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Abstract Plant traits that increase pollinator visitation
should be under strong selection. However, few studies
have demonstrated a causal link between natural varia-
tion in attractive traits and natural variation in visitation
to whole plants. Here we examine the effects of flower
number and size on visitation to wild radish by two taxa
of pollinators over 3 years, using a combination of multi-
ple regression and experimental reductions in both traits.
We found strong, consistent evidence that increases in
both flower number and size cause increased visitation
by syrphid flies. The results for small bees were harder
to interpret, because the multiple regression and experi-
mental manipulation results did not agree. It is likely that
increased flower size causes a weak increase in small-
bee visitation, but strong relationships between flower
number and small-bee visitation seen in 2 years of obser-
vational studies were not corroborated by experimental
manipulation of this trait. Small bees may actually have
responded to an unmeasured trait correlated with flower
number, or lower small-bee abundances when the flower
number manipulation was conducted may have reduced
our ability to detect a causal relationship. We conclude
that studies using only 1 year, one method, or measuring
only one trait may not provide an adequate understand-
ing of the effects of plant traits on pollinator attraction.

Key words Pollinator attraction - Raphanus
raphanistrum - Corolla size - Flower number -
Experimental manipulation

Introduction

For plants that rely on animals for pollination, the ability
to attract the animals to their flowers can be a crucial
component of fitness (Darwin 1877; Waser 1983; Stan-
ton et al. 1986; Galen 1989). Therefore, plant traits that
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increase visitation rates may be under strong selection. A
large number of studies have examined the effects of flo-
ral color, scent, and nectar on pollinator attraction, using
both artificial and natural flowers (reviewed in Clements
and Long 1923; Waser 1983; Kearns and Inouye 1993,
chap. 7). Two other traits that have been shown to affect
visitation are flower number (e.g., Willson and Rathcke
1974; Willson and Bertin 1979; Augspurger 1980;
Thomson et al. 1982; Bell 1985; Geber 1985; Cruzan et
al. 1988; Thomson 1988; Eckhart 1991) and corolla size
(Clements and Long 1923; Bell 1985; Galen and New-
port 1987; Stanton and Preston 1988; Galen 1989; Young
and Stanton 1990; Campbell et al. 1991; Eckhart 1991).
The majority of these studies suggest that increased
flower number or corolla size increases visitation rates.

Many studies have measured only one floral trait in
unmanipulated plants and related those measurements to
visitation rates. This does not provide strong evidence
that the measured trait is causing differences in visitation
or that the trait is under direct selection, because the dif-
ferences in visitation could be due to some other trait
that is correlated with the measured trait. For example,
corolla size and pollen production are correlated in some
cases (Stanton and Preston 1988), so that a study that
showed increased visitation with increasing pollen pro-
duction without taking corolla size into account could
lead to erroneous conclusions.

There are two complementary methods to address the
problem of correlations among traits. The first is to use
multiple regression (or a related technique) on observa-
tional data to correct statistically for correlations among
traits. Ideally, visitation rates would be regressed on as
many of the plant traits likely to affect visitation as pos-
sible. The advantage of this technique is that it can be
used on undisturbed plants in natural populations, so that
the relevance of the results to the natural situation is as-
sured. The drawback is that purely observational studies
like these can never demonstrate causation definitively,
because there is always the possibility that another un-
measured trait that is correlated with the measured traits
is causing the differences in visitation (cf. Lande and Ar-
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nold 1983; Waser 1983). The seriousness of this problem
can be diminished by measuring as many traits as possi-
ble, focusing on traits that are likely to affect visitation.
Multiple regression has rarely been used in studies of the
effects of flower size and number on visitation (but see
Willson and Bertin 1979; Eckhart 1991).

To demonstrate that a given floral trait causes differ-
ences in visitation, experimental manipulation of the trait
is necessary. It treatment and control groups are random-
ly chosen, the appropriate controls are included, and the
manipulation alters only the trait of interest (this is
sometimes difficult), then differences in visitation be-
tween treatment and control groups can reliably be at-
tributed to the manipulated trait and not some correlated
trait. However, such experiments cannot determine how
much of the natural variation in visitation is due to natu-
ral variation in that trait as well as multiple regression on
observational data can. It is also usually easier to explore
non-linear relationships among variables using continu-
ous natural variation. Experimental manipulation has
been used several times in studies of the effects of flower
number on visitation {Willson and Rathcke 1974; Thom-
son et al. 1982; Bell 1985; Geber 1985; Schmid-Hempel
and Speiser 1988; Thomson 1988), but much less fre-
quently in studies of the effects of floral size (but see
Clements and Long 1923; Bell 1985).

