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Abstract One major characteristic of invasive alien
species is their occurrence at high abundances in their new
habitat. Flowering invasive plant species that are visited by
native insects and overlap with native plant species in their
pollinators may facilitate or disrupt native flower visitation
and fertilisation by forming large, dense populations with
high numbers of flowers and copious rewards. We inves-
tigated the direction of such a proposed effect for the alien
invasive Rhododendron ponticum in Irish habitats. Flower
visitation, conspecific and alien pollen deposition, fruit and
seed set were measured in a self-compatible native focal
plant, Digitalis purpurea, and compared between field sites
that contained different relative abundances of R. ponti-
cum. Flower visitation was significantly lower at higher
alien relative plant abundances than at lower abundances or
in the absence of the alien. Native flowers experienced a
significant decrease in conspecific pollen deposition with
increasing alien abundance. Heterospecific pollen transfer
was very low in all field sites but increased significantly
with increasing relative R. ponticum abundance. However,
lower flower visitation and lower conspecific pollen
transfer did not alter reproductive success of D. purpurea.
Our study shows that indirect interactions between alien
and native plants for pollination can be modified by pop-
ulation characteristics (such as relative abundance) in a
similar way as interactions among native plant species. In
D. purpurea, only certain aspects of pollination and
reproduction were affected by high alien abundances which
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is probably a result of high resilience due to a self-com-
patible breeding system. Native species that are more
susceptible to pollen limitation are more likely to experi-
ence fitness disadvantages in habitats with high relative
alien plant abundances.
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visitation - Pollen deposition - Reproductive
output - Plant diversity

Introduction

Exotic plant species can be found in almost all continents
and biomes (Vitousek et al. 1997). Their impact is known
to be related to their distribution range and abundance
across that range (Parker et al. 1999). Some alien invasive
plants have the ability to change the characteristics of their
new habitats substantially at a large scale and transform
conditions for co-occurring native plants by, for example,
competition for physical resources and/or modification of
ecosystem processes (Richardson et al. 2000; Weiden-
hamer and Callaway 2010). As well as abiotic resources
such as water, nutrients, space and/or light which are cru-
cial for plant survival and reproduction, an important biotic
resource that many flowering plant species depend on are
pollinators for sexual reproduction (Palmer et al. 2003).
Thus, it is not surprising that pollination services have been
suggested to shape the relationship between native and
invasive alien flowering plant species (Traveset and Rich-
ardson 2006).

The impact of invasive aliens on native pollination
services can be of a direct or an indirect nature. If the alien
species uses the same flower visitors for pollen transfer as
native co-flowering plants, it might act as a direct
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competitor or facilitator (Lopezaraiza-Mikel et al. 2007,
Bartomeus et al. 2008b). Even if there is no overlap in
pollinator species or if the invasive plant species is polli-
nated by abiotic vectors, invasion by an alien can cause
displacement or replacement of native plants or a change in
their colonisation patterns (Parker et al. 1999; Yurkonis
and Meiners 2004) which might indirectly alter native
pollination processes. Since the absolute and relative
abundance of each plant species within a community
structures the complex network of mutualistic interactions
(Stang et al. 2006), it is not only the presence of an alien
invader but also its abundance which is likely to affect
pollination services of the co-occurring plant species
(Mufioz and Cavieres 2008). Few observational and
experimental studies have addressed the effect of abun-
dance on pollination and reproductive success in multi-
species assemblages. In native communities, indirect
interactions for pollination among plant species are sensi-
tive to morphological and physiological characteristics and
the relative abundance of each species (Rathcke 1983).
Individuals of more abundant species can either facilitate
pollinator visitation of heterospecific individuals via pol-
linator sharing (magnet species effect; Thomson 1978;
Moeller 2004), or they can monopolise flower constant
pollinators due to the relatively more abundant rewards
they offer (Chittka et al. 1997). Within the same species
assemblage, facilitation of pollinator visitation can even
shift to competition and vice versa as flower abundances of
the species change along a continuum (Ghazoul 2006). In
addition to this quantitative measure of pollinator visita-
tion, the quality of visitation, e.g. the amount of hetero-
specific pollen deposited and conspecific pollen deposition
and wastage, may also change according to the abundance
and density of the plant species (Feinsinger et al. 1986;
Caruso 2002; but see Waites and Agren 2004). Changes in
quantity and quality can translate into changes in repro-
ductive success (Feinsinger et al. 1991). Indeed, there have
also been examples where the presence or increased
abundance of a native plant species did not affect con-
specific pollen deposition or fitness of individuals of
another native co-flowering target species (Feinsinger et al.
1986; Feldman 2008).

