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� Background and Aims Most plant species are visited by a diversity of floral visitors. Pollen transfer of the four most
common pollinating bee species and one nectar-robbing bee of the distylous plant Gelsemium sempervirens were
compared.
� Methods Naturally occurring pollen loads carried by the common floral visitor species of G. sempervirens were
compared. In addition, dyed pollen donor flowers and sequences of four emasculated recipient flowers in field cages
were used to estimate pollen transfer, and the utility of fluorescent dye powder as an analogue for pollen transfer was
determined.
� Key Results Xylocopa virginica, Osmia lignaria and Habropoda laboriosa carried the most G. sempervirens pollen
on their bodies, followed by Bombus bimaculatus and Apis mellifera. However, B. bimaculatus, O. lignaria and
H. laboriosa transferred significantly more pollen than A. mellifera. Nectar-robbing X. virginica transferred the least
pollen, even when visiting legitimately. Dye particles were strongly correlated with pollen grains on a stigma, and
therefore provide a good analogue for pollen in this system. The ratio of pollen : dye across stigmas was not affected
by bee species or interactions between bee species and floral morphology. However, dye transfer was more sensitive
than pollen transfer to differences in floral morphology.
� Conclusions The results from this study add to a growing body of literature highlighting that floral visitors vary in
pollination effectiveness, and that visitors carrying the most pollen on their bodies may not always be the most
efficient at depositing pollen on stigmas. Understanding the magnitude of variability in pollinator quality is one
important factor for predicting how different pollinator taxa may influence the evolution of floral traits.

Key words: Apis mellifera, Bombus bimaculatus, fluorescent dye, Gelsemium sempervirens, gene flow,
Habropoda laboriosa, heterostyly, honey bee, nectar robber, Osmia lignaria, pollen transfer, Xylocopa virginica.

INTRODUCTION

The majority of flowering plants require insects or other
animals to mediate pollen transfer, and different floral vis-
itors can vary widely in their ability to transfer pollen
(Primack and Silander, 1975; Schemske and Horvitz,
1984; Herrera, 1987; Conner et al., 1995; Mayfield et al.,
2001; Ivey et al., 2003). The flowers of most plant species
are visited by a diverse array of floral visitors (Parker, 1982;
Jordano, 1987; Memmott, 1999; Memmott and Waser,
2002; Olesen and Jordano, 2002; Vazquez and
Simberloff, 2002; Jordano et al., 2003), and pollen transfer
by these visitors varies along a continuum from highly
efficient to larcenous (Waser et al., 1996). Some floral vis-
itors that appear to be pollinators are more properly clas-
sified as ‘nectar thieves’ (Inouye, 1980), because their body
shape prevents contact with floral reproductive structures.
On the other hand, nectar robbers that pierce corollas to
obtain nectar can still effect pollination in some plant spe-
cies (for reviews, see Maloof and Inouye, 2000; Irwin et al.,
2001), and thus act more as mutualists than antagonists.
Despite the wealth of studies on plant–pollinator interac-
tions, surprising little is known about the magnitude of
variation in the efficiency of different pollinator species,

or what determines such magnitude (Waser et al., 1996). For
example, previous studies have generally found little sup-
port for the prediction that specialized bees will be more
effective pollinators than generalists (e.g. Motten et al.,
1981; Tepedino, 1981; Fishbein and Venable, 1996;
Olsen, 1997; Gomez and Zamora, 1999; but see Parker,
1982). Understanding the magnitude and causes of variation
in pollinator transfer efficiency is critical because the
strength of plant–pollinator interactions is dependent, at
least in part, on the ability of a pollinator species to remove
pollen from anthers and deposit it on receptive stigmas
(Schemske and Horvitz, 1984; Inouye et al., 1994). Further-
more, models predicting floral evolution in the context of
pollination rely on quantifying the relationship between
floral traits and pollen export or receipt for each pollinator
species (e.g. Aigner, 2001).

Pollination efficiency is defined as the amount of con-
specific pollen deposited on a stigma per visit, following
Inouye et al. (1994). Floral visitors can vary in their pol-
lination efficiency for a variety of reasons, none of which
are mutually exclusive, including their ability to pick up and
deposit pollen (Conner et al., 1995), the degree to which
they groom pollen from their bodies (Rademaker et al.,
1997), and their behaviour while visiting flowers (from
legitimate to larcenous as described above; Inouye,* For correspondence. E-mail lsadler@ent.umass.edu
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1980). Variation in pollen deposition per visit may also vary
with floral morphology (Waser and Price, 1984; Campbell,
1989; Conner et al., 1995).