Waser (1983) has argued that the most powerful ap-
proach to understanding ecological relationships in gen-
eral, and adaptation of floral traits specifically, is to com-
bine observational studies using natural variation within
or among populations or species (called “comparative”
studies in Waser 1983) with manipulative experiments;
this takes advantage of the strengths of both approaches.
We would add that it is crucial to measure many plant
traits and use multiple regression when doing observa-
tional studies. This combination of multiple regression
and experimental manipulation has rarely, if ever, been
applied to studies of pollinator visitation.

In this study we use a combination of multiple regres-
sion and experimental manipulation to examine simulta-
neously the effects of flower number, corolla size, and
pollen production on pollinator visitation. We divide visi-
tation into three components: the number of pollinators
visiting a plant in a fixed amount of time, the average
number of flowers probed during an insect’s visit, and the
average time spent per flower. The product of these com-
ponents equals the total amount of time spent on a plant
by all pollinators. The first two components are similar to
the first two components of visitation of Waser (1983). It
seems reasonable to predict that floral attractants such as
flower number and size would affect the first component,
while floral rewards such as the number of pollen grains
per flower should have a greater effect on the last two
components. Flower number is also likely to affect the
second component, number of flowers visited (e.g.
Hodges and Miller 1981; Geber 1985; Schmid-Hempel
and Speiser 1988; Thomson 1988; Eckhart 1991).

In addition, we tested for differences among pollina-
tor taxa in their response to flower number and size.
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Variation among pollinator taxa in responses to flower
size and number has rarely been studied (but see Thom-
son et al. 1982; Eckhart 1992), and to our knowledge,
differences in these responses among pollinator taxa
have never been tested statistically.

Materials and methods

Plants and sites

Wild radish (Raphanus raphanistrum) is a weedy annual of dis-
turbed sites. Since it is self-incompatible (Sampson 1964), wild
radish relies on insect pollinators for nearly all reproduction. Polli-
nators of wild radish include butterflies, honey bees, smaller bees
(mainly Halictidae) and syrphid flies (Kay 1976; Stanton et al.
1989; Conner et al. 1996; see Results below); all of these taxa are
effective pollinators (Conner et al. 1995). The pollinators in this
study foraged almost exclusively for pollen (see Results).

Pollinators were observed at the Phillips Tract natural area of
the University of Illinois, located approximately 5 km northeast of
Urbana, IlI. This site is a mixture of mature forest, restored prairie,
and abandoned farmland in various successional stages. In 1992
an experimental garden of 64 wild radish plants was planted in a
square grid with 1-m spacing between plants. In 1993 and 1994
potted plants were grown in a greenhouse and placed in square
grids with 1-m spacing at the same field site. Seeds for all experi-
ments were collected from a single large population in upstate
New York containing only the yellow flower morph (see Conner
and Via 1993 for details). Wild radish is present naturally in cen-
tral Illinois, but usually in extremely small populations. All obser-
vations were conducted between 0800 and 1700 hours.

Observational studies (1992 and 1993)
Observations

All observations were conducted as follows. Individual plants
were observed for a fixed period of time (see below), and all visi-
tors to that plant were recorded as belonging to one of three cate-
gories: small bees, syrphid flies, and other (primarily Lepidoptera,
honey bees, and bumble bees). Only visitation by small bees and
syrphid flies are considered in this paper, because these two
groups together accounted for 80% of all visits in 1992, and over
90% of all visits in 1993 and 1994 (Conner et al. 1996); no other
groups of insects made more than 6% of the total visits. A sample
of small bees and syrphids were collected for identification (see
below). In addition, on a subset of visitors the total time spent at
the plant and the number of flowers probed by the visitor were re~
corded.

