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pollination services (pollen delivery and pollen export) and a direct effect through flower damage. Ants reduced
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Abstract. Mutualisms are commonly exploited by cheater species that usurp rewards
without providing reciprocal beneﬁts. Yet most studies of selection between mutualist partners
ignore interactions with third species and consequently overlook the impact of cheaters on
evolution in the mutualism. Here, we explicitly investigate how the abundance of nectarthieving ants (cheaters) inﬂuences selection in a pollination mutualism between bumble bees
and the alpine skypilot, Polemonium viscosum. As suggested in past work with this species,
bumble bees accounted for most of the seed production (78% 6 6% [mean 6 SE]) in our high
tundra study population and, in the absence of ants, exerted strong selection for large ﬂowers.
We tested for indirect effects of ant abundance on seed set through bumble bee pollination
services (pollen delivery and pollen export) and a direct effect through ﬂower damage. Ants
reduced seed set per ﬂower by 20% via ﬂower damage. As ant density increased within
experimental patches, the rate of ﬂower damage rose, but pollen delivery and export did not
vary signiﬁcantly, showing that indirect effects of increased cheater abundance on pollinator
service are negligible in this system. To address how ants affect selection for plant
participation in the pollination mutualism we tested the impact of ant abundance on selection
for bumble bee-mediated pollination. Results show that the impact of ants on ﬁtness (seed set)
accruing under bumble bee pollination is density dependent in P. viscosum. Selection for
bumble bee pollination declined with increasing ant abundance in experimental patches, as
predicted if cheaters constrain ﬁtness returns of mutualist partner services. We also examined
how ant abundance inﬂuences selection on ﬂower size, a key component of plant investment in
bumble bee pollination. We predicted that direct effects of ants would constrain bumble bee
selection for large ﬂowers. However, selection on ﬂower size was signiﬁcantly positive over a
wide range of ant abundance (20 –80% of plants visited by ants daily). Although high cheater
abundance reduces the ﬁtness returns of bumble bee pollination, it does not completely
eliminate selection for bumble bee attraction in P. viscosum.
Key words: alpine skypilot; Bombus kirbyellus; bumble bee pollinators; cheaters; density dependence;
exploitation; ﬂower size; Formica neoruﬁbarbus gelida; mutualism; nectar-thieving ants; Polemonium
viscosum; selection.

INTRODUCTION
Mutualisms, characterized by the reciprocal exchange
of beneﬁts between interspeciﬁc partners, are ubiquitous
in nature. Theoreticians have long debated the conditions necessary for the evolution and persistence of
mutualism. Much of the debate concerns the impact of
antagonist species in general and cheaters speciﬁcally on
the fate of mutualism. High rates of exploitation are
thought to drive mutualist populations to extinction and
impede the evolution of mutualism (Schwartz and
Hoeksema 1998, Bronstein 2001a, b, Holland et al.
2002). Yet, with the exception of a few model systems
involving obligate mutualist species (e.g., yucca and
yucca moth [Pellmyr et al. 1996]) there is a notable
dearth of empiricism that addresses the impact of
exploiters on the evolution of mutualism (Hoeksema
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and Bruna 2000). For example, surprisingly few studies
of mutualism have demonstrated a ﬁtness cost associated with exploiter activity (Bronstein 2001a). Here, we
address this gap by exploring the impact of nectarthieving ants (Formica neoruﬁbarbus gelida) that act as
cheaters on natural selection in a pollination mutualism
between the alpine wildﬂower, Polemonium viscosum and
its primary pollinator, bumble bees of the species
Bombus kirbyellus (Galen 1996b).
If the capacity of cheaters to disrupt reciprocal
selection between mutualists is density dependent, then
the gap between theoretical predictions that mutualisms
should collapse under exploitation and the empirical
observation that mutualisms are ubiquitous despite
widespread pressure from exploiters may be easily
resolved. Under density dependence, mutualisms should
have the capacity to tolerate exploiter species at low but
not high density (Schwartz and Hoeksema 1998,
Holland et al. 2004). This scenario has been explored
in obligate mutualisms where density determines the
nature of the relationship between the two partner
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species (e.g., Pellmyr et al. 1996), but not in mutualisms
or interaction webs where unique species take on
mutualist and antagonist roles. Simulations suggest that
spatial refugia may play a pivotal role in the persistence
of such mutualisms by providing ‘‘low exploiter’’
neighborhoods in which investment in the mutualism
is favored and from which mutualists may spread to
repopulate cheater-dominated habitats (Bronstein et al.