Heterostylous species provide an extreme form of floral
variation, in which there are two or more consistent, gen-
etically determined floral morphs that vary in the length of
styles (female structure) and filaments (male structure).
Distylous plants have two morphs, one with anthers pro-
truding beyond the corolla tube and the stigma concealed
within the tube (‘thrum’) and the other with the stigma
protruding and anthers within the corolla tube (‘pin’).
Due to stigma–anther placement, differential attraction of
pollinators, and/or differences in pollen production, floral
morphs in heterostylous plants may experience consistent
differences in pollen donation and receipt (Ganders, 1979),
and thus experience consistently greater reproduction
through male or female function (e.g. Wolfe and Barrett,
1989; Ree, 1997; Barrett et al., 2000; Thompson, 2001;
Pailler et al., 2002).

Understanding the importance of variation in pollinator
taxa and floral morphology to pollen transfer dynamics
requires understanding the movement of pollen. Unfortu-
nately, assessing pollen movement is no easy task, as pollen
grains are not easily distinguishable among plants without
the use of genetic or morphological markers (Snow and
Lewis, 1993). One way to indirectly measure pollen flow
in natural populations is to mark pollen grains or use pollen
surrogates (Kearns and Inouye, 1993). Powdered fluores-
cent dyes brushed onto dehiscing anthers can provide estim-
ates of pollen flow. A careful comparison of dye and pollen
movement has been made in only a few systems (Waser and
Price, 1982; Thomson et al., 1986; Waser, 1988; Campbell
et al., 1991; Rademaker et al., 1997). These studies have
generally found that dye and pollen movement are correl-
ated and that dye provides a good qualitative predictor of
pollen movement. However, dye can have longer (Thomson
et al., 1986), shorter (Waser and Price, 1982), or more
variable (Campbell et al., 1991) movement patterns than
pollen, and the ability of dye to predict pollen movement
may vary with pollinator species (Waser and Price, 1982).
Thus, it cannot be assumed a priori that dye will provide a
good analogue for pollen movement. Nonetheless, fluores-
cent dye has been used to address a variety of ecological
questions in the field, including the role of plant size and
pollen presence on pollen transfer (Price and Waser, 1982;
Rademaker and de Jong, 1998), the effect of floral variab-
ility or plant size on male function (Waser and Price, 1984;
Campbell, 1989; Dudash, 1991), the effect of interspecific
competition on pollination (Campbell, 1985), and the effi-
ciency of diurnal compared with nocturnal pollinators
(Young, 2002).

Here, the importance of a diverse pollinator assemblage
and floral morphology to variation in pollen and dye transfer
of the perennial vine Gelsemium sempervirens (Carolina
jessamine; Loganiaceae) was examined. Gelsemium sem-
pervirens is distylous and self-incompatible, and its flowers
have a diversity of visitors including several bees that visit
legitimately (i.e. through the corolla opening) and the nec-
tar-robbing carpenter bee Xylocopa virginica (Adler and
Irwin, 2005). Both the amount of pollen carried and pollen

transfer efficiency of each floral visitor species were quan-
tified on a sequence of flowers. Also the relative importance
of the floral morphology of donor and recipient flowers to
pollen transfer was explored. Pollen transfer was estimated
using pollen as well as fluorescent dye. Therefore, the ques-
tion was asked whether fluorescent dye served as a reliable
analogue for pollen movement in G. sempervirens. Specif-
ically, the following questions were addressed. (1) Do bee
species vary in the amount of naturally occurring loads of
G. sempervirens and other pollen on their bodies? (2) To
what degree do bee species vary in their ability to deposit
pollen on a sequence of stigmas? (3) Does the morphology
of pollen donor or recipient flowers affect pollen deposition
by different floral visitors? (4) Does fluorescent dye serve as
a reliable analogue for pollen deposition?

MATERIALS AND METHODS

Study system

Gelsemium sempervirens is native to the south-eastern
United States and occurs along woodland margins, fences,
roadsides and open pine forests (Ornduff, 1970; Phillips,
1985). The study site is located at the University of Georgia
Botanical Gardens in Athens, Georgia, USA. In this area,
G. sempervirens blooms from early March into late April,
producing up to several hundred yellow, tubular flowers per
plant. Individual flowers have a standing crop of 0–3 mL of
nectar produced by nectaries on the base of the carpel, and
flowers typically senesce after 4–5 d.

Gelsemium sempervirens is self-incompatible and distyl-
ous; each plant has either long styles and short filaments
(‘pin’ plants) or short styles and long filaments (‘thrum’
plants). Thrum pollen can only fertilize pin ovules, and
vice versa (Ornduff, 1970, 1980). Pollen grains from the
two morphs overlap in size, so that grains cannot be iden-
tified to morph, as in some other distylous species (Ornduff,
1979). Thrum flowers of G. sempervirens tend to have
longer corollas than pin flowers (Irwin and Adler, 2005).
Variation in flower size between morphs may differentially
alter the per-visit effectiveness of different floral visitors,
especially if bees are more likely to contact floral organs in
smaller flowers.