In 1992, 53 plants were observed for one hour each between 16
July and 10 August. Seven sets of 16 potted plants (112 total)
were used in 1993; sets did not differ in average flower size. Each
set was brought to the field on a given day, and plants were ob-
served for 10—40 min each. This procedure was repeated six times
for each set; i.e., the sets were cycled through until all sets had
been in the field six times. Plants were observed in a different ran-
dom sequence on each day. Not all plants were observed each
time, but 93% of the plants were observed five or six times. These
observations were conducted from 8 July to 29 August, which
spans the majority of the normal wild radish flowering season.

Variables measured

Each time a plant was observed, the length of the showy part of
one petal (the “limb”) was measured with digital callipers as an
estimate of corolla size, the number of flowers open on the plant
was counted, and the height of the plant was measured. Medians



Table 1 Medians and ranges for flower size (petal limb length)
and number in each year. The two columns for 1994 refer to differ-
ent sets of plants: those listed in the peral length column are from
the petal length manipulation experiment, and those listed in the
flower number column are from the flower number manipulation
experiment

Petal length Flower number
1992 8.1 (6.1-10.7) 55 (3-327)
1993 7.9 (4.2-11.1) 22 (1-107)
1994 Control 7.7 (6.0-11.0) 17 (6-70)
1994 Experimental 5.5{44-7.1) 8.5 (3-35)

and ranges for petal length and flower number are given in Table
1. Temperature data were obtained from hourly readings at an Illi-
nois State Water Survey weather station located approximately 10
km from the field site. The temperature at the reading time closest
to the start of the observation period was used.

Pollen production by flowers was measured only in 1992 as
follows. Flower buds were covered with a bridal-veil net bag the
day before observations to prevent visitation to the flowers that
opened inside. At the start of the observation period pollen was
collected from one open flower immediately upon bag removal.
Pollen was collected by removing the anthers with forceps and
placing them in a vial. The pollen sample was later counted using
a Coulter counter (Harder et al. 1985; see Rush et al. 1995 for de-
tails). This procedure provided a good estimate of pollen produc-
tion per flower, but not of pollen available per flower at the time of
observations, because most of the flowers on the plant were not
bagged and therefore had experienced variable levels of pollen de-
pletion.

Analyses

Data were analyzed using multiple regression. Separate regres-
sions were performed for each of the 2 years, and within each year
for each of the two main taxa of pollinators (small bees and syrp-
hid flies). Within each year and pollinator taxon, separate regres-
sions were performed for three dependent variables: total number
of visits (standardized to a per hour basis), the average number of
flowers probed per visit, and the average time spent per flower
probed. The correlations among the six dependent variables in
each year were generally low. In 1992, all but 1 of the 15 correla-
tions were <0.31, and 7 were <0.15. The one exception was corre-
lation of 0.51 between the number of flowers probed per visit by
the two taxa of pollinators. The 1993 correlations were even low-
er, all being <0.30 and 11 being <0.15. Therefore, independent re-
gressions are appropriate.

Each of the 12 regressions included corolla size (petal length),
number of open flowers, date, time of day, and air temperature as
independent variables. The number of pollen grains produced per
flower was also included in the 1992 regressions. Plant height was
included in all initial regressions, but later dropped because it was
never significant. This made no major changes to the results for
the rest of the variables, but did improve the model fit in several
cases. In addition, the 1993 regressions included a categorical
variable for plant identity, since plants were observed multiple
times. None of the interactions between plant identity and the oth-
er variables were significant, so these were dropped from the final
model. Quadratic (squared) terms were included for all continuous
variables in 1993 to test for curvature in the relationships. Due to
the smaller samples sizes in 1992, quadratic terms were fit in ini-
tial models, but non-significant quadratic terms were dropped for
final models to keep closer to the rule of thumb of at least 10 ob-
servations per independent variable (Mitchell 1993 and references
therein).

To test explicitly whether syrphid flies and bees differed in
their responses to flower size and number, we compared the slopes
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of the regressions of the three visitation variables on the plant
traits across the two taxa. To do this, we calculated the difference
between syrphid flies and small bees for each plant, and regressed
this difference on the variables listed above. A significant slope
for either flower size or number indicates that the two taxa of pol-
linators respond differently to that plant trait, that is, their individ-
ual slopes are different (C. McCulloch, personal communication).

