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Abstract Animals that consume plant parts or rewards
but provide no services in return are likely to have signifi-
cant impacts on the reproductive success of their host
plants. The effects of multiple antagonists to plant repro-
duction may not be predictable from studying their individ-
ual effects in isolation. If consumer behaviors are
contingent on each other, such interactions may limit the
ability of the host to evolve in response to any one enemy.
Here, we asked whether nectar robbing by a bumblebee
(Bombus occidentalis) altered the likelihood of pre-dis-
persal seed predation by a fly (Hylemya sp.) on a shared
host plant, Ipomopsis aggregata (Polemoniaceae). We esti-
mated the fitness consequences of the combined interac-
tions using experimental manipulations of nectar robbing
within and among sites. Within sites, nectar robbing
reduced the percentage of fruits destroyed by Hylemya.
However, the negative effects of robbing on seed produc-
tion outweighed any advantages associated with decreased
seed predation in robbed plants. We found similar trends
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among sites when we manipulated robbing to all plants
within a local population, although the results were not sta-
tistically significant. Taken together, our results suggest
that seed predation is not independent of nectar robbing.
Thus, accounting for the interactions among species is cru-
cial to predicting their ecological effects and plant evolu-
tionary response.
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Introduction

Most flowering plants interact with a suite of mutualists and
antagonists that may ultimately affect their reproductive
success. However, the focus of many classical and contem-
porary studies in ecology and evolution has been on pair-
wise interactions between individuals and/or species
(Miller and Travis 1996). The study of plant—pollinator
mutualisms is a case in point, encompassing a literature
dating back to Darwin (1862) and replete with studies that
assess the impacts of pollinators on floral traits and plant
fitness (for reviews, see Faegri and van der Pjil 1979; Proc-
tor et al. 1996; Waser and Ollerton 2006). In addition to
their interactions with pollinators, however, plants are often
used simultaneously by herbivores, florivores, nectar rob-
bers, and seed predators. These non-pollinating species can
affect plant—pollinator interactions, plant fitness, and the
evolution of floral traits (e.g., Schemske and Horvitz 1988;
Lehtild and Strauss 1997; Herrera 2000; Galen and Cuba
2001; Gémez 2003). Furthermore, the net effect of organ-
isms that exploit mutualisms while providing no services in
return may not be predictable from pairwise interactions
(Bronstein et al. 2003), especially if one organism alters the
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likelihood or intensity of an interaction with a second
(Wootton 1993), or if the enemies have non-additive effects
on plant fitness. The impacts of such third-party cheaters on
host plant fitness can be dramatic, and may pose significant
counter-selection on traits important to plants and their
mutualist pollinators (Bronstein et al. 2006). For example,
even evolutionarily tight linkages such as those between
various species of Yucca and their coevolved moth pollina-
tors can be exploited by parasites that effect no pollination
while their offspring utilize the profits of mutualist—plant
interaction—i.e., seeds (Pellmyr et al. 1996). In less spe-
cialized systems, a variety of other species may easily
exploit the rewards offered to attract pollinators and/or con-
sume flower parts or seeds (Galen 1999; Cariveau et al.
2004; Irwin 2006). For the vast majority of cases, two-party
mutualisms are imbedded within a broader community that
includes other mutualists and antagonists. Thus, under-
standing these myriad interactions is critical to predicting
the long-term ecological and evolutionary trajectories of
plants and their mutualist partners (Bronstein et al. 2003,
2006; Stanton 2003; Ferriere et al. 2007). Here, we exam-
ined interactions between two antagonists—nectar robbers
and pre-dispersal seed predators—and their combined
effects on host plant fitness that are, ultimately, dependent
on the plant’s interactions with mutualist pollinators.

