
cies in question may respond to requirements other
than reproductive assurance. The need for genetic
recombination providing the variation necessary for
the adaptive evolution thought to be important to
invasive or weedy species (Baker, 1986; Bazzaz, 1986;
Brown & Burdon, 1987; Roy, 1990; Pantone, Pavlik &
Kelley, 1995; Ellstrand & Schierenbeck, 2000; Sakai
et al., 2001) may quickly outweigh the advantages of
uniparentality. Evidence that a lack of uniparentality
is not limiting in island habitats is provided by Sakai
et al. (1995b), who demonstrated that dioecy has not
been a severely limiting factor in dispersal and colo-
nization of the Hawaiian Islands. The example of a
sexual species of Cortaderia in California being more
expansive and invading a greater diversity of habitats
compared with a similar, apomictic congener supports
this idea (Lambrinos, 2001). The situation of Califor-
nian Carpobrotus congeners is also exemplary, with
invasive taxa (C. edulis and hybrids) having greater
genetic variability compared with a putative, nonex-
pansive native taxa (Gallagher et al., 1997).

POSSIBLE INTERACTIONS BETWEEN INSULARITY
AND BIPARENTALITY

Our results also refute our third proposed hypothesis
that outcrossing and hybridization should be rela-
tively highly represented in mainland invasions com-
pared with adjacent islands. We found significantly
higher performances in the island habitat studied for
outcrossed and hybridized seedling sizes (Fig. 5) and
the presence of significant hybrid vigour only in island
populations (Table 5), regardless of taxon. The signif-
icantly high seed counts in hybridization compared
with outcrossing for C. aff. acinaciformis on Bagaud
island (Fig. 2), as well as the highly significant differ-
ences between its hybridization indices on island and
mainland populations (Fig. 6), reinforce this last
trend. The higher than average clonal and genetic
diversities found for the Bagaud island populations, as
well as the introgression detected for C. aff. acinaci-
formis (Suehs et al., 2004a), concord with in situ out-
crossing and hybridization. While these results may
be related to the hybridization histories of the popu-
lations involved (Suehs et al., 2003), this outbreeding
tendency agrees with studies documenting a high fre-
quency of dioecy on oceanic islands, though a substan-
tial part of this trend may be linked to an avian
dispersal mechanism at colonization (Sakai et al.,
1995a), and also the observation that hybridization
frequently occurs on islands (Barrett, 1996; Francisco-
Ortega et al., 2000; Crawford et al., 2001).

High degrees of outcrossing, and especially hybrid-
ization, can exacerbate the invasion process through

the generation of advantageous genotypes/genetic
novelty (Ellstrand & Schierenbeck, 2000). In addition,
backcrossing and introgression subsequent to hybrid-
ization can contribute to adaptive evolution within
populations (Rieseberg & Carney, 1998), and thus to
increased invasion (Ellstrand & Schierenbeck, 2000).
A similar process has already been exemplified in Cal-
ifornia where hybrids contribute to the successful
invasion of Carpobrotus due to the formation of addi-
tional spreading genotypes (Vila & D’Antonio, 1998;
Weber et al., 1998). We have previously demonstrated
that such introgression is also occurring within
Bagaud island Carpobrotus populations (Suehs et al.,
2004a). This study now reinforces this trend, as dem-
onstrated by the high seedling sizes and frequent
hybrid vigours resulting from our controlled pollina-
tion experiments (Figs 5, 6). This may be especially
true in island habitats, given that the largest seedling
sizes were found for hybrid issue in insular habitats
(Fig. 5) and hybrid vigour was detected in island pop-
ulations for both taxa (Table 5), and significantly so
for C. aff. acinaciformis. This latter taxon also maxi-
mized its island seed production when manually
hybridized, or when left in free pollination (Fig. 2). In
contrast, its island seed production was quite poor in
all uniparental modes and even in manual outcross-
ing, suggesting that in situ seed production results
primarily from hybridization. As evolution/adaptation
is thought to occur rapidly on islands compared with
adjacent continents (Berry, 1983; Barrett, 1985, 1996),
the results of this study thus underline a potential role
of island invasions in accelerating the invasion pro-
cess should they prove to be associated with biparen-
tal reproductive modes. Island invasions may result in
highly variable and/or introgressed individuals on
which selection can act to form new invasive popula-
tions. The potential for change is of special concern
since contemporary evolution is increasingly thought
to be a factor behind the aggressiveness of certain
invasions (Garcia-Ramos & Rodriguez, 2002; Hanfling
& Kollman, 2002; Stockwell, Hendry & Kinnison,
2003).

CONCLUSIONS

In the context of plant invasions, we have outlined the
association of uniparental reproductive modes (aga-
mospermy, self-fertility and self-compatibility) with
insularity, and the association of pollinator services,
outcrossing and hybridization with mainland habitats
as common perceptions present in island and invasion
ecology. However, this study unexpectedly detected
ubiquitous pollination vectors and an association
between biparental reproductive modes and insular-
ity. These results may be complicated by maternal
effects sampled insufficiently due to pseudoreplica-
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tion, the potential participation of agamospermy in
other reproductive modes, and other parameters not
taken into account, such as clonality and the degree of
introgression present. Furthermore, though insularity
syndromes have been detected in the archipelago in
question (Médail & Vidal, 1998), its youth (c. 10 000
years BP Sartoretto et al., 1996) and the recent nature
of the invasion (c. 150 years BP) may influence the
strength of the insularity syndrome present. Variation
in invasive plant propagule pressure provided by man,
variation in pollinator service guilds with location,
and a possible need for increased genetic variability on
islands are also proposed as additional, possible expla-
nations for our results. These last factors may also
help explain the lack of overall predictive value for
invasiveness found in studies treating invasive plant
mating syndromes where the invasive range context is
unknown (e.g. Crawley et al., 1996; Williamson & Fit-
ter, 1996). Finally, the potential for island habitats to
accelerate adaptive evolution in invasive plant popu-
lations is also evoked. Should insularity affect the
gene flow and adaptation rates of invasive species on a
general basis, lag times before rapid expansion could
be diminished and invasive spread rates increased
due to the rapid development of highly invasive
populations.
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