All dependent variables and flower number in 1992 were In-
transformed to improve normality and reduce heteroscedasticity.
Continuous independent variables were standardized before analy-
sis (mean = 0 and variance =1) to facilitate comparisons among
variables measured on different scales, pollinator taxa, and years.
Independent variables were not strongly correlated, with no corre-
lation greater than 0.6, and 85% less than 0.3. Variance inflation
factors (Neter et al. 1985) were less than 2 for all regressions, also
indicating little multicollinearity. All analyses were performed us-
ing JMP (SAS Institute 1994) on a Macintosh computer.

Experimental manipulations (1994)

Two experiments were performed in 1994 to test further the roles
of corolla size and flower number in pollinator attraction. Plants
were used only once in each experiment. In the corolla size experi-
ment, the petals of half of the flowers on each plant were experi-
mentally shortened as follows. Plants with relatively long petals
were used. If the plant had an odd number of racemes (inflores-
cences), one raceme was removed. The remaining racemes were
assigned to two groups of equal number of racemes, and then
flowers were trimmed from the group with more flowers so that
there were equal numbers of flowers in the two groups. The two
groups of racemes were then assigned to either control or experi-
mental treatment by a coin-flip. The distal ends of all petals on all
flowers in both groups were then trimmed using fingernail trim-
mers, which roughly simulated the curved ends of natural petals.
In the control group, only a small amount of petal was removed
(<Imm) to control for the effects of trimming. In the experimental
group, petals were trimmed to a median of 5.5 mm in length (Ta-
ble 1); 5 mm is the length of the smallest natural petals in field
populations (J.K. Conner, unpublished work). Therefore, the ex-
perimental and control flowers were paired within a plant, which
controlled for all other traits that vary among plants.

Within each of the two groups of racemes on a plant (experi-
mental and control) the flower with the longest and the flower
with the shortest petals were chosen by eye in an attempt to cap-
ture the full range of variability within each group; the length of
one petal from each of these flowers was measured with digital
calipers. The average petal length was significantly greater in con-
trol racemes compared to experimental racemes (average differ-
ence = 2.3 mm=0.12 SEM; P<0.0001, Wilcoxon signed-rank test;
see Table 1). Because the wild radish petal narrows proximally,
petal width was also reduced by the experimental reduction in pet-
al length (average difference 0.45 mm=0.10 SEM; P<0.0001, Wil-
coxon signed-rank test).

Since in most cases the observer in the field could not easily
distinguish the experimental from the control racemes, in the
greenhouse each raceme was marked with a small piece of green
tape, and a black dot was placed on one group of racemes (chosen
randomly). The plants were then taken to the field site and ob-
served for one to three 10-min periods. Visitors to both groups of
racemes (marked with black dot or not) were recorded during
these periods. Therefore, the observations were largely blind. The
two groups of racemes on a plant were treated as separate plants
for the observations, because there were often too many pollina-
tors present to follow the flights of individual insects. Thus, a pol-
linator that moved from the control to the experimental group of
racemes was recorded as having visited both. Since wild radish of-
ten grows in dense patches, discrimination between plants in na-
ture often may occur over similar short distances. Observations
were conducted on seven days from 21 June to 29 July, and then
another set on 5 days from [ September to 5 October to sample
seasonal variability in pollinators. A total of 64 plants were used
in the experiment.
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In the flower number experiment, we reduced the number of
flowers on a plant to half the number found on a paired control
plant as follows. Pairs of plants were chosen with similar corolla
sizes. One member of the pair was chosen to be the experimental
plant by cein flip. Flowers were removed from this plant by cut-
ting the pedicels until it had half the number of flowers as the con-
trol plant. An equal number of pedicels of recently wilted flowers
were cut on the control plant to control for the effects of cutting.
Control and experimental plants had a median of 17 and 8.5 flow-
ers respectively; this is at the small end of the natural range ob-
served in 1992 (Table 1). Plant pairs were placed next to each oth-
er in the array and observed simultaneously by a pair of observers.
Observers did not exchange information about visitation during
observations. After all pairs of plants had been observed once,
they were observed again in the same order, but with observers as-
signed to the opposite members of each pair. This procedure con-
trolled for possible observer bias, and sampled the temporal varia-
tion in visitation more widely. Observations were conducted on
seven days from 31 August to 13 September on a total of 32 pairs
of plants.