Despite the commonness of nectar robbing (reviewed in
Maloof and Inouye 2000; Irwin et al. 2001; Irwin and Maloof
2002), the importance of nectar robbers to other non-pollinat-
ing visitors, and the combined outcome of antagonists to pol-
lination and plant fitness, has yet to be broadly considered.
Although nectar robbers can significantly decrease plant
fitness through direct consumption of reproductive parts
(McDade and Kinsman 1980; Traveset et al. 1998; Galen
1999), the indirect effects of nectar robbers may be exacer-
bated or ameliorated by other species with which their host
plants interact. For example, nectar robbing may significantly
decrease pollination (Roubik 1982), and/or it might induce
biotic or abiotic defense against flower- and seed-feeding
insects (Newman and Thomson 2005).

Pre-dispersal seed predators can also have significant
direct and indirect effects on pollination and plant fitness
(Brody 1997; Brody and Mitchell 1997; Fenner et al. 2002).
For cases in which seed predators do not also act as pollina-
tors, pre-dispersal seed predators may significantly reduce
the number of viable fruits and seeds that a plant produces
and impose selection on floral and flowering traits (Brody
1992a; English-Loeb and Karban 1992; Pilson 2000; Fenner
et al. 2002). In addition to their direct effects on plant fitness,
pre-dispersal seed predators may affect the outcome of inter-
actions between a plant and other floral enemies, such as nec-
tar robbers. These interactions may be additive, or they may
cancel each other out. For example, suppose nectar robbers
reduce seed production by 50% (Irwin and Brody 1999). If
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seed predators consume an additional 50% of the remaining
fruits, total female fitness will be additively reduced by 75%.
Alternatively, if nectar-robbed flowers do not develop into
fruits, the seed predators they harbor will perish because the
survival of larvae of pre-dispersal seed predators is contin-
gent upon the development of successful fruits. In that case,
the effects of seed predation on robbed flowers would be neg-
ligible. Assessing the degree to which antagonists interact is
one of the first steps toward understanding whether the traits
important to one interaction evolve independently from traits
involved in other interactions (Hougen-Eitzman and Rausher
1994; Iwao and Rausher 1997).

We quantified the interactions between nectar-robbing
bumblebees and a dipteran pre-dispersal seed predator utiliz-
ing a common sub-alpine host plant, scarlet gilia (Ipomopsis
aggregata; Polemoniaceae), in the Rocky Mountains of Col-
orado, USA. We predicted that nectar robbing would both
reduce plant attractiveness to pre-dispersal seed predators
and decrease the effects of pre-dispersal seed predation on
plant reproduction. Our hypotheses assume that adult seed
predators can perceive robbed flowers and will avoid ovipos-
iting on them, and/or larval survival of the seed predators is
lowered on robbed versus unrobbed plants. Second, our
hypotheses assume that because robbed flowers have a sig-
nificantly lower probability of producing seeds (Irwin and
Brody 1999), pre-dispersal seed predator larvae would more
likely die on robbed flowers and thus their overall effects
would be reduced. To examine these hypotheses, we asked:

1. Do pre-dispersal seed predators avoid ovipositing on
flowers that are robbed and on plants with high levels
of robbing?

2. Is the survivorship of seed-predator larvae (and thus
destruction of fruits) lower on plants with high levels
of robbing?

3. How do the combined effects of robbing and pre-dis-
persal seed predation affect estimates of host plant
fitness?

Although the effects of nectar robbers and pre-dispersal
seed predators on the reproduction of I. aggregata have
been established, these studies have been conducted inde-
pendently. In addition to linking the effects of multiple spe-
cies on their host, we conducted experiments within and
among sites as the outcomes of these interactions may vary
across different spatial scales.

Materials and methods

Study system

We studied the montane perennial herb I. aggregata (scar-
let gilia, Polemoniaceae) native to mountains of western
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USA (Grant and Wilken 1986). Our study populations were
near the Rocky Mountain Biological Laboratory (RMBL),
located outside of Crested Butte, Colorado, at an elevation
of 2,900 m. Near the RMBL, I aggregata is monocarpic.
Plants grow as vegetative rosettes for 3-7 years, flower
once, and then die (Waser and Price 1989). Therefore, esti-
mates of lifetime fitness can be obtained in a single flower-
ing season. Plants begin flowering in mid-June and
continue through mid-August. Each plant produces an
inflorescence with numerous, red, trumpet-shaped flowers,
and plants flower for approximately 6 weeks (Waser 1978).
The hermaphroditic flowers are protandrous, and male- and
female-phase flowers occur on the same plant at the same
time. Corollas usually abscise after 3-5 days. The red,
tubular flowers of I. aggregata are pollinated primarily by
broad-tailed hummingbirds, Selasphorus platycercus, and
rufous hummingbirds, S. rufus, near the RMBL (Waser
1978).

