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NECTAR-ROBBING BUMBLE BEES REDUCE THE FITNESS OF 
IPOMOPSIS AGGREGATA (POLEMONIACEAE) 

REBECCA E. IRWIN1 AND ALISON K. BRODY 

Department of Biology, University of Vermont, Burlington, Vermont 05405 USA and 
Rocky Mountain Biological Laboratory, Crested Butte, Colorado 81224 USA 

Abstract. The removal of floral nectar by nectar robbers may change the behavior 
of legitimate pollinators and, consequently, the pollination and fertilization success of 
flowering plants. We measured the effects of a nectar-robbing bumble bee, Bombus oc- 
cidentalis, on male and female reproductive success of Ipomopsis aggregate (Polemon- 
iaceae). We artificially varied nectar-robbing rates within 20 natural I. aggregate popu- 
lations in Colorado. Using powdered fluorescent dyes as pollen analogs, we estimated 
the amount of pollen donated (male fitness component) and the amount of pollen received 
(female fitness component) by plants with different levels of nectar robbing. We also 
measured percentage fruit set per plant, seed set per fruit, and average seed mass as 
additional components of female fitness. Nectar robbing significantly decreased both male 
and female fitness components. Heavy nectar robbing (>80% of available flowers robbed) 
significantly decreased dye donation, pollen receipt, and average number of seeds per 
fruit at the whole-plant level. Furthermore, nectar robbing significantly decreased dye 
donation by individual flowers. Although nectar robbing has often been regarded as 
unimportant to plant reproductive success, we document significant effects of nectar 
robbing on components of both male and female fitness of I. aggregate. Our results 
suggest that interactions among nectar robbers, pollinators, and their plant hosts may 
have important consequences for plant fitness. 

Key words: Bombus occidentalis; cheating behavior; hummingbirds; Ipomopsis aggregate; nectar 
robbery; pollen donation; pollen receipt; reproductive success. 

INTRODUCTION 

Floral larceny, or nectar robbing, is common among 
animal-pollinated plants (Inouye 1983). However, in 
comparison to the hundreds, if not thousands, of studies 
on the interactions between plants and their pollinators 
(for reviews see Faegri and van der Pijl 1979, Jones 
and Little 1983, Real 1983, Proctor et al. 1996), the 
interactions between plants and nectar robbers have 
received relatively little attention from pollination 
ecologists. Nevertheless, the interactions between 
plants and nectar robbers may be important to both the 
ecology and evolution of flowering plants. Moreover, 
nectar robbers may affect not only their host plants but 
also the legitimate pollinators of those hosts by de- 
priving them of nectar. Due to a general paucity of 
information and lack of experimental studies, the im- 
portance of nectar robbing to plants and their mutu- 
alistic pollinators remains a mystery. 

Most studies of nectar robbing have focused on how 
robbing affects female plant fitness (e.g., Macior 1966, 
Koeman-Kwak 1973, Rust 1979, Roubik 1982, Galen 
1983, Newton and Hill 1983, Roubik et al. 1985, Reddy 
et al. 1992, Morris 1996, Olesen 1996). Nectar robbers 
may decrease fruit or seed set by damaging plant re- 
productive structures (McDade and Kinsman 1980), by 
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deterring legitimate pollinators indirectly through their 
robbing behavior (Reddy et al. 1992), or by deterring 
pollinators directly through physical contact (Roubik 
1982). On the other hand, robbers may enhance female 
fitness components if they effect some pollination 
themselves or if they lower geitonogamy by causing 
pollinators to visit fewer flowers on the same plant 
(Heinrich and Raven 1972, Zimmerman and Cook 
1985, de Jong et al. 1992). Therefore, robbers can have 
both negative and positive effects on female fitness 
components. 

Although the effects of nectar robbing on female 
fitness components have received some attention, the 
effects of robbing on male fitness are virtually un- 
known. To our knowledge, male fitness as a function 
of robbing has been examined in only three studies 
(Wyatt 1980, Fritz and Morse 1981, Morris 1996). Mor- 
ris (1996) found that significantly more pollen was re- 
moved from robbed flowers one day after anthesis in 
the bumble bee-robbed Mertensia paniculata as com- 
pared to unrobbed flowers. Wyatt (1980) found equiv- 
ocal results of the effects of pollinia removal from ant- 
robbed Asclepias curassavica. In one site, pollinia re- 
moval was higher in robbed plants; however, in a sec- 
ond site pollinia removal was higher in unrobbed 
plants. Fritz and Morse (1981) found no effect of nec- 
tar-robbing ants on pollinia removal in flowers of As- 
clepias syriaca. Each of these studies estimated male 
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fitness as the removal of pollen from focal plants. In 
Asclepias, pollinia removal is related to the number of 
seeds sired (Broyles and Wyatt 1990). However, a pos- 
itive relationship between pollen grains removed from 
anthers, viable pollen grains deposited on stigmas, and 
male success in fertilizing ovules, may not hold true 
for all plants (Stanton et al. 1992, Klinkhamer et al. 
1994). Therefore, pollen removal may not be an ac- 
curate measure of male reproductive success. 