The most common legitimate floral visitors of G. sem-
pervirens in Georgia include bumble bees (Bombus bimacu-
latus; Apidae), honey bees (Apis mellifera; Apidae), blue
orchard bees (Osmia lignaria; Megachilidae) and blueberry
bees (Habropoda laboriosa; Apidae). Gelsemium semper-
virens is also visited by carpenter bees (Xylocopa virginica;
Xylocopidae) that sometimes enter flowers legitimately
through the corolla opening but also often make slits
near the corolla base and insert their proboscis to steal
nectar (Adler and Irwin, 2005). For simplicity, hereafter
only the genus name will be used to refer exclusively to
each species. In prior experiments, all the pollinating bees
were observed foraging for both pollen and nectar, but only
Xylocopa was seen to forage for nectar (Adler and Irwin,
2005); these behavioural differences could affect the
amount of pollen transferred by different species. In addi-
tion, these visitors vary in body length and abdomen width
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(Mitchell, 1962; Michener et al., 1994), factors that may
affect their ability to remove or deposit pollen. Ordered by
size, the largest floral visitors are Xylocopa (abdomen length
19–23mm, width 9�5–10�5mm), followed by Bombus (17–
22mm, 8�5–10mm), Apis (16–20mm, 12mm), Habropoda
(15�5–16mm, 6�5–7mm) and Osmia (10–11mm, width not
given) (Michener et al., 1994). The largest of these visitors
are as long and nearly as wide as the average G. semper-
virens flower, while the smallest can crawl freely within the
corolla tube. Variation in pollinator size, among other traits,
could strongly impact pollen transfer and plant reproductive
success, of which relatively little is known in this or other
systems with diverse pollinator assemblages (but see
Herrera, 1987; Conner et al., 1995; Mayfield et al., 2001;
Ivey et al., 2003). It is hypothesized that the largest bees,
when visiting legitimately, would carry the most pollen on
their bodies and would be the most effective at transferring
pollen, as they may be more likely to contact the sexual
organs of flowers.

Field tests

Pollen loads carried by different floral visitors. Forty-
seven bees were captured on seven days between 24 Mar.
2004 and 16 Apr. 2004 to compare naturally occurring
pollen loads of G. sempervirens and other pollen. There
was no control for the number or species of plants visited
by the bees prior to collection; the present study was only
interested in the naturally occurring pollen loads that may be
available for transfer. Sample sizes were 13 Bombus,
11 Osmia, five Habropoda, four Apis and 14 Xylocopa.
Bees were caught during late afternoon on sunny days
within 500m of G. sempervirens plants at the Botanical
Gardens. Bees were placed in individual small plastic con-
tainers in coolers with ice for approx. 30min. Cooled bees
were wiped over their entire bodies with a small piece of
fuchsin jelly (Kearns and Inouye, 1993). Care was taken to
ensure that the same amount of time and effort were used for
each bee and that similar amounts of jelly were used. Each
piece of jelly was melted using a hot plate and mounted on a
glass slide in the laboratory, and pollen grains were counted
under a compound microscope (Nikon Eclipse E400, Mel-
ville, NY, USA). Pollen grains were identified as originating
from G. sempervirens or other species using a reference
collection of locally flowering plants.

Analysis using one-way ANOVAs was carried out to see
if bee species varied in the number of G. sempervirens
pollen grains and the proportion of G. sempervirens to
total pollen. Individual bees were the unit of replication.
Pollen counts were log(x + 1) transformed to improve nor-
mality; the proportion of G. sempervirens pollen was nor-
mal without transformation. The collection date did not
explain significant variation in pollen counts (F4,38 < 0�8,
P > 0�5) and was removed from analysis.

Pollen and dye deposition by different floral visitors.
Pollen and dye deposition on stigmas by the five bee species
visiting G. sempervirens was examined using trials with
one pollen donor flower and up to four emasculated recipi-
ent flowers per insect. Pollen transfer was measured as

deposition on receptive stigmas for a sequence of flowers
(‘stigma pollen load per visit’; Inouye et al., 1994). Because
bees were cleaned with ethanol prior to trials to remove any
naturally occurring pollen loads on their bodies, these meas-
ures should represent a combination of ability to remove and
deposit pollen grains. Trials were conducted in metal-
framed flight cages (30 cm · 30 cm · 30 cm) draped with
polyester netting (Bioquip Products, Gardena, CA, USA)
with an opening that permitted flowers to be offered by
hand. Both donor and previously emasculated recipient
flowers were picked from horticultural vines at the Botan-
ical Gardens directly before use. The anthers of donor flow-
ers were dusted with green or orange fluorescent powder
(Series JST-300, Radiant Color, Richmond, CA, USA)
using a toothpick. Care was taken to apply similar amounts
of dye to all anthers within and between flowers. Recipient
flowers were emasculated with fine-point forceps while on
the vine at least 1 d prior to opening, and then covered with
mesh bridal veil bags to prevent insect visits.