Data analyses for the two experimental studies were similar.
Data from all 10-min observation periods for each plant were
combined, and the number of visits by small bees and syrphid flies
were analyzed separately. Data were paired either within plants
(flower size experiment) or across pairs of plants (flower number
experiment). This procedure controls for temporal variation in vis-
itation, because pairs were observed simultaneously (see above).
The Wilcoxon signed-rank test for paired data was used to test for
differences in visitation rates between experimental and control
groups.

To test for differences between syrphids and bees in their re-
sponses to the two plant traits, the number of each pollinator visit-
ing the control member of a pair was subtracted from the number
of the same pollinator visiting the experimental member of the
pair. These new variables represent the magnitude of the response
of each pollinator to the treatment. To correct for differences in
overall abundance of the two taxa of pollinators, each response
was divided by the median number visits made to control plants by
that pollinator taxon over the course of the experiment. The rela-
tive response magnitude for syrphids was then compared to the
relative response magnitude for bees, again using a Wilcoxon
signed-rank test.

Insect collection

In 1993 and 1994, insects visiting the potted plants at the study
site were collected for identification. All insects that were ob-
served foraging on wild radish flowers were collected, and collec-
tions were done at various times of day on several dates spanning
the period during which observations were conducted each year.
Collecting was not done during observation periods, however, to
minimize disturbance. A total of 127 small bees and syrphid flies
were collected, evenly divided between years (63 in 1993 and 64
in 1994).

Results
Insect visitors

Twelve species of small bees from three families and five
genera and nine species of syrphid flies from nine genera
were collected while visiting wild radish in 1993 and
1994 (Table 2). In both years, the majority of small bees
collected were in the family Halictidae, with the vast ma-
jority of these consisting of seven species of Dialictus,
particularly D. rohweri and D. imitatus. The major dif-
ference between the two years was that the non-halictid
visitors were from different families: Ceratina dupla

Table 2 Small bee and syrphid fly species collected while visiting
wild radish at the study site in 1993 and 1994, with numbers of in-
dividuals collected and percentages of the total within each taxon.
Bee families are in boldface, as are the combined numbers for all
species of Dialicius. One Dialictus specimen could not be identi-
fied to species due to poor preparation, and three genera of syrph-
ids could not be identified to species

1993 1994

No. % No %
A. Small bees:
Anthophoridae
Ceratina dupla 6 21 0 0
Colletidae
Hylaeus grossicornis 0 0 6
H. illinoiensis 0 0 8 44
Halictidae
Augochlora pura 2 7 0 0
Dialictus atlanticus 1 4 0 0
D. hartii 0 0 1 6
D. imitatus 5 18 1 6
D. obscurus 1 4 0 0
D. rohweri® 8 29 7 39
Dialictus sp. 1 4 0 0
D. viridulus 2 7 0 0
D. zephyrus 1 4 0 0
All Dialictus species 19 68 9 50
Heriades carinata 1 4 0 0
Total 28 100 18 100
B. Syrphid flies:
Allograpta obliqua 4 11 8 17
Eristalis tenax 1 3 2 4
Melanostoma pictipes 0 0 3 7
Mesograpta polita 1 3 0 0
Platycheirus hyperboreus 1 3 0 0
Sphaerophoria sp. 3 9 0 0
Syritta pipiens 1 3 0 0
Syrphus sp. 7 20 10 22
Toxomerus sp. 17 49 23 50
Total 35 100 46 100

(Anthophoridae) in 1993 and two Hylaeus species (Col-
letidae) in 1994, The syrphid flies collected were domi-
nated by Toxomerus, Syrphus and Allograpta in that or-
der, with similar proportions of each across years.

All of the species foraged primarily for pollen. The
syrphid flies foraged for pollen exclusively, as did the
smaller bees. Ceratina dupla, the only long-tongued spe-
cies collected, was able to crawl part way into the corolla
tube and forage for nectar as well as pollen on some vis-
its.