2003). Yet, data clarifying what is meant by ‘‘low’’ and
‘‘high’’ exploiter density are not known for any system
and most studies of cheater impact are limited to
presence/absence comparisons (e.g., Rudgers and
Strauss 2004, Irwin 2006). In this study, we manipulate
the abundance of cheaters experimentally with the aim
of characterizing their impact across the range of spatial
and temporal variation in density found in natural
populations (Galen 1983, 1999).
Few empirical studies have addressed the impact of
multiple species interactions on selection or trait
evolution (Strauss and Irwin 2004). In pairwise interactions, ﬁtness consequences of antagonistic interactions
increase with antagonist density (Stachowicz 2001). If
losses inﬂicted by cheaters on the mutualist species with
which they interact increase similarly, then mutualist
ﬁtness should decline proportionally to cheater abundance. This ‘‘diminishing beneﬁts’’ hypothesis predicts
that the opportunity for selection in a mutualism will
decrease as cheaters reach sufﬁciently high density to
constrain one or both partner’s ﬁtness directly. According to this hypothesis, cheaters will restrict the evolutionary advantage of mutualist services and selection on
traits rewarding those services by constraining ﬁtness
beneﬁts of interacting with the mutualist species.
Cheaters may also disrupt mutualism indirectly by
escalating the costs of engagement with partner species
relative to beneﬁts of partner service (Bronstein 2001a).
Escalating costs arise when cheaters compete with
legitimate partners, reducing the supply of goods or
rewards for partner service. For example, under nectar
robbery, a higher rate (cost) of nectar production may
be required to offset losses to cheaters and sustain a pool
of legitimate pollinators. This ‘‘escalating cost’’ hypothesis predicts that as cheater density increases, selection
for more rewarding phenotypes increases concomitantly,
at the expense of greater production costs.
Addressing density dependent effects of cheaters on
pollination mutualisms under natural conditions requires knowledge of the contribution of each pollinator
species to plant ﬁtness and selection on ﬂoral traits. Past
research indicates that bumble bees are the most
effective pollinators of P. viscosum and account for
nearly all seed production at high altitudes (Galen
1996a). However, ﬂies and solitary bees also pollinate
ﬂowers of P. viscosum (Galen and Kevan 1980). Since
pollinator abundances can vary widely from year to year
(e.g., Price et al. 2005, Irwin 2006), the ﬁrst objective of
our study was to verify the importance of bumble bee
pollinators for seed production and selection on ﬂoral
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traits in our study population. We focus on corolla size,
a physiologically and demographically costly trait that is
highly correlated with nectar rewards in P. viscosum
(Cresswell and Galen 1991, Galen 2000). Next, we
manipulated ant abundance experimentally to address
the following hypotheses:
1) Density dependence. As cheater abundance increases, direct and/or indirect ﬁtness costs imposed by
cheaters will increase proportionately.
2) Diminishing beneﬁts. As cheater abundance increases selection on mutualist (bumble bee) service and
for ﬂoral traits that represent rewards for that service
will decline due to cheater driven constraints on ﬁtness.
3) Escalating costs. As cheater abundance increases,
selection on ﬂoral traits associated with rewards for
pollinator service will increase due to competition
between cheaters and legitimate pollinators.
MATERIALS

AND

METHODS

Study system
Experiments reported in this study were conducted in
June–July 2004 in a large high tundra meadow at 3700 m
altitude spanning the east-facing slope of Pennsylvania
Mountain (Park County, Colorado, USA). Pennsylvania Mountain is located near the geographic center of
the range for P. viscosum and has been the site of a longterm ecological and evolutionary study of the species
since 1975.