L. aggregata is nectar robbed by the bumblebee, Bombus
occidentalis (Hymenoptera: Apidae). B. 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 structures (Irwin and Brody 1998). B. occi-
dentalis does not, to our knowledge, pollinate 1. aggregata
and nectar robbing decreases visitation by hummingbird
pollinators resulting in an approximate 50% reduction in
both male and female plant-fitness estimates (Irwin and
Brody 2000).

L. aggregata is also the host of a pre-dispersal seed pred-
ator, Hylemya sp. (Diptera: Anthomyiidae; Zimmerman
1980). Hylemya females oviposit under the sepals of buds
and flowers, usually depositing a single egg at each oviposi-
tion event. The larva hatches and burrows into the ovary
where it feeds on developing seeds. Most often, the larva on
a given fruit destroys all of the seeds before it bores through
the carpal wall, falls to the ground, and pupates in the soil.
Hylemya often destroy up to 80% of fruits on individual 1.
aggregata plants (Brody 1991). Thus, these seed predators
can greatly reduce total seed production (Juenger and
Bergelson 1998). Unlike other plants which may abscise
damaged flowers or selectively abort damaged fruits (Pell-
myr and Huth 1994), I. aggregata does not abort fruits with
Hylemya larvae and, in fact, the probability of fruit set is
higher for flowers on which females oviposit than on other
flowers of the same plant (see below, and Brody and Morita
2000).

Within sites, not all plants are likely to be robbed, and
robbing levels (proportion of flowers robbed per plant)
show a bimodal distribution with peaks at low and high
robbing levels (Irwin and Brody 1998). Among sites, mean
robbing levels vary almost 100-fold within the same flow-
ering season (Irwin and Maloof 2002), and visitation by

pollinators varies considerably within and among sites as
well (Price et al. 2005). Given the demonstrated spatial var-
iability in nectar robbing and pollination, we examined how
robbing affected seed predation and subsequent plant repro-
duction both within and among sites. At the within-site spa-
tial scale, we focused on how nectar robbing affected fruit
destruction by Hylemya and subsequent plant reproduction.
At the among-site spatial scale, we measured how nectar
robbing affected Hylemya oviposition and survival, as well
as how robbing affected fruit destruction by Hylemya and
subsequent plant reproduction. We predicted that both
within and among sites, high levels of nectar robbing would
cancel out or reduce the effects of seed predation. Thus, we
would predict that where nectar robbers are most active,
they would be the primary agents interacting with pollina-
tors to affect seed set (Irwin and Brody 2000), plant demog-
raphy (Price et al. 2007), and floral evolution (Irwin 2006).
Alternatively, where nectar robbers are rare or absent, we
would predict that the interactions between pre-dispersal
seed predators, pollinators and their hosts would be the pri-
mary agents of ecological and evolutionary effects.

Field methods

To examine how nectar robbing affected pre-dispersal seed
predation and subsequent plant reproduction, we conducted
experiments at two spatial scales. In the first experiment,
we experimentally robbed individual plants within an I
aggregata population (hereafter referred to as a “site”). In
the second experiment, we experimentally robbed plants
within entire I. aggregata sites. We define an 1. aggregata
site as a population of I. aggregata that is separated from
other populations by at least 100 m. We used these two spa-
tial scales because robbing levels of 1. aggregata can vary
both within and among sites, and thus the interactions
among robbers and pre-dispersal seed predators might vary
within and among sites as well.