Observational studies (1992 and 1993)
Number of visits

The multiple regression analyses for 1992 and 1993 ex-
plained between 45 and 66% of the variance in the num-



Table 3 Factors affecting the number of pollinator visits to plants.
Shown are the results of four separate multiple regressions of the
number of visits made by the two categories of pollinators in 1992
and 1993 (In-transformed) on the independent variables listed.
Standardized partial regression slopes are shown. Quadratic
(squared) terms that were not significant were dropped in 1992
due to the smaller sample size that year. The 1993 regressions also
included a categorical variable for plant identity that was not sig-
nificant. Pollen production was measured in 1992 only. The over-
all R2 line gives the proportion of variance explained by all the
predictor variables combined, with the significance of the overall
regression model. Total df were 49 in 1992 and 586 in 1993

Small bees Syrphid flies
Linear Quadratic  Linear Quadratic
A. 1992:
Corolla size 0.04 - 027%*2 -
No. flowers open  0.63*%4  —(0.12%2 0.182 -
No. pollen grains —0.01 - 0.01 -
Date 0.16 - 0374 -
Time 0.03 —0.44%3 -0.39%3 _
Temperature 0.42%3 - 0.02 -
Overall model 2 0.66%4 0.57%4
B. 1993:
Corolla size 0.102 —0.03 0.19%2  -0.07*!
No. flowers open  0.39%¢  —0.11%*4 0.33%  -0.02
Date —0.45%  —0.28%4 0.47%4 0.09=
Time —0.25%4  —0.08*! —-0.14%2 0.04
Temperature 0.45%4  —0.01 -0.42%  -0.01
Overall model R?  0.45%4 0.48%4

2 P<0.15, *1 P<0.05, *2 P<0.01, *3 P<0.001, *4 P<0.0001

ber of visits by the two taxa of pollinators, and all of the
regression models were highly significant (Table 3). Re-
sults for flower number and size were quite consistent
across years, but differed across taxa. Small bee visita-
tion increased strongly with increasing flower number in
both years, but there was little or no effect of corolla
size. The standardized partial regression coefficient of
0.63 for the relationship between flower number and
small bee visitation in 1992 means that a 1 SD increase
in In-flower number was associated with a 63% increase
in In-small-bee visitation after correcting for the other
variables in the model. There were significant negative
quadratic terms for the effect of flower number on small
bee visitation in both years, suggesting diminishing re-
turns to the plant for increasing flower number.

In contrast, syrphid fly visitation increased with in-
creased flower number and size in both years, although
the 1992 result for flower number was only marginally
significant. In contrast to small bees, the relationships
between syrphid fly visitation and flower number were
linear, but there was evidence for diminishing returns for
increased flower size in 1993 (negative quadratic coeftfi-
cient). The linear regression slopes for bees and flies are
significantly different for flower number in both years
(£=0.0002 and 0.03, respectively) and marginally signif-
icantly different for corolla size in 1992 only (P=0.09
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and 0.86, respectively). Pollen production per flower did
not affect the number of visits by either category of pol-
linator in 1992, the only year that pollen was measured.

The effect of date, time, and temperature varied be-
tween pollinator categories and somewhat between years
(Table 3). Syrphid fly visitation increased later in the
season (date) in both years. Date did not affect small bee
visitation significantly in 1992, but in 1993 small be visi-
tation declined in an accelerating fashion later in the sea-
son (negative linear and quadratic terms in Table 3). Vis-
itation by syrphids in both years and small bees in 1993
declined later in the day, while in 1992 small bee visita-
tion was lowest at mid day (positive quadratic coefficient
with no linear component). Small bee visitation in-
creased with increasing temperature in both years; in
contrast, syrphid visitation decreased with temperature in
1993 and was unaffected by temperature in 1992,

There were highly significant differences between the
slopes for bees and flies for both date and temperature in
1993 (both P<0.0001) and a marginally significant dif-
ference for temperature in 1992 (P=0.07). There were no
differences in slopes for time in either year or date in
1992. Thus, in 1993 the two pollinator categories re-
sponded in opposite directions to date and temperature
and in the same direction to time of day. Recall that each
of these partial regression coefficients represents the ef-
fect of the independent variable on visitation after the ef-
fects of other independent variables have been removed.