In many of the systems studied to date, nectar robbers 
also act as pollinators and enhance the fitness of their 
host plants (e.g., Meidell 1944, Macior 1966, Schrem- 
mer 1972, Koeman-Kwak 1973, Waser 1979, Higashi 
et al. 1988, Morris 1996). Nectar robbers may increase 
plant fitness in one of two ways. Some robbers, such 
as bumble bees, need both pollen and nectar to meet 
their energetic and nutritional requirements (Heinrich 
1979). Therefore, depending on the reward they are 
seeking, robbers will either bite a hole through the 
corolla to obtain nectar or will function as legitimate 
pollinators while collecting pollen (e.g., Meidell 1944, 
Macior 1966, Koeman-Kwak 1973, Morris 1996). Nec- 
tar robbers may also act as pollinators if their body 
parts brush up against the reproductive organs of the 
flowers they rob (e.g., Higashi et al. 1988). In the sys- 
tem we studied, however, nectar-robbing bumble bees 
do not pollinate the flowers they rob (R. E. Irwin and 
A. K. Brody, unpublished data). 

Here we describe experimental and observational 
studies in which we examined the effects of nectar 
robbing by Bombus occidentalis on both male- and 
female-fitness components of the hummingbird-polli- 
nated plant, Ipomopsis aggregate. Specifically, we 
asked: (1) Does nectar robbing affect the male fitness 
of I. aggregate on a per-plant or per-flower basis and 
(2) does nectar robbing affect the female fitness of I. 
aggregate on a per-plant or per-flower basis? We mea- 
sured female fitness as (1) pollen receipt, (2) percent 
fruit set, (3) seed set per fruit, and (4) seed mass. Using 
florescent dyes as pollen analogs, we estimated pollen 
donation, rather than pollen removal, as a measure of 
male function in nectar robbed vs. unrobbed plants. We 
examined the effects of nectar robbing on both a per- 
flower and a per-plant basis because the effects of rob- 
bing might be seen at either of these hierarchical levels, 
and a knowledge of the effects at both levels provides 
strength to their interpretation. 

METHODS 

Study system 

We studied the montane perennial herb, Ipomopsis 
aggregate subspecies aggregate (Polemoniaceae; 
Grant and Wilken 1986), in meadows near the Rocky 
Mountain Biological Laboratory (RMBL), Gothic, 
Gunnison County, Colorado, USA Ipomopsis aggre- 
gata is self-incompatible and does not reproduce veg- 
etatively (Waser and Price 1983). Therefore, all seeds 
are a result of inter-plant pollen transfer. In addition, 

L aggregate is monocarpic so estimates of lifetime 
fitness can be obtained in a single flowering season 
(Waser and Price 1989). Plants usually begin flowering 
in mid-June and continue through mid-August. Each 
plant flowers for -6 wk, producing a single inflores- 
cence with numerous, red, trumpet-shaped flowers 
(Waser 1978). The hermaphroditic flowers are protan- 
drous with no disposition for flowers in different phases 
(staminate or pistillate) to occur on different parts of 
the plant or in different parts of the season (Pyke 
1978a). Nectaries are located at the base of the flowers, 
and nectar is produced at a rate of 1-5 [d of nec- 
tar-flower-d1, with a concentration of 20-25% su- 
crose equivalents (Pleasants 1983). The corolla usually 
abscises after 3-5 d. 

The red, tubular flowers of I. aggregate are polli- 
nated primarily by Broad-tailed, Selasphorus platycer- 
cus, and Rufous, Selasphorus rufus, Hummingbirds 
near the RMBL (Waser 1978). Ipomopsis aggregate is 
robbed by the bumble bee, Bombus occidentalis. Bom- 
bus occidentalis uses its sharp, toothed mandibles to 
chew a hole through the side of the corolla. It inserts 
its proboscis into the hole and removes all available 
nectar without damaging the plant's reproductive or 
nectar-producing structures (Pleasants 1983, Irwin and 
Brody 1998) but does not pollinate the flowers (R. E. 
Irwin and A. K. Brody, unpublished data). Therefore, 
a nectar-robber visit to a flower does not result in pol- 
lination but reduces the standing crop of nectar to zero. 
On a per-plant basis over the entire season, robbing 
rates range from -0% to 100% of available flowers 
robbed, with a seasonal mean (?1 SD) of 51.3% ? 

38.3% (Irwin and Brody 1998). 

Field methods 

We examined the effects of natural and artificial nec- 
tar robbing on both male- and female-fitness compo- 
nents of I. aggregate during the summers of 1995 and 
1996. To assess the effects of nectar robbing on male 
fitness, we tracked dye particles (used as pollen ana- 
logs) from artificially and naturally robbed plants and 
estimated pollen (dye) donation to other plants in local 
populations (Waser and Price 1982, Waser 1988, Camp- 
bell 1989a, b). To assess the effects of nectar robbing 
on female fitness, we quantified pollen receipt using 
natural pollen loads, subsequent fruit and seed pro- 
duction, and seed mass from both naturally and arti- 
ficially robbed plants. In addition, we verified that ar- 
tificial robbing adequately mimicked natural robbing 
in its effects on both male and female function by com- 
paring results from naturally and experimentally 
robbed plants. We examined estimates of both male 
and female fitness per plant for each week of flowering 
to account for variation in hummingbird foraging be- 
havior and its effects on plant fitness over the season. 