Trials were conducted on ten separate days between
20 Mar. 2002 and 19 Apr. 2002. Trials were conducted
with 12 Bombus, 17 Osmia, six Habropoda, seven Apis
and 12 Xylocopa. First bees of each species were caught
with nets in the field, quickly transferred to small plastic
containers, and then placed in coolers with ice. Cooling
followed by gradual warming of the insects diminishes
behavioural disturbances resulting from transport into flight
cages (Kearns and Inouye, 1993). After 30min, one cooled
bee was placed in the flight cage, its body wiped gently but
thoroughly with ethanol on a Kimwipe (Kimberly-Clark
Corporation, Roswell, GA, USA) to remove pollen, and
then allowed to dry, warm up and begin flying. Because
ethanol evaporated before trials and all bees were treated in
the same manner, the cleaning treatment was not expected
to affect pollen adherence or to bias the results. The bee was
allowed to forage on a donor flower with dehiscing pollen
and dye and then on up to four emasculated recipient flowers
with receptive stigmas. Hereafter, this is referred to this as a
‘sequence’. All flowers were offered sequentially by hand
and immediately removed after one visit. The order of floral
morphs in a sequence was haphazard, but pin flowers were
rare at the field site. Thus there were unbalanced sample
sizes for both donor morph (one donor flower per sequence;
eight pin and 46 thrum) and recipient morph (29 pin and 157
thrum flowers). However, natural populations often have
ratios of flowering pin and thrum plants as skewed as
2 : 1 in a given year (Irwin and Adler, 2005), indicating
that such biases in availability of a floral morph are not
uncommon.

The technique of offering flowers by hand to floral vis-
itors in flight arenas has been used in previous studies for
hummingbirds and bumble bees (Price and Waser, 1979;
Waser and Price, 1982; Waser, 1988) and did not appear to
disturb floral visitor behaviour. In the present study, once
bees began foraging, they made the transition easily
between flowers without grooming or clinging to the
cage. Moreover, most interest was in the relative difference
among bee species in pollen deposition, rather than absolute
values. Because all flowers were hand-held, the same bias
was introduced into all trials, and there is no a priori reason
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to suspect that different bees would behave differently to
hand-held flowers. The exception is for Xylocopa, which
typically performs a different behaviour (robbing) than the
other species. It was found that in the flight cage, Xylocopa
only visited flowers legitimately (entering via the corolla
opening) and did not rob; this behaviour is also sometimes
observed in the field. Thus, the pollen counts for Xylocopa
represent the maximum amount they are likely to transfer.

Stigmas from each recipient flower were collected using
forceps into individual 1.5-ml plastic microcentrifuge tubes
immediately after visitation. Forceps were cleaned in eth-
anol after each stigma collection to avoid pollen transfer.
Dye particles were counted the same day using a dissecting
microscope (Nikon model SMZ800, Melville, NY, USA).
Each stigma was then mounted in fuchsin stain (Kearns and
Inouye, 1993) on a glass slide. Pollen grains were counted
under a compound microscope (Nikon Eclipse E400). Pol-
len from species other than G. sempervirens was sometimes
found on stigmas, indicating that either not all the pollen
was successfully cleaned from the bees’ bodies before trials
or some pollen was deposited on the stigmas through the
mesh bags from an unknown source or during emasculation.
Both conspecific and heterospecific pollen receipt were
counted. Because heterospecific pollen receipt was rare
(only 4�9 % of all pollen grains), it was not included in
statistical analyses.

Because unexpected heterospecific pollen on stigmas was
found, two additional control experiments were conducted
to try to determine the pollen source. First, to assess how
well the ethanol wiping removed pollen from the bees’
bodies, an additional 67 bees (17 Bombus, 14 Osmia,
16 Habropoda, four Apis, and 16 Xylocopa) were captured
on seven days between 24 Mar. 2004 and 16 Apr. 2004. The
bees were cooled for 30min, their bodies wiped with eth-
anol, and then their bodies wiped with a small piece of
fuchsin jelly (see the section ‘Pollen loads carried by dif-
ferent floral visitors’) to remove any residual pollen. The
pieces of fuchsin jelly were individually mounted on slides
and conspecific and heterospecific pollen grains were coun-
ted as described above. Naturally occurring pollen on bees’
bodies (collected at the same time; from ‘Pollen loads car-
ried by different floral visitors’) was compared with pollen
loads after swabbing the bees with ethanol using ANOVA
with cleaning treatment, bee species and their interactions
as main effects, and gelsemium pollen grains and other
pollen grains as response variables. It was found that
swabbing removed 70 % of G. sempervirens pollen grains
(F1,104 = 3�97, P = 0�049) and 89 % of other pollen grains
(F1,104 = 53�20, P = 0�0001) from the bees’ bodies. In
addition, there was no interaction between bee species
and the degree to which the ethanol wiping removed
G. sempervirens pollen (F4,104 = 0�7, P > 0�5), indicating
that cleaning was equally effective across all bee species.
Thus, while cleaning did not remove all pollen grains,
there was no bias in terms of how much G. sempervirens
pollen was removed by the cleaning treatments on the
different bee species.