Interactions between alien and native plant species can
be characterised in the same way as interactions among
native species. They have competitive, facilitative or neu-
tral effects on pollination and are also expected to respond
to species abundance (Brown et al. 2002; Ghazoul 2004;
Bjerknes et al. 2007; Morales and Traveset 2009). The
rapidity of range expansion which successful invaders
often exhibit in their new habitats can lead to high relative
abundances of the invasive species in comparison to native
species (Sakai et al. 2001). This might not only have
implications for native plant populations but also for
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pollinator communities (Bjerknes et al. 2007). Therefore,
invaded communities offer excellent opportunities to
investigate basic population processes like pollination
interactions (Sax et al. 2007). Understanding these pro-
cesses is essential if we want to assess and manage impacts
of alien invasions (Levine et al. 2003).

One of the most severe invaders in Britain and Ireland
that requires sustainable management is Rhododendron
ponticum L. (Ericaceae), an evergreen, perennial shrub that
has invaded Irish heaths, bogs and woodlands over the last
two centuries (Cross 1975). Its pink-purple, zygomorphic
flowers are held in large inflorescences of 9-21 flowers
which can form impressive floral displays; each flower
produces large volumes of sugar-rich nectar which attracts
a range of native flower visitors (Stout et al. 2006). In its
invaded habitat, R. ponticum co-flowers with a variety of
20 and more native plant species (Cross 1975). Depending
on the habitat and environmental conditions, R. ponticum
occurs as scattered single individuals but can also form
large clumps or pure stands (Cross 1975); among other
factors, such differences in relative plant abundance are
likely to characterise the impact an invasive alien species
has on its invaded community (Morales and Traveset
2009).

In this study, we investigated the role of relative
R. ponticum abundance on the pollination of a native target
species Digitalis purpurea. Our objectives were to deter-
mine the effect of relative R. ponticum abundance on the
number of insect visits to individual D. purpurea plants and
flowers, conspecific and heterospecific (alien) pollen
deposition on D. purpurea stigmata and seed set of
D. purpurea.

Materials and methods
Native study species

Digitalis purpurea L. (Scrophulariaceae) is a facultative
biennial herb that can be commonly found on earth banks
and in transitional woodland habitats around Ireland
(Fossitt 2000). Like R. ponticum, it produces pink-purple,
zygomorphic flowers which secrete copious nectar, but in
D. purpurea these are arranged in one or a few inflores-
cences per individual plant (Percival and Morgan 1965).
Although D. purpurea is a self-compatible plant species, it
is incapable of spontaneous autogamy and relies on biotic
vectors for pollen transfer (Nazir et al. 2008). In Ireland,
D. purpurea frequently co-occurs with R. ponticum, and
the two species overlap in flowering time (Percival and
Morgan 1965; Cross 1975) and are pollinated by the same
functional group of pollinators (bumblebees; Percival and
Morgan 1965; Stout 2007).
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Given that R. ponticum not only resembles D. purpurea
in phenology and pollinators but also in flower symmetry
and colour, the alien is likely to impact pollination of
D. purpurea, because phenotypic similarity between alien
and native plants has been found to affect the outcome of
alien—native plant interactions (Morales and Traveset
2009). Therefore, D. purpurea is a suitable native focal
species for studying effects of R. ponticum and relative
R. ponticum abundance on native pollination processes.

Study sites

Field observations were conducted during 2006 and 2007
at nine sites in the Wicklow Mountains area, Co. Wick-
low, Ireland, in similar habitats over a range of altitudes
(Table 1). We selected six invaded sites and three control
sites. Control sites did not contain any R. ponticum
individuals within a radius of at least 1 km. This distance
minimised the impact of R. ponticum growing nearby on
pollinator visitation to native plant species at these sites
because most pollinators forage at a range that is on
average smaller than this distance (Knight et al. 2005;
Wolf and Moritz 2008). Invaded sites with the native
target species D. purpurea were selected according to the
abundance of the alien R. ponticum (Table 1). Relative
abundance (% cover of plants) of R. ponticum was esti-
mated in two (in one case three) randomly placed
20 m x 20 m quadrats which were surveyed on the
ground and using aerial photographs. Since floral abun-
dance per m> R. ponticum shrub surface (measured by
counting the number of open flowers in four randomly
assigned 1 m x 1 m quadrats per invaded site) did not
differ between sites of different relative R. ponticum
abundance (ANOVA, Fy4 = 0.19; P = 0.69), alien plant
abundance is considered to be an estimate for alien flower
abundance.