Effects of nectar robbing on measures of 
whole-plant fitness 

We assessed the effects of nectar robbing on dye 
donation and pollen receipt in six populations (three 
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each in 1995 and 1996) and the effects of nectar rob- 
bing on fruit and seed production and seed mass in an 
additional 14 populations (six in 1995 and eight in 
1996). Different populations of I. aggregate were used 
in each of the two years of study. Each population 
consisted of -200 flowering I. aggregate within a 10- 
m2 area. Populations were separated from each other 
by distances >1 km. Ninety-five percent of pollen is 
expected to stay within populations of these areas 
(Waser and Price 1983, Campbell 1991a). 

For each population in 1995, we chose five focal 
plants that were morphologically similar in corolla 
length, corolla width, stalk diameter, plant height, and 
stigma and anther length. In 1995, two of the focal 
plants were randomly assigned to artificial robbing 
treatments: one received a low level of nectar robbing 
(10% of available flowers robbed) and one a high level 
of nectar robbing (80% of available flowers robbed). 
These levels simulate observed rates of average low 
and high natural robbing of 15 randomly sampled I. 
aggregate that we found in the 1995 field season 
around the RMBL town site (Irwin and Brody 1998), 
and they simulate reported rates of low and high rob- 
bing in I. aggregate studied in other years (Pleasants 
1983). The remaining three plants in each population 
were left unmanipulated and received natural nectar 
robbing. In 1995, there were no significant differences 
in male and female fitness components among plants 
that were robbed naturally vs. artificially (see Results: 
Comparison of natural and artificial nectar robbing 
below). Therefore, in 1996 we used artificially robbed 
plants only. This allowed us to accurately control the 
levels of robbing each plant experienced and to increase 
replicates of low and high robbing treatments within 
sites. In 1996, we chose six focal plants and randomly 
assigned three to the low robbing treatment and three 
to the high robbing treatment. All other aspects of the 
design remained the same as in 1995. 

We artificially robbed flowers by making a small hole 
in the side of the corolla near the base of the flower with 
a pair of dissecting scissors. We then removed nectar by 
inserting a micro-capillary tube into the hole and drawing 
out all available nectar. All newly robbed flowers were 
either in elongated bud or male phase. If a flower had 
been robbed previously, it was robbed again by extracting 
all available nectar through the existing hole each day 
that the robbed flower was in bloom. Flowers not artifi- 
cially robbed were protected from natural robbing by 
placing a piece of translucent plastic drinking straw over 
the entire tubular corolla. We examined the effect of this 
"collaring" manipulation in a separate population and 
found no effect of collaring on pollen (dye) donation, 
pollen receipt, or fruit or seed production (dye donation: 
F1,60 = 0.11, P = 0.75; pollen receipt: F1,24 = 2.42, P = 

0.13; percentage fruit set: F1 38 = 0.19, P = 0.66; seeds/ 
fruit: F123 = 0.02, P = 0.97). By artificially robbing and 
protecting flowers within plants, we maintained an av- 
erage rate of robbing of 10% and 80% for the low and 

high robbing treatments, respectively, over the entire sea- 
son. 

We estimated pollen movement within three popu- 
lations in each year by applying powdered fluorescent 
dyes (Series JST-300, Radiant Color, Richmond, Cal- 
ifornia) to the dehiscing anthers of flowers on focal 
plants. The dyes act as pollen analogs, and dye and 
pollen are transferred at similar rates by hummingbirds 
foraging at I. aggregate flowers. Mean dye donation 
over multiple flowers gives an accurate estimate of 
mean pollen donation (Waser and Price 1982) and 
therefore of male function. We could reliably distin- 
guish among six colors of dye without using a UV lamp 
(blue, chartreuse, deep green, deep red, sunset orange, 
and light pink). In 1995, we used five focal plants per 
population, three assigned to receive natural levels of 
robbing and one each assigned to the low and high 
robbing treatments. In 1996, we used a maximum of 
six focal plants per population, three assigned to the 
low robbing treatment and three to the high treatment. 
The dyes were used to track pollen donation from the 
focal plants near the center of each population to other 
plants (hereafter referred to as "outer plants"). In each 
population, we estimated pollen donation to outer 
plants (estimate of male fitness) and natural pollen re- 
ceipt (estimate of female fitness) for each focal plant. 
Because focal plants donated as well as received dye, 
we also measured the effects of nectar robbing on fruit 
and seed production and seed mass in an additional 14 
populations where no dye was applied because dye can 
interfere with the fertilization of ovules (for a review 
see Kearns and Inouye 1993). 