Flowers probed/visit and time spent/flower

There were few significant relationships between the
variables we measured and flowers probed per visit or
time spent per flower (Tables 4 and 5). All the variables
together explained between 13 and 40% of the variance,
less than the variance in number of visits explained by
these variables, and two of the eight regression models
were not significant. Neither corolla size nor pollen pro-
duction per flower had any effect on either of these visi-
tation variables for either pollinator category. The lack of
a relationship with pollen production could be due to the
fact that observations were made at different times of
day when the flowers had been depleted by different
amounts. The negative relationship between time of day
and time spent per flower by syrphid flies in both years
(marginally significant in 1993) could reflect the effects
of pollen depletion.

Not surprisingly, the number of flowers open on a
plant had a positive effect on the number of flowers
probed per visit for small bees in both years and for
syrphid flies in 1993, but had no effect on the time spent
per flower (Tables 4 and 5). The relationship between
flower number and number of flowers probed showed di-
minishing returns for both taxa of pollinators in 1993.
Both flowers probed per visit and perhaps time spent per
flower seemed to decline with date; seven of the eight re-
gression coefficients were negative, with five of these at
least marginally significant. Temperature had little effect
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Table 4 Results of multiple regressions of the average number of
flowers probed per pollinator visit on the independent variables
listed (see Table 3 for details). Total df were 47 in 1992 and 488
and 440 for small bees and syrphid flies, respectively, in 1993

Small bees Syrphid flies
Linear Quadratic  Linear  Quadratic
A.1992:
Corolla size -0.02 - 0.02 -
No. flowers open  0.13%1 - 0.04 -
No. pollen grains  —0.05 - -0.03 -
Date -0.25%2 - -0.162 -
Time -0.03 - 0.07 -
Temperature 0.122 - —0.12 -
Overall model R 0.36%*2 0.13
B. 1993:
Corolla size -0.04 -0.01 -0.02 -0.02
No. flowers open  0.28%  —0.07%3 0.29*%4  —0.08%3
Date -0.20%  -0.05 -0.10%1  -0.06
Time -0.03 -0.03 -0.072 0.03
Temperature 0.02 0.02 0.072 0.03
Overall model B2~ 0.36*4 0.37%3

a P<0.15, *! P<0.05, *2 P<0.01, *3 P<0.001, ** P<0.0001

Table 5 Results of multiple regressions of the average time spent
by pollinators per flower on the independent variables listed (see
Table 3 for details). Total df were 47 in 1992 and 487 and 440 for
small bees and syrphid flies, respectively, in 1993

Small bees Syrphid flies
Linear Quadratic  Linear  Quadratic
A.1992:
Corolla size 0.00 - -0.01 -
No. flowers open  0.00 - 0.02 -
No. pollen grains ~ 0.04 - 0.13 -
Date 0.04 - -0.09 -
Time -0.05 - —0.38%3 -
Temperature -0.172 - 0.03 -
Overall model B2 0.14 0.35%2
B. 1993:
Corolla size 0.01 -0.01 0.00 —0.03
No. flowers open  0.04 ~-0.042 0.02 0.00
Date —0.19%4 0.02 -0.06 0.07
Time 0.00 —0.08%*1 —0.072 0.05
Temperature —0.03 —0.062 -0.31%  0.03
Overall model R2  0.30%1 0.40%4

2 P<(.15, *! P<0.03, *2 P<0.01, *3 P<0.001, ** P<0.0001

on these visitation variables, except for a negative rela-
tionship between temperature and time spent per flower
for syrphid flies in 1993,

Finally, the slopes for small bees and syrphid flies did
not differ significantly for either flowers probed per visit
or time spent per flower in any year for any predictor
variable.

Small bees

2
|
P = 0.002

Syrphid flies

Mean difference in # of visits

P=0.88 P=0.55
N =64 N =232 |
T 1
Corolla size Flower number

Fig.1 Results of the experimental manipulations of flower size
and number on visitation by the two main taxa of pollinators,
small bees and syrphid flies. Bars represent the mean difference
between the number of visits to control versus experimental inflo-
rescences (petal size or flower number reduced) in the paired tests.
Error bars are =1 SEM. P-values above each bar are from Wilcox-
on signed-rank tests for differences between controls and treat-
ments within each taxon, and P-values below pairs of bars are the
probability of no difference between the two taxa in their respons-
es to the treatments. N=64 plants for corolla size and 32 pairs of
plants for flower number (see Methods)

Experimental manipulations (1994)

The results of the corolla size manipulation experiment
showed that both small bees and syrphid flies preferred
flowers with longer petals, and this preference did not
differ between taxa after correcting for the higher abun-
dance of bees (Fig. 1). In contrast, the flower number
manipulation experiment showed a strong preference of
syrphid flies for plants with more flowers, but no dis-
crimination on the basis of flower number by small bees.
These preferences were not significantly different from
each other after correcting for the greater number of syr-
phids, however, due to the large standard errors (Fig. 1).