In 2006, we also estimated native flowering species
cover and floral abundance by counting plant individuals,
number of inflorescences and number of open flowers as
well as estimating percentage cover of each species in ten
1 m x 1 m quadrats which were placed every 10 m along
a 100-m transect. Thereby, R. ponticum thickets were not
sampled. Vegetation data were used to obtain plant abun-
dance estimates for the native target species D. purpurea as
well as to calculate flower diversity indices for each site.

Insect visitation and nectar production

Both invaded and control field sites were visited once in
each of 2006 and 2007 during peak R. ponticum flowering
(June). Observations were conducted in fine weather con-
ditions only (no rain and wind force <4 according to
Beaufort Scale). During each visit, four flowering plant
patches (of an average size of 1.0 £ 0.38 m?) of D. pur-
purea were investigated. In invaded sites, we chose
D. purpurea patches in the vicinity (<10 m) of flowering R.
ponticum individuals. Within each patch, the number of
inflorescences and the number of open flowers on each
inflorescence were counted, and patches were observed for
15 min between 0800 and 2000 hours. The identity of
flower visitors, the number of inflorescences and number of
flowers visited on each inflorescence were recorded. For
each observed patch, we calculated visitation rate (i.e. the
number of pollinator visits per 15 min/total number of
observed flowers) and the number of visitors per inflores-
cences (i.e. the number of pollinators at the patch per
15 min/total number of inflorescences). Both response
variables were included to allow us to explore subtle dif-
ferences in pollination service.

After each observation session, we randomly picked ten
openly accessible D. purpurea flowers and measured their
nectar volume (nectar standing crop) with microcapillary

Table 1 Field site locations, their geographical position and elevation above sea level, and cover of alien Rhododendron ponticum

Location Site description Longitude Latitude Elevation (m) Alien cover (%)
Woodend Hill, Kilbridge® Forest edge/river bank 53°09'48.0"N 6°28'10.1"W 256 0
Cushbawn Mountain, Aughrim Forest clearing 52°52'09.4"N 6°17'15.9"W 184 0
Pollahoney, Arklow Forest edge/river bank 52°48'01.1"N 6°12'19.1"W 54 0
Avenmore Valley, Rathdrum Forest edge/river bank 52°56'41.4"N 6°14'09.9"W 105 6
Avoca Valley, Killeagh Forest clearing 52°49'27.8"N 6°12'47.8"W 18 22
Glenmalure Valley, Baravore Forest edge/river bank 52°59'10.6"N 6°24'58.8"W 216 43
Coolboy Valley, Coolboy Forest edge/river bank 52°45'16.3"N 6°28'50.8"W 82 70
Avonbeg Valley, Greenan® Field margin/river bank 52°56'08.9"N 6°18'32.1"W 125 78
Shankill Valley, Cloghleagh Forest edge/river bank 53°1136.0"N 6°25'37.8"W 284 98

4 Estimates of native plant species cover not available

® No observational data, pollen deposition or seed set collected in 2007
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glass pipettes (1 and 5 pl; Hirschmann Laborgerite, Ger-
many) and callipers.

Pollen desposition

In 2007, we collected receptive stigmata from one flower
from each of 9 + 1.0 SE (total 69) randomly chosen
D. purpurea individuals at each site except for one site
(Table 1) and stored them in vials filled with 70% ethanol.
Stigmata were transferred to the laboratory, stained with a
Safranin solution (0.5% Safranin in 50% ethanol) and
individually placed on microscopic slides. Stigmata were
gently squashed to allow inspection of the entire stigmatic
surface. Both native and alien pollen on the stigmatic
surface was counted using the tenfold magnification of a
microscope (Leica, UK).

Seed set

In 2007, we selected 7-9 D. purpurea inflorescences at
each of the sites (except for one site; Table 1) and counted
and marked all their open flowers. Some of the marked
inflorescences were vandalised or destroyed due to bad
weather conditions, and so we sampled on average 6 + 0.6
SE inflorescences at each site. Inflorescences were moni-
tored and fruit capsules were harvested when mature. We
measured their maximum length and maximum diameter
with digital callipers (precision 0.01 mm; Moore &
Wright, UK). From the total of 211 collected capsules, we
randomly picked a subset of 55 fruits and counted the
enclosed seeds. Seed numbers were most closely correlated
to fruit diameter (Pearson’s correlation, r = 0.896,
tsp = 14.4, P < 0.001; two outliers were excluded from
analysis), and so we estimated seed numbers of all marked
fruits as 202 x fruit diameter — 666 (linear regression,
adjusted R? = 0.799). Fruit/flower ratios (relative fruit set)
and the average number of seeds per fruit in each inflo-
rescence were then calculated whereby each capsule with
at least one seed was considered to be a fruit.