We began dye application in each population as soon 
as all focal plants came into bloom and continued until 
all focal plants had ceased blooming. We randomly 
assigned the focal plants in each population to one of 
the six different dye colors at the beginning of the 
flowering season. Each week, we applied dye every 
day for four consecutive days. We applied dye particles 
with a flat-head toothpick to all of the anthers of the 
flowers on focal plants in staminate phase. On each of 
the four days, we artificially robbed flowers according 
to their assigned treatments and recorded: (1) the num- 
ber of flowers in bloom on each focal plant, (2) each 
flower's phase, staminate or pistillate, and (3) the per- 
centage of flowers naturally robbed for those plants in 
the natural nectar-robbing treatment in 1995. We 
robbed flowers before applying dye to anthers to pre- 
vent dislodging dye from the flowers. In addition, we 
marked the calyx of all open flowers with a dot of 
nontoxic paint to distinguish both the week those flow- 
ers were in bloom (a different color of paint was used 
for each week) as well as their robbing status (robbed 
vs. unrobbed). 

Effects of nectar robbing on male fitness 

Each afternoon after dye application, we randomly 
selected 15 outer plants and collected stigmas from 
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one-half of their pistillate-phase flowers. To estimate 
male fitness, we quantified the amount of dye donated 
to outer plants by counting the number of dye particles 
of each color on each stigma. To standardize for daily 
differences in the number of flowers dyed per focal 
plant, we divided the average dye particle donation per 
plant by the number of flowers dyed. Dye donation was 
normalized using the square-root transformation. We 
employed a mixed-model repeated-measures ANCO- 
VA using nectar-robbing treatment as a fixed effect, 
year, site, and plant nested within treatment as random 
effects, week as the repeated measure, and the number 
of open flowers per plant as a covariate. The treatment 
effect was tested with respect to the plant nested within 
treatment term. All other factors were tested over the 
residual. Treatment means were compared using a pos- 
teriori Tukey-Kramer HD means tests. Dye donation 
per plant was examined as the response variable. For 
naturally robbed plants in 1995, we performed a re- 
gression of average dye donation per plant on average 
robbing per plant to determine the relationship between 
natural levels of nectar robbing and dye donation. 

Effects of nectar robbing on female fitness 

Pollen receipt.-We collected all of the stigmas from 
focal plants after the corollas abscised. Collecting stig- 
mas at this stage has no effect on pollen tube germi- 
nation or fruit set (Waser and Fugate 1986). Using a 
dissecting microscope, we counted the number of pol- 
len grains on each stigma. We estimated pollen receipt 
as the average number of pollen grains received per 
focal plant per week. 

Fruit and seed production.-We collected all fruits 
from the focal plants in each study population. We 
recorded the number of fruits that did and did not set 
seed. Seeds of each fruit were counted and weighed 
together. We then calculated three components of fe- 
male function: percentage fruit set per week, average 
seeds per fruit per week, and average seed mass per 
fruit per week. Percentage fruit set was calculated as 
the number of expanded fruits divided by the total num- 
ber of flowers produced per week. We computed seeds 
per fruit as the average number of seeds produced per 
successful fruit per week. Fruits were collected in in- 
dividual packets in 1995 so seed mass was determined 
on a per-fruit basis in 1995 only. 

Analysis.-Pollen receipt was normalized with a 
square-root transformation. We normalized percentage 
fruit set and seeds per fruit using the arcsine square- 
root and natural-log transformations, respectively. We 
again employed a mixed-model repeated-measures 
ANOVA to examine the effects of robbing on pollen 
receipt per plant as well as fruit and seed production 
and seed mass per plant. Nectar-robbing treatment was 
included as a fixed effect; year, site, and plant nested 
within treatment as random effects, and week as the 
repeated measure. We used the number of open flowers 
as a covariate in the model where pollen receipt was 

the response variable. In all models, the treatment ef- 
fect was tested with respect to the plant nested within 
treatment term. All other factors were tested over the 
residual. We measured seed mass in 1995 only; there- 
fore, year was not included in the analysis for this 
variable. Treatment means were compared using a pos- 
teriori Tukey-Kramer HD means tests. For naturally 
robbed plants in 1995, we performed separate regres- 
sions of the average of each response variable per plant 
on average robbing per plant to determine the rela- 
tionship between natural levels of nectar robbing and 
pollen receipt, percentage fruit set, seed set per fruit, 
and seed mass. 

Comparison of artificial and natural 
nectar-robbing treatments 

To examine if plants respond in a similar way to 
natural and artificial nectar robbing, we compared 
plants with similar natural and artificial robbing levels 
for both male and female fitness components in 1995. 
Because nectar robbing is variable among L aggregate 
plants (Irwin and Brody 1998), and because we had no 
a priori knowledge of the amount of natural robbing 
plants would receive, we measured the percentage of 
natural robbing in three plants per site, suspecting that 
at least some of those plants would receive similar 
levels of natural robbing as our artificially robbed 
plants. To determine if artificial high robbing accurately 
mimicked natural high robbing, we compared artifi- 
cially robbed plants to naturally robbed plants that had 
a seasonal mean 275% of their flowers naturally 
robbed. For low robbing, we compared artificially 
robbed plants to naturally robbed plants that had a sea- 
sonal mean of ?15% of their available flowers natu- 
rally robbed. We used a mixed-model repeated-mea- 
sures ANOVA with treatment (artificial and natural 
robbing) as a fixed effect, plant nested within treatment 
and site as random effects, and week as the repeated 
factor. The treatment effect was tested with respect to 
the plant nested within treatment term. All other factors 
were tested over the residual. We analyzed dye dona- 
tion, pollen receipt, percentage fruit set, seeds per fruit, 
and seed mass as response variables. 