Effects of nectar robbing and seed predation within sites

Along the Copper Creek Trail, adjacent to the RMBL, we
haphazardly chose 50 bolting 1. aggregata in June 2005.
We randomly assigned 25 plants each to either a robbing
treatment (greater than 80% of flowers robbed) or a no-rob-
bing (control) treatment. These levels represent high and
low robbing levels commonly found in the field (Irwin and
Maloof 2002). Plants assigned to the treatments did not
differ in initial plant size (root stalk diameter, ANOVA,
F43=0.28, P=0.60). We artificially robbed flowers by
cutting a hole, ca. 1 mm in diameter, in the side of the
corolla using fine-tipped dissecting scissors. We then
removed all available nectar from each flower using a
microcapillary tube inserted in the hole. Our method
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mimics natural robbing by B. occidentalis (Irwin and Brody
1998). We handled flowers on the control plants similarly,
but did not make a hole in them. Natural robbing levels
were low in the year of study and virtually none of the flow-
ers on the control plants were robbed. We performed the
robbing treatments 4 days per week throughout the bloom-
ing season.

At the end of the flowering season, we collected all fruits
and scored them as having set seed or not (aborted),
recorded if the fruits had been destroyed by Hylemya, and
counted all seeds from intact fruits. Hylemya larvae destroy
the seeds, leaving behind a mass of partially eaten seeds
and frass and an exit hole in the carpal wall. Fruit destruc-
tion by Hylemya is distinctive and not easily mistaken for
any other kind of damage (Brody 1992a).

Statistical analyses

To test the effects of nectar robbing on seed predation by
Hylemya, we used an ANOVA with robbing treatment (rob-
bing vs. control) as a fixed effect and the percent of fruits
destroyed by Hylemya (arc-sine square-root transformed)
as the response variable. The percent of destroyed fruits
was calculated as the number of destroyed fruits divided by
the total number of fruits produced per plant. To test the
effects of nectar robbing and natural levels of seed preda-
tion on female plant reproduction, we used a multiple
ANOVA (MANOVA) with robbing treatment as a fixed
effect, and percent fruit set (number of expanded fruits
divided by number of flowers produced per plant), seed set
per undamaged fruit, and total seeds produced per plant as
response variables. A MANOVA was used initially to con-
trol for multiple correlated dependent variables (Gotelli and
Ellison 2004). A significant MANOVA was followed by
univariate ANOV As for each response variable.

Effects of nectar robbing and seed predation among sites

To examine how high levels of nectar robbing affected ovi-
position choices of Hylemya, and the combined effects of
Hylemya and robbers, we chose three pairs of sites where 1.
aggregata was abundant in June 2000. Pairs of sites were
chosen to be similar in slope, aspect, and the number of
flowering 1. aggregata. All sites were greater than 200 m
apart. We randomly assigned one site of each pair to be
robbed, and the other to remain as an unrobbed (control)
site. We artificially robbed flowers and handled the control
flowers, as described above. In the robbed sites, at least 80%
of all flowers on each plant were robbed every other day
from the beginning to the end of the flowering season, and
approximately 80% of all plants at each site were robbed.
We chose 20 focal plants at each site and, at 5-day inter-
vals, we examined all of the flowers of each plant for the
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presence of Hylemya eggs. If we found an egg, we left it
undisturbed and marked the outside of the calyx with a dot
of indelible ink. At the end of the season, we collected all
fruits and scored them as having set seed or not (aborted)
and recorded if the fruits had been destroyed by Hylemya,
as described above. Finally, we counted all of the seeds
produced per plant.

Statistical analyses

To test the effects of nectar robbing on Hylemya oviposition
and offspring survival, we examined the percentage of flow-
ers with eggs in robbed versus control sites. We averaged
census data over the season to provide an overall mean per-
centage of flowers with eggs for each plant. We used per-
centage of fruits destroyed from flowers known to have a
Hylemya egg (arcsine square-root transformed) to test if
Hylemya survivorship was lower on plants from sites with
high robbing.