As a second control, 18 control stigmas were collected on
four dates inMarch and April 2002 to determine whether the
stigmas of unvisited, bagged, emasculated flowers received

unsuspected pollen. Despite best efforts being made to
prevent pollen deposition on emasculated flowers, low
but consistent numbers of pollen grains were found, but
never dye particles, on control stigmas (mean between
7�5 and 30�3 grains day�1). Due to this unexpected pollen
deposition on bagged control flowers, the data (see
‘Statistical analysis’ section) were analysed in two ways:
(1) with correction by subtracting the number of pollen
grains on control stigmas on each date from the experi-
mental pollen counts for that date; and (2) without correc-
tion. Qualitatively similar results were obtained for both
analyses, and all results are presented using uncorrected
data to avoid issues of nonindependence for stigmas col-
lected on the same date.

Statistical analysis

In previous studies by other researchers, pollen and dye
deposition were standardized (by dividing by the mean or
total pollen receipt per sequence) to control for variation in
deposition between sequences (e.g. Waser and Price, 1982;
Campbell, 1985). However, in this study the interest was in
measuring differences in deposition between bee species,
and standardizing counts between sequences would mask
such variation. Three stigmas from the experimental data,
each visited by a different Bombus at a different point in the
sequence, were omitted from all analyses as outliers because
they had extremely high pollen counts (each over 900 %
higher than the mean pollen deposition). In addition, on two
stigmas dye could be counted but not pollen because the
slides were broken while mounting the stigmas in fuchsin
stain. Pollen and dye counts were log(x + 1) transformed to
improve normality in all ANCOVAs (described below).
Untransformed data were used in the correlation analysis.

Effect of visitor species and floral morph on pollen
transfer. The effect of pollinator species, donor floral morph
and recipient floral morph on mean pollen transfer and slope
of transfer across a sequence of flowers was examined using
ANCOVA. Bee species, donor morph and recipient morph
were main effects and flower sequence number (1–4) was
the covariate. Two-way interactions between bee species ·
flower sequence, bee species · donor morphology and bee
species · recipient morphology were included. A main
effect of bee species would indicate that different species
transfer different numbers of pollen grains on average,
while a bee species · flower sequence interaction would
indicate that the slope of pollen transfer across flowers
within a sequence varied between bee species. Additional
interaction terms were not significant and their exclusion
did not affect analyses. Duncan’s multiple range tests
(Littell et al., 2002) were used as a post hoc comparison
of mean pollen transfer between bee species.

Comparing dye and pollen transfer. To determine
whether dye transfer provides a reliable analogue for pollen
transfer, three different approaches were used: (1) Pearson
correlation coefficients were calculated for pollen and dye
particles, using each recipient flower as an independent
replicate; (2) presence/absence data of pollen and dye
were compared to determine whether the presence of dye
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was a good indicator of the presence of pollen (Thomson
et al., 1986; Waser, 1988) using a chi-squared test; (3) the
ratio of (pollen) : (dye + 1) on each stigma was used as the
dependent variable in an ANCOVA model (as described
above) to understand whether flower sequence, bee species,
or floral morphology had differential effects on pollen com-
pared with dye. For example, a significant effect of flower
sequence would indicate that the ratio of pollen to dye
changes across a sequence. Log transformation was used
to improve normality for the ANCOVA.

RESULTS

Pollen loads carried by different floral visitors

Naturally collected bee species varied significantly in the
number (F4,42 = 5�13, P < 0�002) and proportion (F4,42 =
5�83, P < 0�001) of G. sempervirens pollen grains that they
carried. Xylocopa, Osmia and Habropoda carried the most
G. sempervirens pollen, followed by Bombus and Apis
(Fig. 1A). All bee species carried approximately the
same proportion of G. sempervirens pollen (57–69 %)
except Apis (8 %; Fig. 1B).

Effect of visitor species and floral morph on pollen transfer

Visitor species varied significantly in their mean
pollen transfer. Bombus, Osmia and Habropoda transferred

significantly more pollen per flower than Apis (Table 1 and
Fig. 2A). Xylocopa transferred significantly less pollen than
all other bee species, even though they visited flowers
through the corolla opening rather than robbing. Despite
the difference in mean amount of pollen transferred, the
slopes of pollen deposition across a sequence of flowers
did not differ between bee species (bee species · flower
sequence interaction; Table 1). Thus, the pattern of pollen
deposition across a floral sequence did not differ between
species.