Effects of nectar robbing on measures of 
individual-flower success 

Nectar robbing might have no effect on whole-plant 
measures of male or female function if pollinators do not 
discriminate between robbed and unrobbed flowers on the 
same plant. However, nectar robbing could still affect per- 
flower success, especially if unrobbed flowers within 
plants compensate for those that are robbed. Therefore, 
both of these nested hierarchical levels, per-flower and 
per-plant, may be important for interpreting the effects of 
nectar robbing on L aggregate. Thus, we also examined 
the effects of nectar robbing on dye donation and pollen 
receipt on a per-flower basis in 1995. 

To do so, we chose four morphologically similar fo- 
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cal plants at the center of one population. On each day 
that the plants were in bloom, we robbed 50% of the 
staminate-phase flowers using the techniques described 
above and collared the other 50% of the flowers to 
prevent robbing by B. occidentalis. We dyed the anthers 
of all robbed flowers one dye color and the anthers of 
all unrobbed flowers a second dye color. The same two 
colors were used on all four plants to distinguish dye 
donation by robbed vs. unrobbed flowers. 

Each afternoon after dye application, we randomly 
selected 15 outer plants and collected stigmas from 
one-half of their pistillate-phase flowers. We counted 
the number of dye particles of each color on each stig- 
ma and quantified male fitness as the average number 
of dye particles donated from robbed and unrobbed 
flowers to outer plants on a per-flower basis. To stan- 
dardize for daily differences in the number of robbed 
and unrobbed flowers dyed, we divided the average dye 
particle donation per nectar-robbing treatment by the 
total number of flowers dyed per treatment. We also 
sampled, in a similar fashion, all of the stigmas from 
focal plants 24 h after they became receptive. From 
these samples, we determined the average number of 
pollen grains received per flower per nectar-robbing 
treatment in a 24-h period. We examined dye donation 
by robbed and unrobbed flowers with an ANOVA with 
treatment (robbed and unrobbed flowers) as a fixed ef- 
fect and date as a random effect. We examined pollen 
receipt by robbed and unrobbed flowers using a mixed- 
model repeated-measures ANOVA with robbing treat- 
ment (robbed and unrobbed flowers) as a fixed effect, 
plant nested within floral treatment as a random effect, 
and date as the repeated measure. Again, the treatment 
effect was tested with respect to the nested term. 

RESULTS 

In the overall models for the repeated-measures AN- 
OVAs and ANCOVAs, we examined each component 
of plant reproductive success on a per-plant basis for 
variation among years and sites. For all response vari- 
ables except pollen receipt (which we discuss sepa- 
rately below), year was insignificant in the overall mod- 
el (P > 0.05 in all cases), and for all variables (except 
percentage fruit set and seed set per fruit), site was 
insignificant in the overall model. Therefore, in non- 
significant cases, we pooled data across years and/or 
sites. In the repeated-measures ANOVA and ANCOVA 
models with the appropriate pooled data, the effect of 
plant identity was insignificant for percentage fruit set 
and seed set per fruit (P > 0.05 in both cases). However, 
plant identity was significant for dye donation (F2267 
= 1.95, P = 0.02) and seed mass (F1650 = 2.67, P = 

0.004). Neither week nor the covariate (number of open 
flowers) had a significant effect on dye donation; how- 
ever, estimates of female fitness-percentage fruit set, 
seeds per fruit, and average seed mass-did vary 
among weeks. For both the low and high robbing treat- 

ments, these estimates of female fitness decreased as 
the season progressed. 

In 1995, the average percentage of natural nectar 
robbing per plant in plants in the natural robbing treat- 
ment ranged from 0% to 97.2% of available flowers 
robbed, with a mean (?-1 SD) of 32.9% ? 37.2% (N = 

27 plants). 

Comparison of artificial and natural 
nectar-robbing treatments 

For sites in which we measured dye donation and 
pollen receipt in 1995, two of the three sites contained 
plants with high levels of natural robbing (>75% of 
available flowers robbed; N = 3 plants), and two of 
the three sites contained plants with low levels of nat- 
ural robbing (<15% of available flowers robbed; N = 

three plants). And for sites in which we measured per- 
centage fruit set, seed set per fruit, and seed mass, four 
of the nine sites contained plants with high levels of 
natural robbing (N = 7 plants), and five of the nine 
sites contained plants with low levels of natural robbing 
(N = 9 plants). Based on the range of variation in 
natural nectar robbing among plants, we did not expect 
that all naturally robbed plants from all nine sites in 
1995 would conform to the low (0-15%) or high (75- 
100%) robbing rates throughout the entire season. We 
found no differences between artificial and natural nec- 
tar robbing for any of the response variables measured 
at low and high robbing rates (Table 1). Therefore, our 
low and high robbing treatments accurately represent 
natural low and high robbing in terms of plant response. 