Statistical analysis
Plant community and floral display of study sites

We calculated the mean cover and the mean number of
inflorescences across all ten 1-m> quadrats for each ento-
mophilous native species; this gave a relative plant abun-
dance estimate for the area of each site not covered by
R. ponticum. We then incorporated the R. ponticum floral
abundance data to calculate the Shannon index [H' =
—Xp; x loge(p;)] of overall floral diversity (Hf.,) using
the number of inflorescences of each species as importance
values (p;) and to calculate the Shannon index of
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entomophilous plant species diversity (H, ) using plant

pecies
species cover data as importance values. Spearman rank
correlation was employed to correlate these diversity val-
ues and overall floral abundance (number of inflorescences)
with R. ponticum abundance. Additionally, we correlated
R. ponticum abundance with D. purpurea estimates of
percentage cover, number of inflorescences and number of
open flowers using Spearman rank correlations in MINI-

TAB 13 (Minitab, 2000).

Insect visitation

We used Cochran’s and Anderson—Darling tests to test for
homogeneity of variances and normal distribution of the
data (respectively) and subsequently square root trans-
formed data of both variables (flower visitation rate and
number of insect visitors per inflorescences). One extreme
outlier (outside the range of mean by 3.3 standard devia-
tions) of one observed patch at one site was identified for
both variables and was therefore omitted from the data
analysis. Visitation data were missing for one site in 2007
(Table 1) due to unfavourable weather conditions, and so
we used Generalised Estimation Equations (GEEs) in order
to do justice to the unbalanced data and the nested sam-
pling design (Quinn and Keough 2002). We analysed
transformed data within an independent working correla-
tion matrix due to its best fit to the model (i.e. lowest
Quasi-likelihood under Independence Model Criterion
QIC, an extension of the Akaike information criteria) in
SPSS 15.0 (SPSS, 2006). A normal distribution model with
an identity link function was used (Agresti 1996). In the
models, ‘year’ was incorporated as a factor, ‘abundance’ as
a covariate and individual field sites as subjects (i.e. units
from which we repeatedly took replicated samples). We
also included the interaction term (year x abundance) and
the intercept in the models. The best-fit model according to
the lowest QIC was “error + year + abundance” for both
variables.

To obtain an estimate of pollinator sharing between the
native and the invasive species, we calculated the niche
overlap index (NOI; Pianka 1973) for the field season
2006. The range of the index from O (no overlap) to 1
(absolute overlap) mirrors both visitor identities and visit
frequencies of the pollinator guild. Further, the number of
D. purpurea visitor taxa at invaded sites was correlated
with relative R. ponticum abundance using Spearman rank
correlation.

Nectar standing crop

Nectar standing crop data were log + 1 transformed to
homogenise variances and allow for a normal distribution
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of data. We then analysed the relation between mean
flower visitation rates and mean transformed nectar
standing crop using Pearson product-moment correlation.
MINITAB 13 was used for analysis.

Pollen deposition and seed set

The linear dependence of pollen deposition and seed set on
R. ponticum abundance was modelled with Generalised
Estimation Equations (GEEs) in order to take into account
the unbalanced data and to incorporate the nested sampling
design. R. ponticum abundance was used as a covariate and
individual field sites as subjects, and the intercept was
included in the models. We analysed conspecific pollen
counts assuming a Poisson distribution and log link function.
Seed set per fruit was analysed assuming a normal distribu-
tion with an identity link function. Proportions of alien pollen
number/total pollen number and of fruit number/flower
number (relative fruit set) were analysed using binomial
distribution and logit link function (Agresti 1996). We used
an independent working correlation structure and performed
analyses with SPSS 15.0. A post hoc power analysis was
conducted according to Quinn and Keough (2002).

Results are presented in the following section as
mean =+ standard errors unless indicated differently.

Results
Plant community and floral display of study sites

Percentage cover (6.7 = 2.32), number of inflorescences
(2.0 £ 0.84) and number of open flowers (4.5 + 1.84) of
D. purpurea in the 1-m” quadrats decreased but were not
significantly correlated with increasing R. ponticum abun-
dance (Spearman reoyer = —0.16,  Finforese = —0.43,
Fiowers = —0.27, n = 8, P > 0.28 for all), i.e. abundance
of D. purpurea in patches next to R. ponticum did not signif-
icantly differ from D. purpurea abundances at control sites.
Although overall floral abundance (11.8 % 3.31 inflo-
rescences per m?) did not show any significant correlation
with abundance of R. ponticum (Spearman r = (.15,
P = 0.73), overall floral diversity (0.13 < Hf ..., > 1.39)
and diversity of entomophilous plant species (0.05 <
H' > 1.11) decreased with increasing R. ponticum

species —
abundance, i.e. at sites where the invasive became more
dominant (Spearman ryower = —0.83, P = 0.011 and rgpecies =
—0.85, P = 0.008).