To test the combined effects of nectar robbing and pre-
dispersal seed predation on plant reproduction, we exam-
ined the percent of flowers destroyed by Hylemya (arcsine
square-root transformed), percent fruit set (arcsine square-
root transformed), seeds per fruit (log transformed), and
total seeds per plant (log transformed) averaged over all 20
focal plants in each site. We compared response variables
between robbed and control sites using one-tailed, paired #-
tests with the a priori hypothesis that seed predators would
avoid ovipositing on robbed plants and flowers and that
robbing would reduce levels of plant reproduction, assum-
ing that the negative effects of robbing outweighed the ben-
efits of deterring seed predators.

Because experimentally robbing all plants at a given site
designated for robbing was time-consuming, we only had
three site pairs per treatment and, thus, low statistical power
to detect an effect of robbing on seed predation and plant
reproduction (Hurlbert 2004). Therefore, in addition to
reporting the significance values of the t-tests, we also cal-
culated the effect size (Hedge’s d) for each response variable
for each site pair. The effect size measures the magnitude of
the difference between robbed and control sites for each
response variable in SD units (Gurevitch and Hedges 1993),
and we calculated the cumulative effect size across the site
pairs. The cumulative effect size measures the overall mag-
nitude of the robbing treatment compared to the control
treatment across site pairs. We calculated cumulative effect
sizes using a random-effects model which assumes that, in
addition to sampling error, there is random variation in
effect sizes between site pairs (Gurevitch and Hedges 1993).
In our analyses, a positive effect size means that plants in the
control sites had a higher value for a given response variable
than plants in the robbed sites, and vice versa for a negative
effect size. An effect size of 0.2 is considered small, 0.5
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medium, 0.8 large, and greater than 1.0 is considered very
large (Cohen 1969). For all effect sizes, we calculated 95%
confidence intervals (CIs) using bootstrapping (with 999
iterations) using MetaWin (Rosenberg et al. 2000). Effect
sizes are considered statistically significant if they do not
overlap zero (Gurevitch and Hedges 1993).

Last, we used a paired #-test across all sites to assess
whether the presence versus absence of Hylemya eggs on
flowers affected the probability that flowers set fruit.

Results
Effects of robbing and seed predation within sites

Within sites, both the number and the percent of fruits
destroyed by Hylemya were significantly lower on robbed
compared to control plants (F;4;=5.09, P=0.0287,
Fi4y= 16.91, P = 0.0002; Fig. 1a, b, respectively).
Although plants with high robbing experienced lower
seed predation, they still had lower estimates of female
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Fig. 1a, b Within-site effects of robbing on pre-dispersal seed preda-

tion. Plants had 80% of their flowers experimentally robbed or were as-
signed the no-robbing control

reproductive success than control plants (4= 1.58,
Fj343=22.58, P <0.0001). Percent fruit set was 47% lower
in plants with high robbing compared to control plants
(F47=061.16, P <0.0001; Fig. 2a), and plants with high
robbing produced 37% fewer seeds per plant than control
plants (F 4; = 4.39, P = 0.04; Fig. 2b). However, there was
no difference in seeds produced per fruit in plants with high
robbing (mean + SE, 4.13 4 0.30 seeds per fruit) versus
control plants (mean + SE, 4.35 + 0.32 seeds per fruit;
Fy45=0.25, P =0.62).

Effects of nectar robbing and seed predation among sites

Hylemya females oviposited on 32% of all flowers on
plants in robbed sites and on 35% of the flowers on plants
in control sites (¢, = 2.30, P = 0.07). The cumulative effect
size between robbed and control sizes for Hylemya oviposi-
tion was small (d = 0.25), but the 95% CI did not overlap
zero (95% CI, 0.11-0.50). Survivorship of Hylemya larvae
on plants in the robbed sites was statistically indistinguish-
able from survivorship in the sites where plants were not
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Fig. 2a, b Within-site effects of robbing and seed predation on esti-
mates of female reproduction. Plants were robbed (80% of their flow-
ers had all nectar removed) or were controls with no robbing imposed
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robbed (¢, = 0.14, P = 0.55). From the flowers that Hylemya
oviposited on, 36% of the larvae survived in robbed sites
and 37% of the larvae survived in the control sites. The
effect size was small (d = 0.02), and the 95% CI overlapped
zero (95% CI, —0.13 to 0.25).