Effects of nectar robbing on male fitness 

Plants in the high robbing treatment donated signif- 
icantly fewer dye particles than plants in the low rob- 
bing treatment (F122 = 26.08, P < 0.0001; Fig. 1). In 
addition, there was a significant negative relationship 
between average percentage robbing and average dye 
donation for naturally robbed plants in 1995 (r = 0.64, 
N = 9 plants, P = 0.05). On a per-flower basis, robbed 
flowers donated significantly fewer dye particles than 
unrobbed flowers over the 1995 flowering season (F1 13 

= 12.88, P = 0.003). Mean dye donation (per flower 
dyed) by unrobbed flowers was over twice that of 
robbed flowers (mean + 1 SE, unrobbed flowers: 0.09 
? 0.01 pollen grains donated; robbed flowers: 0.04 ? 

0.01 pollen grains donated). 

Effects of nectar robbing on female fitness 

Pollen receipt.-Plants in the high robbing treatment 
received significantly fewer pollen grains than plants 
in the low robbing treatment in 1996 but not in 1995 
(Table 2; Fig. 2). Pollen receipt was significantly lower 
in 1995 (mean ? 1 SE = 65.61 ? 2.46 pollen grains) 
than in 1996 (mean ? 1 SE = 100.51 ? 2.49 pollen 
grains; F179 = 8.44, P = 0.02). In the overall models 
for 1995 and 1996, site was insignificant (1995: F217 
= 1.60, P = 0.23; 1996: F259 = 2.82, P = 0.07), so 
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TABLE 1. Comparison of artificial and natural nectar-robbing treatments (mean + 1 SE) in 1995 for low and high robbing 
levels. 

Low robbing High robbing 

Variable Natural Artificial P Natural Artificial P 

Dye donations 0.03 + 0.01 0.05 + 0.01 0.80 0.01 + 0.01 0.01 + 0.01 0.83 
Pollen receipts 66.28 + 3.56 69.11 + 4.57 0.06 72.99 + 4.78 58.93 + 3.16 0.21 
Percentage fruit set 61.54 + 3.22 46.43 + 4.54 0.33 34.33 t 5.58 51.42 t 3.78 0.44 
Seeds per fruit 5.87 + 0.33 6.39 ? 0.48 0.84 4.69 t 0.61 5.40 ? 0.37 0.27 
Seed mass (mg) 0.94 + 0.03 0.94 ? 0.04 0.15 0.90 + 0.03 0.99 ? 0.05 0.90 

Notes: In all cases, the statistics reported refer to the main treatment effect from a mixed-model repeated-measures ANOVA 
with the treatment (artificial vs. natural robbing) as a fixed effect, plant nested within treatment and site as random effects, 
and week as the repeated factor. The treatment effect was tested with respect to the nested term. All other factors were tested 
over the residual. 

t Mean number of dye particles donated per plant per flower dyed. 
t Mean number of pollen grains received per flower. 

data were combined from all sites within years. The 
effects of plant nested within treatment and week on 
pollen receipt varied between years (Table 2). On a per- 
flower basis in 1995, artificially unrobbed and robbed 
flowers received similar numbers of pollen grains 
(mean ? 1 SE, unrobbed flowers = 87.83 + 5.88 pollen 
grains, robbed flowers = 77.32 ? 5.01 pollen grains; 
F24 = 0.68, P = 0.45). For naturally robbed plants in 
1995, there was a significant negative relationship be- 
tween average percentage robbing and average pollen 
receipt (r = 0.71, N = 9 plants, P = 0.03). 

Fruit set.-Percentage fruit set per week was sig- 
nificantly lower in sites that received fluorescent dyes 
(mean ? 1 SE, dyed sites = 46.34% ? 2.31%, undyed 
sites = 52.57% ? 1.42%; F1 611 = 5.29, P = 0.04). 
Therefore, we only analyzed data from sites that did 
not receive dye treatments. We found no significant 
difference in percentage fruit set in the low vs. high 
artificial robbing treatments (mean + 1 SE, low robbing 
= 54.77% + 1.73%, high robbing = 47.16% + 1.68%; 
F14 = 0.18, P = 0.69). However, for naturally robbed 
plants in 1995 we did find a significant negative re- 
lationship between average percentage fruit set and av- 

erage percentage robbing per plant (r = 0.55, N = 18 
plants, P = 0.02). 

Seed set per fruit.-Seed set per fruit did not differ 
significantly between sites in which fluorescent dyes 
were and were not applied (F1 326 = 0.41, P = 0.52); 
therefore, we analyzed data from all sites. Seed set per 
fruit was significantly lower in plants that received the 
high robbing treatment (F14 = 8.14, P = 0.04; Fig. 3). 
In addition, plants in the high robbing treatment pro- 
duced significantly fewer seeds per plant than plants 
in the low robbing treatment (F14 = 16.08, P = 0.01; 
Fig. 4). However, for naturally robbed plants in 1995, 
the negative relationship between average percentage 
nectar robbing and average seed set per fruit was not 
significant (r = 0.04, N = 27 plants, P = 0.82). 