Plants of P. viscosum are long-lived herbaceous
perennials with self-incompatible, weakly protandrous
ﬂowers. Plants produce about 13 showy blue to purple
ﬂowers each and ﬂower for one to two weeks.
Individuals depend completely on insects for outcross
pollination (Galen and Kevan 1980, Galen and Butchart
2003). P. viscosum has two ﬂoral scent morphs: sweet
and skunky. Skunky-ﬂowered plants are much less
attractive to bumble bee pollinators and nectar-thieving
ants than are sweet-ﬂowered plants (Galen 1983, Galen
and Kevan 1983). Because experiments reported in this
paper use the bumble bee–skypilot–ant interaction web
to explore the role of cheaters in the evolution of
mutualism, they were conducted in a high altitude
tundra habitat (;3700 m) where the skunky scent
morph is uncommon (Galen 1983). Only sweet-ﬂowered
plants were used, and inﬂorescences were removed from
the few skunky-ﬂowered plants in our experimental
plots.
Near timberline at its lower range limit, P. viscosum is
pollinated by a generalized complement of visitors that
includes bumble bees, ﬂies and small bees (Galen 1996a).
However, the pollination niche of P. viscosum becomes
increasingly specialized in high alpine tundra populations where queens of a single bumble bee species,
Bombus kirbyellus, account for nearly all skypilot
pollination (Macior 1974, Galen 1996a). Bumble bee
queens visit skypilot ﬂowers solely for nectar rewards
and not for pollen. Bumble bees are highly efﬁcient
pollinators, picking up 44% of the pollen available per
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ﬂower of P. viscosum and depositing up to 300 pollen
grains in each ﬂower of the next plant visited (Galen and
Stanton 1989). Because skypilot ﬂowers each contain
only 10 –15 ovules, one bumble bee visit is enough to
saturate seed production per ﬂower. Past surveys suggest
that bumble bees at our high tundra study site account
for about 75% of pollinator visits and 90% of seed
production in P. viscosum (Galen 1996a).
Ants of the species Formica neoruﬁbarbus gelida also
collect nectar from skypilot ﬂowers. F. n. gelida nests
under rocks and is extremely abundant above timberline
in the Colorado Rocky Mountains. At our study site,
ant nests are surrounded by ﬂowering P. viscosum
(average distance from an ant nest to the nearest
ﬂowering P. viscosum plant is 1.4 6 0.11 m [n ¼ 30
nests; C. Galen, J. J. Rabenold, and A. McKinley,
unpublished data]). To access nectar at the base of the
skypilot ﬂower, ants often, though not always, detach
the style from the ovary. In nature, the total number of
ﬂowers damaged per plant per day depends strongly on
the number of ants observed on the inﬂorescence (R2 ¼
0.42, F1,20 ¼ 14.56, P , 0.0011) but the slope for the
relationship between damage and visitation frequency is
only 0.3 6 0.07, suggesting that several ant visits occur
for every ﬂower damaged (C. Galen, J. J. Rabenold, and
A. McKinley, unpublished data). Consequently, while
odds of ant damage in the population at large vary from
0.1–0.52 yearly (Galen 1983, 1999), each incidence of
damage probably reﬂects at least three ant visits. Plants
protected experimentally from ant visits have higher
annual seed production than unprotected neighbors
(Galen 1999). Ant visitation likely also reduces male
ﬁtness since exposure of anthers to ants reduces pollen
germinability (Galen and Butchart 2003). Indirect effects
of F. n. gelida on pollination of P. viscosum are less clear.
Ants and bumble bees exhibit similar ﬂoral preferences,
choosing skypilot plants with large, highly rewarding
ﬂowers over plants with smaller, less rewarding ﬂowers
(Cresswell and Galen 1991, Galen and Cuba 2001).