Visitation rates

Flower visitation rate to D. purpurea did not significantly
differ between years (Wald )(2 = 041,df = 1, nyo = 67,
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Fig. 1 Flower visitation rate (number of visits per flower per 15 min)
to Digitalis purpurea in habitats of different relative Rhododendron
ponticum abundance in two consecutive years. For visual display, data
were jittered along the x- and y-dimension so that overlapping data
points are visible. Line indicates best-fit across both years; flower
visitation rate: y = —0.002x + 0.388, # = 0.056, P = 0.046. Note
data are square root transformed

Nunits = 9, P = 0.521), but was negatively influenced by an
increase in R. ponticum abundance (Wald »*> = 3.97,
df =1, nga = 67, nunis = 9, P = 0.046; ﬁabundance =
—0.002 £ 0.0010 SE; Fig. 1). Similarly, the numbers of
insect visitors per D. purpurea inflorescence did not sig-
nificantly vary between years (Wald > = 0.08, df = 1,
Notal = 07, Runis = 9, P = 0.777), but inflorescences
received significantly fewer flower visitors in sites where
R. ponticum was more abundant (Wald > = 5.03, df = 1,
Niotal = 67, Nunis = 9, P = 0.025; ﬂabundance = —0.003 +
0.0013 SE).

Digitalis purpurea at uninvaded control sites was only
visited by bumblebees whereas D. purpurea at invaded
sites received also visits from flies and syrphids (Table 2).
Still, D. purpurea at control sites and D. purpurea
at invaded sites overlapped largely in their pollinators
(NOI = 0.881). Overlap in flower visitors between
R. ponticum and D. purpurea increased by approx. 50%
when D. purpurea co-occurred with R. ponticum at invaded
sites (NOI = 0.402) in comparison to D. purpurea at
control sites (NOI = 0.269; Table 2). The higher number
of taxa visiting D. purpurea at invaded sites was not related
to the relative abundance of R. ponticum at these sites
(Spearman r = —-0.34, n = 6, P > 0.51).

Nectar standing crop

Nectar standing crop of D. purpurea varied between 0 and
21.9 wl with less nectar on average in 2006 (1.0 pl £ 0.18)
compared with 2007 (2.6 pl £ 0.60), and was negatively
related to flower visitation rates of D. purpurea (Pearson
correlation; r = —0.805; n = 16; P < 0.001; Fig. 2).
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Table 2 Taxonomic identity, absolute (n) and relative (%) frequency
of pollinator species that visited R. ponticum and D. purpurea at
invaded sites and D. purpurea at control sites in 2006, and niche
overlap indices

Insect species R. ponticum D. purpurea

Invaded sites Control sites

n % n % n %

Hymenoptera 51 61 100
Apidae
Bombus hortorum 10 120 7 250 6 31.6
Bombus lucorum 5 6.0 1 3.6
Bombus pascuorum 5 6.0 8 28.6 13 684
Bombus pratorum 18 21.7
Bombus terrestris 2 2.4 1 3.6
Andrenidae
Andrena haemorrhoa 1 1.2
Andrena sp. 1 1.2
Diptera 48 36
Syrphidae
Eristalis horticola 4 4.8 1 3.6
Platycheirus albimanus 1 1.2
Sericomyia silentis 23 277 1 3.6
Volucella pellucens 1 1.2
Syrphidae sp 1 1 1.2
Syrphidae sp 2 3 10.7
Syrphidae sp 3 1 3.6
Calliphoridae
Calliphoridae sp 1 1 1.2
Calliphoridae sp 2 1 1.2 2 7.1
Calliphoridae sp 3 1 1.2
Diptera sp 1 1 1.2
Diptera sp 2 1 3.6
Diptera sp 3 2 24
Diptera sp 4 4 4.8 1 3.6
Lepidoptera 1 4
Unidentified 1 1.2 1 3.6
Totals 83 100 28 100 19 100
Niche overlap index ——0.402—
1 0.296 1
—0.881 —

Pollen desposition

Deposition of conspecific pollen varied considerably from
24 to 3,034 conspecific pollen grains per individual
D. purpurea stigma ranging from 1,238 & 129 grains per
stigma in control sites to 644 + 123 SE in sites of high R.
ponticum abundance. We observed a negative relationship
between conspecific pollen deposition and the abundance
of alien R. ponticum (Wald 3> = 5.46, df = 1, Ry = 68,
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Fig. 2 Correlation of flower visitation rate (mean £ SE) and nectar
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Punits = 8, P = 0.019; Bapundance = —0.006 £ 0.0025 SE;
Fig. 3a).