Seed mass.-Seed mass did not differ among sites 
in which fluorescent dyes were and were not applied 
(F, 71 = 1. 1, P = 0.29) so we analyzed our data across 
all sites. Seed mass did not differ significantly between 
the nectar-robbing treatments (mean ? 1 SE, low rob- 
bing = 0.83 ? 0.06 mg, high robbing = 1.01 ? 0.07 
mg; F1,16 = 1.70, P = 0.21). In addition, for the plants 
that received natural levels of robbing in 1995, the 
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TABLE 2. Repeated-measures ANCOVAs for the effects of 
treatment (low vs. high robbing), plant nested within rob- 
bing treatment, week, and the covariate (number of open 
flowers) on pollen receipt in 1995 and 1996. 

Source of 
1995 1996 

variation df F P df F P 

Robbing treatment 1 0.57 0.48 1 13.87 0.001 
Plant (treatment) 4 1.15 0.37 16 2.05 0.03 
Week 3 0.91 0.46 3 3.01 0.04 
No. open flowers 1 0.09 0.77 1 0.74 0.40 
Error 14 48 

Notes: The treatment effect was tested with respect to the 
plant nested within treatment term. All other factors were 
tested over the residual. 

negative relationship between average percentage nec- 
tar robbing and average seed mass per plant was not 
significant (r = 0.14, N = 27 plants, P = 0.49). 

DISCUSSION 

Nectar robbing decreased both male and female fit- 
ness components of I. aggregate. Donation of dye to 
neighboring plants, a measure of male fitness, was sig- 
nificantly reduced in plants with high robbing. Assum- 
ing no differences in pollen tube growth or fertilization 
of ovules, lower levels of pollen donation will result 
in lower numbers of offspring sired. Pollen receipt was 
also significantly reduced in plants with high nectar 
robbing in 1996. Because I. aggregate is often pollen 
limited, decreased numbers of pollen grains deposited 
on stigmas will likely result in decreased seeds per fruit 
(Hainsworth et al. 1985, Campbell 1991b, Campbell 
and Halama 1993). Plants with high robbing also pro- 
duced fewer seeds per fruit as well as fewer total seeds 
per plant. 

How does nectar robbing reduce the male and female 
reproductive success of I. aggregate? In other systems, 
three major mechanisms have been identified or pro- 
posed: (1) Nectar robbers may damage plant repro- 

ductive structures (McDade and Kinsman 1980). (2) 
Robbers may aggressively interact with pollinators and 
deter them from visiting plants (Roubik 1982). (3) Nec- 
tar robbers may reduce the attractiveness of robbed 
plants and flowers to pollinators and, thus, indirectly 
cause a reduction in pollinator per flower visitation rate 
(Reddy et al. 1992). A fourth possibility exists as well. 
Nectar robbers may decrease the effectiveness (rather 
than the visitation rate) of pollinators by decreasing the 
frequency with which pollinators contact the anthers 
and stigmas of robbed flowers. 

There is no evidence that nectar robbing by B. occi- 
dentalis damages the reproductive structures of L aggre- 
gata. We found no macroscopic or microscopic damage 
to the stigmas, styles, or ovaries in nectar-robbed flowers 
(Irwin and Brody 1998). Nor did we find any evidence 
that B. occidentalis directly interferes with the foraging 
behavior of hummingbird pollinators. Furthermore, it is 
unlikely that robbing affects pollination success by re- 
ducing pollinator effectiveness. Mitchell and Waser 
(1992) varied nectar standing crop in L aggregate flowers 
and found no detectable effect on single-visit pollination 
effectiveness estimated through pollen removal (anther 
contact) and pollen receipt (stigma contact). Because the 
immediate effect of robbing is a reduction in nectar stand- 
ing crop, we expect that similar results would hold for 
our study as well. 

The most plausible mechanism underlying the re- 
duction in male and female fitness components by nec- 
tar robbers is that robbing decreases the attractiveness 
and profitability of robbed I. aggregate to pollinators. 
Hummingbirds avoid plants with high robbing and visit 
fewer flowers on those plants (Irwin and Brody 1998). 
Other studies have also highlighted hummingbird sen- 
sitivity to resource levels among plants (i.e., Pyke 
1978b, Gass and Montgomerie 1981, Mitchell 1993). 
Ipomopsis aggregate is self-incompatible, and repro- 
duction is often pollinator-limited (Hainsworth et al. 
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produced significantly fewer seeds per fruit than plants in the 
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1985, Campbell 1991 b, Campbell and Halama 1993). 
Therefore, reductions in visitation rate due to hum- 
mingbird avoidance of nectar-robbed plants are likely 
to decrease both male and female fitness components. 