Although not statistically significant, mean pollen trans-
fer was higher for pin than thrum flowers across bee species
(mean 6 standard error, here and below: donor flowers, pin
169�4 6 32�9 grains, thrum 104�3 6 10�8 grains; recipient
flowers, pin 174�1 6 32�9 grains, thrum 106�5 6 11�0
grains; Table 1). However, due to highly unbalanced sample
sizes for pin and thrummorphs (see Materials and methods),
power was low to detect such an effect. A retrospective
power analysis was conducted, and then solved for the
least significant number of samples or replicates that
would be needed to find a significant effect of recipient
and donor floral morph on pollen receipt. The analyses
use and assume the same structure and estimates as in
the dataset, taking into account the sample size, the specified
alpha and the standard deviation of the error. It was found
that this study had a power of 0�22 to detect a significant
difference in pollen receipt as a function of recipient
floral morphology at a = 0�05, and a power of 0�05 to detect
a significant difference in pollen receipt as a function of
donor morph. With the unbalanced design of this study,
over 600 and 3000 flowers would have been needed to
detect an effect of recipient and donor morph, respectively,
at a = 0�05.

Neither donor nor recipient morph significantly affected
the slope of pollen deposition across a sequence of floral
morphs (Table 1). Finally, bee species did not differ in the
amount of pollen transferred to and from flowers of each
morph (donor morph · bee and recipient morph · bee inter-
actions; Table 1). However, this study had relatively low
power to detect effects of interactions with floral morph.

Comparing dye and pollen transfer

Pollen and dye deposition were strongly correlated
when averaging across all pollinators and flowers
(N = 186, r = 0�62, P < 0�0001). This correlation was slightly
stronger when only the first flower in a sequence was
analysed to ensure sample independence (N = 52, r = 0�68,
P < 0�0001). Out of 183 stigmas, 180 received pollen. Of
these, 69 % also had dye. Of the three stigmas without
pollen, two also had no dye. Given that only two-thirds
of stigmas consistently had or lacked both pollen and
dye, the absence of dye was not a reliable indicator of
the absence of pollen (N = 183, c2 = 1�72, P = 0�19).
However, the significant positive correlation between dye
and pollen deposition indicates that when dye is present, the
number of dye particles provides a reasonable indicator of
the number of pollen grains deposited.

The ratio of pollen to dye particles was significantly
affected by flower sequence and by donor morphology
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(Table 1). An examination of pollen compared with dye
deposition shows that the rate of pollen decay is shallower
than the rate of dye decay (Fig. 3). Additionally, dye
deposition appears to be more sensitive to floral morph
than pollen deposition (Table 1; dye deposition: pin
135�46 27�3 dye particles, thrum 37�96 4�6 dye particles;
pollen deposition: pin 169�4 6 32�9 pollen grains, thrum
104�3 6 10�8 pollen grains), and there was a marginally
significant effect of recipient morph on the ratio of pollen to
dye received, despite the low power to detect morphology
effects (Table 1; uncorrected means: pin, 6�256 2�7; thrum,
17�546 4�1). There were no other significant effects on the

pollen : dye ratio, indicating that bee species do not transfer
pollen at rates different from dye particles (Table 1).

DISCUSSION

Comparison of bee species as effective pollinators

It was found that Bombus, Osmia and Habropoda trans-
ferred equivalent amounts of pollen, and significantly
more than Apis or Xylocopa. This work joins an increasing
number of studies demonstrating that floral visitor species
vary in their ability to transfer pollen between plants. For
example, bees were more effective pollinators of the butter-
fly-weed, Asclepias tuberosa, than butterflies (Fishbein and
Venable, 1996) and bumble bees were more effective pol-
linators of Ipomopsis aggregata than hummingbirds
(Waser, 1988; Mayfield et al., 2001). Introduced honey
bees transfer less pollen per flower compared with native
pollinators on almond, cranberry, onions and the tropical
dry forest annual Kallstroemia grandiflora (Bosch and Blas,
1994; Osorio-Beristain et al., 1997; Cane and Schiffhauer,
2003), a result consistent with the present study. However,
honey bees are not always inefficient at transferring pollen.
For example, honey bees have comparable efficiency with
other bees when visiting the milkweeds Asclepias tuberosa

TABLE 1. Effect of bee species, donor and recipient floral morphology (pin versus thrum) and flower sequence on stigmatic pollen
deposition, stigmatic dye deposition, and the ratio of pollen to dye per stigma

Pollen Dye Pollen : dye

Source d.f. SS F d.f. SS F d.f. SS F

Bee species 4 20.01 3.04* 4 38.0 4.61** 4 14.3 1.7
Donor morph 1 0.19 0.11 1 19.3 9.35** 1 18.2 8.65**
Recipient morph 1 2.28 1.39 1 16.3 7.88** 1 7.1 3.38†

Flower number 1 15.2 9.24** 1 104.1 50.43**** 1 40.3 19.2****
Bee · flower 4 2.68 0.41 4 13.73 1.66 4 12.6 1.5
Bee · donor 1 0.02 0.01 1 0.36 0.17 1 0.0 0.0
Bee · recipient 3 1.62 0.33 3 9.6 1.55 3 3.6 0.6
Error 168 276.1 170 350.93 164 454.3

*P < 0�05; **P < 0�01; ****P < 0�00�1; † P = 0�07.
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and A. incarnata (Fishbein and Venable, 1996; Ivey et al.,
2003) and oilseed rape, Brassica napus (Cresswell et al.,
1995). In an extensive field survey of 29 insect species from
three orders on Lavandula latifolia, Herrera (1987) found
relatively high pollinator efficiency by Hymenoptera,
including honey bees and a Xylocopa carpenter bee. One
cautionary note about the present results is that some vis-
itors are effective at removing but not at depositing pollen or
vice versa (Wilson and Thomson, 1991; Conner et al.,
1995). Thus, studies that tease apart the removal versus
deposition components of pollinator efficiency will provide
additional ecological insight.