Discussion

Clearly, increases in both corolla size and flower number
caused increases in pollinator visitation in wild radish, in
agreement with most studies of other species (see Intro-
duction). The results for syrphid flies were very consis-
tent across the three years and different methods used in
this study: increased flower size and number clearly have



a causal relationship with syrphid fly visitation. The
small bee results were more variable. The multiple re-
gression results from 1992 and 1993 indicated little or no
increase in small bee visitation with increasing flower
size, but a strong response to increased flower number.
The experimental manipulation in 1994 showed the op-
posite pattern: a strong response of small bees to flower
size, but no effect of flower number.

It seems likely that the experimental manipulation
gave us more power than the observational results to de-
tect subtle effects of flower size on small bee visitation,
and a causal relationship seems likely. Conversely, the
strong effect of flower number in 1992 and 1993 may
have been due to an unmeasured correlated trait, since
experimental manipulation of flower number in 1994 had
little effect on bee visitation. However, it is not obvious
what this other trait might be, and there is an alternative
explanation: the flower number manipulation was done
later in the season when there were fewer small bees for-
aging on wild radish (median = 4.5 visits/h compared to
24 visits/h in 1992 and 1993), so there may have been
too few bees present to produce a significant difference.

In some cases the responses of the two taxa of polli-
nators differed significantly within the same year: bees
responded more strongly than flies to flower number in
1992 and 1993, and flies responded marginally more
strongly to corolla size in 1992.

While flower number and size were clearly important
in determining the number of pollinators visiting the
plant, in most cases they did not affect the number of
flowers probed and time spent per flower during a given
visit. However, increasing flower number was usually as-
sociated with increased number of flowers probed per
visit, in agreement with previous studies (Hodges and
Miller 1981; Geber 1985; Schmid-Hempel and Speiser
1988; Thomson 1988; Eckhart 1991). Corolla size did
not affect either number of flowers probed or time spent
per flower, also in agreement with previous studies
(Young and Stanton 1990; Eckhart 1991).

At first glance, it was somewhat surprising that the
number of pollen grains produced by flowers did not af-
fect any aspects of visitation by pollinators that were
feeding almost exclusively on pollen. However, since we
measured pollen production, not pollen available at the
time of observations, any effect of differential pollen
production by plants may have been masked by differ-
ences in pollen depletion. Pollen is removed very rapidly
from wild radish flowers at our study site (Rush et al.
1995). In fact, the length of the first visit to a previously
unvisited flower was much longer than the average visit
recorded in this study (J.K. Conner and S. Rush, unpub-
lished work), suggesting that available pollen does influ-
ence time spent per flower. Stanton et al. (1991) found
that visits by small bees (mainly anthophorids and halict-
ids, as in our study) to Raphanus sativus increased with
increased pollen production.

Future studies of the effect of pollen on visitation
should use either measurements of pollen available at
time of visit (which might be difficult to estimate accu-
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rately in a plant such as wild radish with many flowers)
or experimental manipulation of pollen number. Both ex-
perimental increases and decreases in pollen number
should be feasible in many plants. For example, Buch-
mann and Cane (1989) showed that both experimental
removal of pollen and glueing the anther pore closed sig-
nificantly reduced the time that bees spent per flower.
The most extreme form of experimental pollen decrease,
complete emasculation, had no effect on visitation in one
study (Geber 1985), but decreased both the number of
visits and the time spent per flower in another study
(Young and Stanton 1990).

In conclusion, the combination of multiple regression
on unmanipulated plants with experimental manipulation
of both flower number and size has clearly shown that
both these plant traits are important to pollinator attrac-
tion. However, the importance of these two traits varied
among the two categories of pollinators observed, and
experimental manipulations suggested that the apparent
increased attractiveness of plants with more flowers to
small bees may actually be due to an unmeasured corre-
lated trait.
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