Examining the results of nectar robbing at different 
hierarchical levels (i.e., whole-plant vs. per-flower) 
would have been critically important had we found no 
whole-plant difference in high vs. low nectar-robbing 
treatments. Nectar robbing could have affected per- 
flower success but could have been masked if unrobbed 
flowers within plants compensated for those that were 
robbed. However, in 1995 we found that robbing de- 
creased dye donation at the plant and flower levels and 
had no significant effect on pollen receipt at either the 
plant or flower levels. Thus, the patterns at the flower 
level did not elucidate further patterns or mechanisms 
unapparent at the whole-plant level. 

Despite the strength of the relationship between high 
robbing and reduced plant fitness components, we 
found two apparently anomalous results, each of which 
can be explained in the context of the known natural 
history of L. aggregata. First, the high nectar-robbing 
treatment decreased seed set per fruit and seed set per 
plant but not percentage fruit set. Other studies of I. 
aggregata have also shown that reductions in pollinator 
visitation reduce seed set but not fruit set (Brody 1992, 
Campbell and Halama 1993). Some fruit set is effected 
by pollinators other than hummingbirds (Pleasants and 
Waser 1985, Brody 1992), but a reduction in visitation 

by hummingbirds can have a dramatic effect on seed 
set per fruit and whole-plant seed production even 
when fruit set is unaffected. Second, the importance of 
year, site, and week effects were not consistent across 
all response variables. For example, percentage fruit 
set and seed set per fruit differed significantly among 
sites and weeks. And the importance of robbing on 
pollen receipt varied among years. Plant reproductive 
success may vary among years, sites, and weeks for 
many reasons including variation in pollinator abun- 
dance as well as variation in the degree to which plants 
are pollinator- vs. resource-limited (e.g., Waser and 
Real 1979, Brody and Mitchell 1997). If plants are 
pollinator-limited, variation in pollinator population 
densities and foraging behaviors due to migration pat- 
terns, breeding activity by females, territorial aggres- 
sion by males, and weather (e.g., Cody 1968, Stiles 
1971, Pimm 1978, Gass and Montgomerie 1981) may 
have a significant impact on their reproductive success. 
Furthermore, one might expect that not all plant fitness 
components respond in the same degree to the same 
selective pressures (e.g., Stanton et. al. 1986, Stanton 
and Preston 1987, Cruzan et al. 1988, Mitchell 1993). 

Despite these vagaries, the strength of our study lies 
in having taken an experimental approach and thus be- 
ing able to separate the effects of robbing per se from 
other factors with which it may have been correlated. 
Few studies have manipulated robbing and examined 
subsequent plant fitness (but see Wyatt 1980, Fritz and 
Morse 1981, Rust 1979, Zimmerman and Cook 1985, 
Morris 1996). Studies relying on natural variation in 
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nectar robbing rather than experimental manipulations 
cannot determine whether robbing was a direct deter- 
minant of plant fitness or merely correlated with it (e.g., 
Macior 1966, Koeman-Kwak 1973, Kendall and Smith 
1976). From our study, we can conclude that nectar 
robbing affects reproductive success in L aggregate, 
and does so through its indirect effects on pollinators 
(Irwin and Brody 1998). 

Studies examining the effects of nectar robbing on 
both male and female reproductive success in a single 
plant species are rare (Wyatt 1980, Fritz and Morse 
1981, Morris 1996). In hermaphroditic plants, nectar 
robbing may affect both male and female fitness. There- 
fore, both estimates should be taken into account when 
measuring ultimate reproductive consequences. Al- 
though we did not measure male reproductive success 
directly (number of seeds sired), powdered dyes pro- 
vided an accurate measure of relative success in pollen 
delivery. There is a significant and positive correlation 
between dye and pollen receipt to stigmas (Waser and 
Price 1982; R. E. Irwin and A. K. Brody, unpublished 
data). Nonetheless, pollen donation is itself only an 
estimate of male fitness. An increase in delivery of 
pollen to stigmas may or may not increase seeds sired. 
We are currently conducting a paternity analysis using 
genetic markers to determine the effect of nectar rob- 
bing on the actual number of seeds sired by plants. 

Nectar robbers can have any number of effects on 
plant fitness from negative to positive. Our study gives 
the first piece of conclusive evidence that nectar rob- 
bers can negatively effect male as well as female fitness 
components. We found no evidence that particular traits 
(i.e., toxic nectar or tough corolla tubes) of I. aggregate 
prevent nectar robbing per se, but such is not the case 
in other nectar-robbed plant species (e.g., Barrows 
1976, Stephenson 1982, Wootton and Sun 1989, Proc- 
tor et al. 1996). However, robbing does appear to be 
nonrandom, and robbers may impose selection on floral 
phonology and morphology. Therefore, nectar robbing 
may still be an important evolutionary force for I. ag- 
gregata. Plants that produce flowers later in the season 
and flowers with longer corollas are more likely to be 
heavily robbed (R. E. Irwin and A. K. Brody, unpub- 
lished data). Our next step is to examine the degree to 
which nectar robbing affects the evolution of floral 
traits as well as the population ecology of nectar-robbed 
L aggregate. 
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