Robbing had no statistically significant effect on levels
of fruit destruction by seed predators or on estimates of
plant reproductive success. We provide statistical values
and effect sizes for each response variable to assess the bio-
logical range of effects. The percent of fruits destroyed by
Hylemya was 27% lower on plants in robbed compared to
control sites (z, =1.04, P =0.20; Fig. 3). The effect size
was again moderate (d = 0.53), but the 95% CI overlapped
zero (95% CI, —0.30 to 1.55). However, across all sites,
flowers on which Hylemya oviposited were 32% more
likely to set fruit than those the fly did not oviposit on
(paired t-test within plants using plant as unit of replication,
t116=7.86, P <0.0001). Nonetheless, while Hylemya
destroy fruits and seeds in addition to the losses attributable
to robbing, robbing significantly lowered estimates of
female plant reproduction, even though robbed plants had
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Fig. 3a,b Among-site effects of robbing on pre-dispersal seed preda-
tion. All plants were either robbed or not robbed. Robbing was im-
posed on at least 80% of the flowers on each plant over its lifetime.

Unrobbed plants experienced no robbing
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fewer fruits destroyed by Hylemya. Overall, robbing
reduced percent fruit set by 22% (t,=1.42, P=0.14;
Fig. 4a), seed set per fruit by 25% (t,=1.38, P=0.15;
Fig. 4b), and total seeds produced per plant by 46%
(t, = 1.44, P =0.14; Fig. 4c) on plants in robbed compared
to control sites. The cumulative effect sizes between robbed
and control sites were large for percent fruit set (d = 0.78)
and moderate for seed set per fruit (d =0.42) and total
seeds (d =0.60); but in all cases the 95% CIs overlapped
zero (95% CI, percent fruit set, —0.28 to 1.57; seed set per
fruit, —0.27 to 0.80; total seeds, —0.13 to 1.27).
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Fig. 4a—c Combined effects on female reproductive success among
site pairs. Plants at robbed sites had 80% of their flowers robbed, un-
robbed plants experienced no robbing
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Discussion

Pairwise interactions, such as those between plants and poll-
inators, plants and nectar robbers, and plants and seed preda-
tors, do not often occur in isolation. Rather, a single host
plant often interacts with a suite of organisms whose com-
bined effects are not always predictable from tests of indi-
vidual effects. The effects of multiple antagonists may not be
independent—the effects of one antagonist might exacerbate
or ameliorate the likelihood of interaction with another
antagonist or the effects of another antagonist. Here, we
show that pre-dispersal seed predation is not independent of
nectar robbing either within or among populations of plants.

We expected that pre-dispersal seed predators would
avoid individual plants and plant populations with high lev-
els of robbing, or the effects of seed predation might cancel
out the effects of nectar robbing. Indeed, we found that nec-
tar-robbed plants had a lower percentage of fruits destroyed
by seed predators. However, although robbed plants experi-
enced lower seed predation, robbed plants still produced
fewer seeds than control plants. These results suggest that
the benefits of robbing in terms of reduced seed predation
did not outweigh the costs of robbing for female plant
reproduction. When we manipulated robbing between sites,
the pattern was similar although not statistically significant.
Our results suggest that patterns of host use by one commu-
nity member (nectar robbers) can elicit changes in host use
by subsequently interacting community members (seed pre-
dators) sharing the same host plant.