For G. sempervirens, Xylocopa were the least effective at
transferring pollen (even when visiting legitimately as in
this study; Fig. 2). However, field-caught Xylocopa near the
study site carried the highest amounts of G. sempervirens
pollen (Fig, 1A), and a high proportion of their total
pollen came from G. sempervirens (Fig. 1B). Furthermore,
Xylocopa were one of the most frequent floral visitors in a
related study (Adler and Irwin, 2005). The net effect of
carpenter bees on plant reproduction will depend on
whether the low transfer efficiency is counterbalanced by
the high amount of G. sempervirens pollen carried by
Xylocopa, whether small amounts of pollen can still effect
fruit set, and the abundances of more efficient pollinators in
the community (Lau and Galloway, 2004). In many cases,
low pollen deposition and/or tissue damage due to nectar
robbing can result in no fruit set and thus a negative impact
on plant reproduction (Maloof and Inouye, 2000; Irwin
et al., 2001). Determining whether the outcome of Xylocopa
floral visitation is positive or negative for G. sempervirens
would require following flowers visited by Xylocopa (rob-
bing and legitimate visits) over the season to determine fruit
set efficiency relative to visits by pollinating bees.

One surprising result was that bee size did not predict
bees’ ability to transfer pollen. The original hypothesis was
that larger bees (i.e. Xylocopa and Bombus) when visiting
legitimately would be better at transferring pollen due to a
greater likelihood of contacting plant sexual organs. Why
Apis and Xylocopa (a smaller and larger species, respect-
ively) were the least efficient visitors is not clear, especially
given that bees did not have the opportunity to groom
between floral visits. Apis may be ineffective pollinators
due to their highly generalist foraging patterns, indicated
by the low proportion of Gelsemium pollen carried on their
bodies (Fig. 1B). Xylocopa, on the other hand, rarely visits
flowers legitimately in nature (L. S. Adler and R. E. Irwin,
personal observation) and so may be less effective at for-
aging through the corolla opening. Additionally, the amount
or proportion of Gelsemium pollen carried on bees’ bodies
did not predict pollen transfer efficiency (compare Figs 1
and 2A); Xylocopa carried large amounts and a high pro-
portion of Gelsemium pollen but was very poor at transfer-
ring pollen to stigmas. Thus, pollen carried on bees’ bodies
is not a reliable proxy for pollinator efficiency. Other spe-
cies-level factors, such as hairiness or morphological fit,
may play a larger role in pollinator efficiency than has
been previously recognized. Such a hypothesis warrants
further attention, but could be more easily addressed
using a plant species with a large pollinator assemblage

(e.g. Herrera, 1987; Fishbein and Venable, 1996; Gomez
and Zamora, 1999) where the relationship between morpho-
logy, size, hairiness and pollinator species efficiency could
be compared within a phylogenetic context.

One caveat of the present study is that pollinator effi-
ciency was considered solely in the context of pollen trans-
fer rather than seed set, which is the ultimate measure of
pollination effectiveness from the female plant perspective.
Pollinators can vary in their per-visit effectiveness for seed
set (e.g. Parker, 1982; Olsen, 1997, and references therein).
However, pollen deposition may not translate directly into
seed set, due to variation in pollen quality (Waser and Price,
1991), clogging from heterospecific pollen (Waser, 1978),
and saturation of dose–response relationships (Waser and
Price, 1991; Bosch and Waser, 1999; Cane and Schiffhauer,
2003). Thus, the conclusions regarding variation in effect-
iveness of pollinator species might be modified if con-
sequences for seed set were considered as an additional
measure.

Pollen transfer in heterostylous species

One of the challenges for self-incompatible flowering
plants is to minimize the amount of pollen transferred within
a plant (selfing or geitonogamy) and maximize the amount
of outcross pollen (de Jong et al., 1993). Heterostyly, a floral
polymorphism that is characterized by the reciprocal posi-
tioning of stigmas and anthers between morphs, occurs in
approx. 28 angiosperm families (Barrett et al., 2000). Het-
erostyly may have evolved as a mechanism to promote
disassortative pollen transfer between anthers and stigmas
of floral morphs (Ganders, 1979), because pollen from
long-filament flowers would most likely be transferred to
long-styled flowers due to pollen placement on pollinators’
bodies (Darwin, 1877). There has been some evidence for
such disassortative mating in several distylous species
(Wolfe and Barrett, 1989; Ree, 1997; Barrett et al.,
2000). In the present study, however, no evidence was
found that floral morph of donor or recipient flowers affec-
ted the amount of pollen transferred, although there was low
power to detect such an effect. However, per-visit pollen
transfer is just one mechanism that can promote disassort-
ative pollen movement between floral morphs. The present
experimental design excluded the possibility of disassort-
ative movement among floral morphs due to pollinator for-
aging behaviour and discrimination within and among
morphs. This could play a significant role in determining
the amount of pollen transfer between morphs in natural
populations.