In contrast, pollen deposition of alien pollen on native
D. purpurea stigmata was very low and ranged from zero
to nine pollen grains per stigma. We did not find any
R. ponticum pollen on stigmata of D. purpurea in control
sites. Alien pollen in relation to the total amount of pollen
found on D. purpurea stigmata was positively related to
R. ponticum abundance (Wald »* = 6225, df=1,
Niotal = 65, Nynis = 8, P < 0.001; ﬁabundance = 0.057 +
0.0072 SE; Fig. 3b).

Seed set

Digitalis purpurea fruit set was high in all sites (control,
96.5% =+ 2.64; low R. ponticum abundance, 92.5% =+ 2.54;
high R. ponticum abundance, 100% = 0). Individual fruits
contained between 1 and 1,455 (estimated) seeds with an
average of 739 £ 21.2 seeds per fruit. Neither fruit set nor
the number of seeds per fruit were related to R. ponticum
abundance (fruits per flower, Wald ;{2 =047, df =1,
Nioral = 48, Munis = 8, P = 0.494; Fig. 4; seeds per fruit,
Wald 3% = 3.66,df = 1, i = 48, Nunits = 8, P = 0.056).

We detected low power (« = 0.094) for the analysis on
seed set per fruit. However, even an increase in the number
of sites by a factor of five (overall n = 45) would not have
greatly increased the power of the experiments (o« = 0.426).

Discussion

Rhododendron ponticum occupies various habitats in Ire-
land and often occurs in high abundance (Usher 1986).
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Fig. 4 Fruit set (geometric mean £ SE) per site in relation to relative
abundance of Rhododendron ponticum. Note log scale used on y-axis

Here, we demonstrated that high abundance is related to
differences in both the diversity of entomophilous plant
communities as well as the pollination of a self-compatible
native plant species, but that they ultimately did not
influence its reproductive success.

Pollinator attraction is one of the first steps of several
stages that a plant has to overcome in order to successfully
produce offspring. Flower visitors to D. purpurea were
more similar to R. ponticum visitors in the presence of the
invader than in its absence, suggesting that the presence of
R. ponticum modified the identity of D. purpurea flower
visitors. Although the species similarity of flower visitors
between R. ponticum and D. purpurea was smaller than has
been observed for alien—native species pairs in other sys-
tems (Muifioz and Cavieres 2008), both species overlapped
considerably in their visitors, which could foster direct
interspecific interactions between the two plant species. If
their generalist pollinators foraged randomly and did not
distinguish between flowers of different species, individual
visitation rates would not change across various relative
densities of a species (Levin and Anderson 1970). In
reality, pollinators assess and distinguish between indi-
vidual rewards of each species (Hill et al. 2001), incorpo-
rating information on species’ flower complexity (Stout
et al. 1998) as well as the relative abundance of each
species (Feinsinger et al. 1991; Stout et al. 1998) and may
refuse or prefer to visit a species beyond what is expected
by its relative frequency. Therefore, it is not surprising that
we observed lower visitation rates to D. purpurea in more
invaded field sites. Studies on other invasive species
revealed similar disruptive effects on native visitation at
high alien abundance (Ghazoul 2004; Muifioz and Cavieres
2008; but see Grabas and Laverty 1999).

The decrease in visitation cannot be fully attributed to
an interaction between relative frequency and reward levels
or flower complexity of the two species because both
R. ponticum and D. purpurea have relatively easily
accessible flowers that secrete a similar amount of sugar
(Percival and Morgan 1965; Mejias et al. 2002). Lower
visitation rates to D. purpurea are more likely to be
explained by flower preference and higher constancy of
pollinators towards the relatively more abundant R. ponti-
cum at sites of high abundance. Such a monopolisation
would suggest the occurrence of interspecific competition
and has been observed in other invasive species before
(Chittka and Schiirkens 2001; Ghazoul 2004).

Alternatively, D. purpurea at more invaded sites might
have attracted fewer insect pollinators to its flowers
because of its reduced relative abundance in the site. Plants
are likely to suffer from pollinator limitation at low relative
abundances due to decreased attractiveness to pollinators
(Aizen and Harder 2007). Lower intraspecific facilitation
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among D. purpurea individuals is therefore a possible
explanation for the observed pattern.