How might nectar robbing alter subsequent seed preda-
tion? At least two non-mutually exclusive mechanisms may
be involved. First, because larval success of pre-dispersal
seed predators depends on successful fruit production, seed
predators should avoid ovipositing on robbed flowers.
However, Hylemya females most often oviposit on flowers
that are still in the elongated bud stage (Brody 1992b).
Robbing does occur on elongated buds (R. E. Irwin, per-
sonal observation), but the probability of robbing increases
as the flower ages. Even so, it is conceivable that Hylemya
might avoid plants with high levels of robbing entirely.
Second, seed predation may be lower on robbed plants and
flowers if larval survivorship is reduced on robbed flowers.
Do pre-dispersal seed predators avoid robbed flowers or
plants with high levels of robbing? Perhaps. Robbing of all
plants within sites resulted in a marginally significant
reduction (P =0.07) of oviposition by Hylemya relative to
control sites. The cumulative effect sizes between robbed
and control sites for Hylemya oviposition were small, but
the 95% confidence intervals did not overlap zero. Thus, to
the extent that they can find alternative hosts, Hylemya
females may avoid sites with high levels of nectar robbing.
Is larval survivorship reduced on robbed flowers or plants?
Apparently not. The survivorship of Hylemya larvae on

plants in the robbed sites was statistically indistinguishable
from survivorship in the sites where plants were not
robbed; 36% of the larvae survived in robbed sites and 37%
of the larvae survived in control sites. In addition, we found
no evidence for lower survivorship of larvae on robbed
flowers. These lack of differences may be attributable to
higher fruiting success of flowers on which Hylemya ovi-
posit that we found here and previously as well.

Flowers upon which Hylemya oviposited had a higher
probability of setting seed, regardless of whether or not
they were robbed, compared to those flowers Hylemya
females did not choose. The positive effect of Hylemya on
the probability of a fruit setting seed has been previously
documented and tested (Brody 1992b; Brody and Waser
1995; Brody and Morita 2000). Although the physiological
mechanism remains a mystery, female Hylemya—>by virtue
of some subtle manipulation of the flowers on which they
oviposit and not through choice of fertilized flowers—
enhance fruit set of 1. aggregata flowers (Brody and Morita
2000). Fruit and seed predation and herbivory on plants and
flowers that are more likely to set fruit has been shown in
other systems as well (Herrera 2000; Cariveau et al. 2004).
For example, seed predation on Castilleja linariaefolia was
up to 34% higher in plants that received supplemental hand
pollination relative to open-pollinated plants (Cariveau
et al. 2004). Here, for those unrobbed flowers on which
Hylemya oviposits but the larvae perish, the net effect of
oviposition could be positive.

The interactions of community members sharing host
plants in different ways are increasingly being recognized
and gaining attention (Strauss and Irwin 2004; Bronstein
et al. 2006; Morris et al. 2007). For I. aggregata, not only
does nectar robbing influence seed predation, early season
herbivory by mule deer is likely to affect plant susceptibility
to both robbers and seed predators. Early season herbivory
delays flowering and lowers the per flower risk to Hylemya
(Juenger and Bergelson 1998; Juenger et al. 2005). How-
ever, herbivory exacerbates the effects of nectar robbing
because plants that bloom late in the season incur higher
rates of robbing (Sharaf and Price 2004; Irwin 2006). In
some years, but not all, nectar robbing increases as the sea-
son progresses (Irwin and Maloof 2002; Irwin 2006), and
oviposition by Hylemya usually declines over the season
(A. K. Brody, unpublished data). However, this is not
always the case—2007 being a notable exception in robbing
levels remaining consistently high over the entire flowering
season, with a long period of overlap between robbers and
seed predators (R. E. Irwin, personal observation).

In other systems, the ecological outcomes of multiple
antagonists are complex as well. The flowering phenology
of wild sunflower, Helianthus annuus (Asteraceae) is influ-
enced by several flower- and seed-feeding herbivores.
Plants that bloom late avoid heavy damage by head-clipping
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weevils and moths that infest the buds and flower heads;
however, such plants may incur heavier losses to seed flies
than those that bloom later in the season (Pilson 2000). It is
likely that early season florivores cancel the effects of those
occurring late in the season, but to no benefit for their host.
Similarly, herbivory from chrysomelid beetles negated the
effects of browsing by deer on wild sumac. However, injury
by cerambycids was magnified when it occurred in con-
junction with attack by chrysomelids (Strauss 1991). Thus,
the combined effects of multiple antagonists are not always
additive and are often difficult to predict from pairwise
studies (Wootton 1993).