Fluorescent dye as an analogue for pollen transfer

The utility of fluorescent dye as a pollen analogue has
been studied in several other systems using hummingbirds
and bumble bees as vectors (Waser and Price, 1982;
Thomson et al., 1986; Waser, 1988; Fenster et al., 1996;
Rademaker et al., 1997). The present results are within the
range of those found in other studies. A correlation of 0�62
was found between the total amount of dye and pollen found
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on individual stigmas; most other studies have reported
r-values between 0�4 and 0�8. Given that pollen or dye
particles were not standardized between sequences, and
that transfer was compared between several pollinators,
the assertion is justified that fluorescent dye provides a
reliable analogue for pollen movement in the present sys-
tem. However, a difference in the ratio of pollen to dye
across even a short flower sequence was found (Fig. 3),
indicating that dye would underestimate pollen movement,
especially across a longer sequence of flower visits. Thus,
dye movement is likely to provide a conservative estimate
of pollen movement in the present system, as has been
found for hummingbirds visiting Delphinium nelsonii
(Waser, 1988). However, dye and pollen movement were
equivalent for bumble bees visiting D. nelsonii and hum-
mingbirds visiting Ipomopsis aggregata (Waser and Price,
1982; Waser, 1988), and in Erythronium grandiflorum
dye moves farther than pollen across a flower sequence
(Thomson et al., 1986). Thus, the pattern of dye and pollen
movement may vary between systems.

Pollinator species could vary in their ability to transfer
dye compared with pollen due to morphological or beha-
vioural differences. If this were the case, dye might be a
better analogue for pollen movement in some pollinators
compared with others. There appears to be only one other
study that has expressly considered differences between
pollinator species when determining the utility of dye as
a pollen analogue. Waser (1988) compared dye and pollen
movement by hummingbirds and bumble-bees, two very
different pollinators of Delphinium nelsonii. He demon-
strated that while dye movement closely approximated pol-
len movement by bumble-bees, hummingbird visitation
caused more variable deposition of dye and pollen and
longer pollen carryover on average than dye. By contrast,
in the present study it was found that bee species did not
differ in the ratio of pollen to dye transferred or in the rate
of decay of pollen versus dye across a sequence of flowers
(bee · flower interaction; Table 1). This suggests that
dye is equally effective as a pollen analogue across this
assemblage of pollinating bees.

Most other studies that have examined pollen and dye
transfer in controlled experiments used longer flower
sequences per visitor than the present study, which used
sequences of four flowers per individual bee. For example,
Waser (1988) used between ten and 36 flowers per sequence
for individual bumble bees and hummingbirds, Rademaker
et al. (1997) offered sequences of 32 emasculated flowers to
bumble bees, and Fenster et al. (1996) used between five
and 12 flowers per sequence of a single hummingbird.
Shorter sequences were used because the goal of the present
study was to compare pollen and dye transfer by different
bee species, which requires greater numbers of replicate
individual bees. With limited numbers of flowers, it was
decided to increase the sample size (number of individual
bees) rather than the sequence length. Whereas most studies
use 10–20 individual pollinators to measure pollen and dye
transfer of one or two pollinator species (Waser, 1988;
Fenster et al., 1996; Rademaker et al., 1997), a total of
54 bees from five different pollinator species was used
in the present study. Thus, the study was designed to

emphasize comparing bee species in pollen transfer effici-
ency, rather than characterizing pollen and dye movement
patterns over long flower sequences.

In conclusion, it was demonstrated that floral visitors can
vary widely in the amount of pollen they carry on their
bodies and in their ability to transfer pollen across a
sequence of flowers. Moreover, it was found that fluorescent
dye particles can provide an analogue of pollen transfer in
this system. The present results add to a growing number of
studies highlighting that floral visitors vary in pollination
effectiveness (Waser et al., 1996), and that pollinators car-
rying the most pollen on their bodies may not be the most
efficient at depositing pollen on stigmas. However, the pre-
sent results are contrary to studies on many heterostylous
species showing that anther and stigma position affect pol-
len removal and deposition (e.g. Wolfe and Barrett, 1989;
Harder and Barrett, 1993). Taken together, these results
suggest that more studies are needed to assess how variation
in both visitor species and in floral morphology can alter
pollen transfer in natural plant populations. Understanding
the magnitude of variability in pollinator quality is one
of several important factors for predicting how different
pollinator taxa may influence the evolution of floral traits.
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