A third proposition is that flower visitation by bees can
be positively associated with the diversity of flowering
communities (Petanidou and Ellis 1996; but see Hegland
and Boeke 2006) implying that D. purpurea might have
encountered lower interspecific facilitation by other native
species due to the reduced native entomophilous plant
diversity at sites where R. ponticum was highly abundant.

Lastly, the presence of an invasive species can also
impact pollinator communities, e.g. increase pollinator
densities like other mass-flowering plants (Westphal et al.
2003) or reduce pollinator diversity (Moron et al. 2009).
Not only the decrease in flower visitation but also the
observed general change in D. purpurea’s visitor assam-
blage in the presence of the invasive alien may be related to
such impacts. Abundance, diversity and the identity of
pollinators influence flower visitation and successful pollen
deposition (Goémez et al. 2010) but may be differently
affected by an invasive plant species. Studies on the whole
plant and pollinator network are needed to test for such
relationships.

We unfortunately cannot distinguish between the four
mechanisms, i.e. between higher interspecific alien com-
petition, lower intraspecific facilitation, lower interspecific
native facilitation and changes in pollinator community,
because the abundance and diversity of native plants in our
sites was greatly affected by the abundance of the alien. In
natural field sites, relative abundances of co-occurring
species are often negatively correlated so that manipulative
experiments are required to identify underlying mecha-
nisms (Kunin 1997). Despite the ambiguity about the pre-
cise mechanism, which reduced visitation to D. purpurea
inflorescences and flowers, this study shows that heavy
invasion by R. ponticum may disrupt pollinator visitation to
native plants.

Clearly, pollen transfer is a function of flower visitation
rate (Wilcock and Neiland 2002), and the disrupted visi-
tation rate is likely to impact pollen deposition in D. pur-
purea. Frequency of pollen transfer events (i.e. the quantity
of visitation) alone is not necessarily a strong correlative of
successful pollination if the composition of pollen loads
(i.e. the quality of visitation) is variable (Rathcke 1983).

Considering that the two plant species used, in almost
half the cases, the same pollinator species, we expected
interspecific flower movement to occur. As a consequence,
heterospecific pollen may be transferred to and interact
with native stigmata (Morales and Traveset 2008).
Although heterospecific pollen ratios increased with
increasing R. ponticum abundance, we still found very little
foreign pollen on native D. purpurea stigmata. This is in
line with other studies that found low alien pollen depo-
sition on native stigmata in natural communities (Larson
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et al. 2006; Bartomeus et al. 2008a; Jakobsson et al. 2008;
but see Ghazoul 2002). Flower constancy exhibited by bees
and hoverflies (Goulson and Wright 1998) was not mea-
sured in this study, but it might plausibly explain our
observations at high R. ponticum abundance, when alien
pollen should be highly abundant in the pollen transport
web (Lopezaraiza-Mikel et al. 2007). Even if pollinators
moved between heterospecific flowers, alien pollen depo-
sition might be low due to segregated pollen placement on
the pollinators’ bodies (mechanical isolation; Grant 1994).
Mechanical isolation is likely because D. purpurea flowers
place and collect pollen very precisely on the dorsal surface
of most visiting insects (personal observation). R. ponticum
pollen is more diffusely placed on the visitors’ bodies
because the long viscin threads that adhesively join the
pollen grain tetrads can easily stick to and drape over the
insects’ bodies (King and Buchmann 1995). Furthermore,
pollinator behaviour (e.g. grooming; Harder and Wilson
1998) may restrict placement and transfer of heterospecific
pollen. Bumblebees, the main pollinators in our study
system, often do not touch the reproductive parts of
R. ponticum due to size constraints (Stout 2007) and
therefore might not pick up large amounts of alien pollen.
Due to the low heterospecific pollen loads on D. purpurea
stigmata, it is unlikely that alien pollen interfered nega-
tively with the fertilisation in D. purpurea individuals.
Increased conspecific pollen loss in the presence of an
invasive species is thought to be one of the mechanisms for
native pollination disruption (Morales and Traveset 2008).
However, the proposed higher pollinator flower constancy
at high alien abundance makes D. purpurea pollen loss
rather unlikely. The decrease in conspecific D. purpurea
pollen deposition with increasing R. ponticum abundance is
probably directly related to lower visitation rates. Simi-
larly, Ghazoul (2002) and Larson et al. (2006) observed a
parallel decrease in native visitation rate and conspecific
pollen deposition for some native species in different
invaded communities (but see Grabas and Laverty 1999).
Nevertheless, conspecific pollen loads on D. purpurea
stigmata were relatively high even in sites with lower
visitation rates. Less frequently visited D. purpurea flowers
held more nectar, and this surplus in rewards might have
triggered a change in pollinator behaviour resulting in
longer visits within each flower (Pappers et al. 1999),
which can increase successful pollen transfer (Harder
1990). Muiioz and Cavieres (2008) showed that longer
native visits at low local alien abundance were positively
related to an increase in native seed set, implying higher
native pollen deposition caused by longer visitation. Here,
we did not measure visitation time at a flower level and so
we cannot determine whether there was an alteration in
pollinator behaviour. Native pollen deposition might also
have been high because D. purpurea flowers offer large
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amounts of pollen (sixfold or more than other native spe-
cies; Nienhuis 2009). This may increase pollen loads
transferred and deposited by each pollinator so that even a
single visit might be sufficient to fertilise the majority of
ovules.