In the 2 years of this study, fruit destruction by Hylemya
was low (only 15-19%). By comparison, in previous years,
up to 80% of fruits were destroyed (Brody 1991). In years
when Hylemya is more abundant, the effects of nectar rob-
bing may pale in comparison to the damage done by larval
seed predators, and the benefits of low robbing may be out-
weighed by the costs of increased seed predation. Alterna-
tively, in years when ovipositing females are abundant but,
for whatever reason, larval survivorship is low (e.g., dry
years with high levels of egg desiccation; Zimmerman and
Brody 1998), Hylemya could exert positive effects on fruit set
given that flowers that females oviposit on are more likely to
set fruit. Ultimately, the spatial and temporal patterns of
these interactions and gene flow among populations will
drive the degree to which these species interactions affect
long-term responses by their host plants (Thompson 1994).

Nectar robbing of I. aggregata varies both within and
among sites, and thus we wanted to assess how robbing
affected seed predation and subsequent plant performance at
both spatial scales. The effects of nectar robbing on fruit
destruction and subsequent seed production were statisti-
cally significant at the level of individual plants but not
when we manipulated robbing at the level of sites, although
both manipulations showed similar trends. Because we per-
formed the manipulations in 2 years, the difference in the
significance at the two spatial scales could be due to interan-
nual differences in the effects of robbing on seed predation
and plant reproduction, or simply due to the low statistical
power we had to detect a difference in the effects of robbing
at the among-site level (given that we only had three site
pairs). The outcomes of interactions among species are
inherently variable across space and time, and variation in
the number and kind of floral visitors can have profound
effects on estimates of plant fitness (e.g., Mayfield et al.
2001; Thompson 2001; Price et al. 2005). Variability in the
strength and direction of interactions may help explain why
genetic variation in traits thought to be under strong selec-
tion pressure is maintained. And, the presence of a variety of
biotic selection pressures, such as those exerted by herbi-
vores, florivores, nectar robbers, seed predators and pollina-
tors, whose effects may oppose one another, provide the
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context for a suite of potential trade-offs faced by host
plants. Although pollinators are clearly important to the evo-
lution of flowering traits (reviewed in Lloyd and Barrett
1996), phenotypic variability and selection on floral traits
may be attributable, at least in part, to interactions with other
organisms (Armbruster 1997; Herrera et al. 2002; Gémez
2003; Irwin 2006; Morris et al. 2007).

The study of species interactions is increasingly moving
toward comparative and interdisciplinary approaches. The
past focus on the effects of single species on each other
(e.g., a single pollinator, or herbivore) is being replaced by
a broader focus on mutualism guilds (Stanton 2003), com-
bined effects of mutualists and antagonists (Bronstein et al.
2003; Strauss and Irwin 2004), and the effects of multiple
antagonists on their hosts, on each other, and on host-mutu-
alist interactions (Iwao and Rausher 1997; Bronstein et al.
2003; Morris et al. 2007). The field is ripe for studies that
both scale up to communities and ecosystems, and scale
down to exploring the underlying mechanisms governing
multi-species interactions. Knowledge of the extent to
which interactions are consistent (or not) across the geo-
graphical range of species, coupled with knowledge of gene
flow among populations, will allow for insights in recon-
structing the past evolution of traits important to the inter-
actions as well as provide predictive power regarding the
stability of interactions in the future (Thompson 1994). In
addition, knowledge of the underlying genetic basis and
biochemical mechanisms that govern interactions among
plants and their mutualist and antagonist partners will go
far in advancing our understanding beyond descriptions of
empirical effects. Ultimately, we need to explore the
genetic basis for plant response to simultaneous attack by
antagonists, and how that response affects traits important
to mutualists, to understand how selection has and will
respond to the full suite of species with which any given
host plant interacts.
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