Visitation rates and pollen deposition are usually known
to be good predictors for reproductive success (Waites and
Agren 2004; Kirchner et al. 2005). So why does D. pur-
purea fruit and seed set not mirror the differences in visi-
tation and pollen deposition?

The power of our seed set analysis was very low so that
we might have failed to detect a positive or negative effect
of alien abundance on native seed set. In the majority of
studies conducted to date, negative impacts of alien species
on native seed set have been found (Chittka and Schiirkens
2001; Brown et al. 2002). However, these studies have
focused on self-incompatible plant species. In self-com-
patible plants, interspecific effects of abundance on
reproductive success may be absent or weaker (Feinsinger
et al. 1991; Caruso 1999) possibly because of the repro-
ductive assurance these species experience through delayed
spontaneous autogamy (Kalisz and Vogler 2003) or facil-
itated selfing. In our case, although D. purpurea is inca-
pable of spontaneous autogamy, it is self-compatible (Nazir
et al. 2008) and could have achieved within-flower or
within-plant selfing (geitonogamy) by pollinators con-
ducting longer visits per flower and/or visiting more
flowers per inflorescence in less frequently visited plants.
D. purpurea is mainly pollinated by bumblebees, i.e.
pollinators that are able to fly long distances when foraging
(Osborne et al. 2008). Thus, negative effects of low local
conspecific abundance, e.g. pollen limitation or self-polli-
nation, might be outweighed by the high mobility of pollen
vectors that may import cross-pollen from more distant
populations (Somanathan et al. 2004). Therefore, both
increased selfing and high-quality cross-pollen transfer
may explain the lack of impacts on seed set in our study
system.

A high conspecific pollen/seed number ratio suggests
that D. purpurea was not pollen limited. Still, average seed
set was not only lower than the average seed set estimated
by a previous study but was also half their value for
maximum seed set (Buxton and Darlington 1932). Our
results may therefore indicate limitation by factors other
than pollen (e.g. water, nutrients or hosts) that do not
correlate with the level of R. ponticum invasion. Such
resource limitations can overshadow the abundant avail-
ability of pollen and so plants may not capitalise from
higher pollen loads (Parker and Haubensak 2002; Totland
et al. 2006).

Insect visitation has been described as a function of
floral density at a habitat scale (100 m? to 1 ha; Johnson
et al. 2003) but fitness can also be related to abundance at a

local scale (2-10 m radii; Kirchner et al. 2005). Hence,
choosing a habitat scale might have concealed alien
abundance effects on native reproduction that only operate
within close neighbourhood (as in Mufioz and Cavieres
2008). R. ponticum invasion manifests at a habitat scale
with single individuals covering on average 4 m? (Erfmeier
and Bruelheide 2004) and forming large clumps. In this
field study, we were, therefore, more interested in alien
impacts at a larger scale. However, manipulations of the
abundance of R. ponticum and D. purpurea at a local scale
also did not reveal any response of D. purpurea’s repro-
ductive success to R. ponticum abundance (unpublished
data).

Conclusions

Individuals of native species can display substantial plas-
ticity that allows the integration of an alien species in the
existing plant—pollinator web (Vila et al. 2009). Although
we did observe a disruptive effect of alien abundance on
native flower visitation and conspecific pollen deposition,
our study indicates that R. ponticum does not alter repro-
ductive success of populations of the self-compatible
D. purpurea. However, individuals of species with self-
incompatible breeding systems or low pollen production
might respond to decreased visitation rates and pollen
deposition differently than D. purpurea (Ashman et al.
2004). This highlights the need for investigating not only
pollinator visitation but also pollen deposition and seed set.
Other factors such as pollen quality and quantity seem to be
of equal importance for understanding the direct and
indirect interactions between alien and native plant species
pollination. These factors as well as native and alien spe-
cies’ abundance should be integrated into further studies on
impacts of invasion if we want to draw generalised
conclusions.
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