Although these overlapping preferences should promote
ant/bumble bee interactions, the small (3–4 mm length)
ants of F. n. gelida forage singly from skypilot ﬂowers
and have limited crop capacity. Aggressive behavior of
F. n. gelida reportedly deters pollinators from ﬂowers of
some Rocky Mountain plant species (e.g., Frasera
speciosa [Norment 1988]), but ants move quickly away
when large queen bumble bees of B. kirbyellus alight on
skypilot ﬂowers. In choice trials, ﬂowers of control
plants (lacking ants) and ﬂowers of ant addition plants
(each inﬂorescence receiving one ant just before presentation to bumble bees) received similar visitation from
captive bumble bees (F1,14 ¼ 1.88, P . 0.19; C. Galen,
unpublished data).
Veriﬁcation of bumble bee pollination
In this study, pollen delivery per stigma and pollen
export per ﬂower are used as surrogates for bumble bee
visitation (see also Irwin 2006). Using components of
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pollination in this way assumes that bumble bees are the
major pollinators of P. viscosum at our study site. To
test this assumption, we measured the contribution of
bumble bees to seed set in our study population
concurrently with the experimental analysis of cheater
impacts. Plants in clusters of four located a few meters
from each of the 20 patches of P. viscosum used in the
ant addition experiment (see Materials and Methods:
Impact of cheaters on selection) were assigned randomly
among the following treatments: bumble bee exclusion
with natural pollination, bumble bee exclusion with
hand-supplemented pollination, control with natural
pollination, and control with hand-supplemented pollination. Before the ﬂowers opened, stems of all plants
were surrounded with tanglefoot-coated tubes to exclude
ants (Galen 1983). Plants excluded from bumble bees
(large B. kirbyellus queens) were enclosed individually in
cages of hardware cloth mesh (1.25 3 1.25 cm2) that
allowed visits from smaller co-pollinators (solitary bees
and ﬂies). Pollen supplementation tested for a direct
impact of caging on seed production due to shading.
Flowers were pollinated by hand on two successive days
with pollen collected from different donors daily. We
counted the total number of ﬂowers per plant and
collected one fully expanded ﬂower for measurement of
ﬂower size (corolla surface area). Flowers were pressed,
dried, and measured in the laboratory using a CID 202
leaf area meter (CID Instruments, Inc., Camas, Washington, USA). After ﬂowering, plants were protected
from elk with taller cages made of Diamond Link
polyvinyl fencing (Ben Meadows Company, Janesville,
Wisconsin, USA). Despite these efforts, a few individuals were grazed or trampled reducing sample size to 17–
19 plants per treatment. Fruits were harvested in
September to tally total seed set per plant.
We used mixed-model analysis of covariance (SAS
Version 6.12, general linear models procedure [GLM];
SAS Institute 1996) with treatment as a ﬁxed effect,
cluster as a random effect, and ﬂower size as the
covariate to test the impact of bumble bees on seed set
and selection on ﬂower size (the relationship between
ﬂower size and seed set).
Impact of cheaters on selection
To determine how the density of F. neoruﬁbarbus
gelida affects selection for bumble bee pollination in P.
viscosum, we experimentally varied the abundance of
ants in 20 spatially isolated patches of P. viscosum.
Patches 10 3 10 m in size were established before the
onset of ﬂowering for P. viscosum. In each patch, 25
randomly selected sweet-ﬂowered P. viscosum were
included in the experiment and inﬂorescences in bud
were removed from other skypilot plants within the
patch and for 1.0 m beyond it. On average, patches were
separated by a minimum of 12.6 m from other patches
and plants in each patch were separated from one
another by 0.6 6 0.06 m. Patches were assigned at
random among four levels of ant density: ﬁve, 10, 15, or
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20 ants per patch per day, each placed on ﬂowers of a
plant in the ant addition treatment. Plants destined to
receive ants were selected at random in each patch and
each individual received one new ant daily over the
course of ﬂowering (7–10 d). Ants were collected from
plants near timberline (3500 m) about 1.5 km away each
afternoon, cooled overnight in the refrigerator, transported individually in vials on ice to the ﬁeld site early the
following morning, and inserted into open ﬂowers of
designated plants by quickly inverting the vial over the
corolla mouth. Ants handled in this manner visit similar
numbers of ﬂowers as ants foraging in nature from P.
viscosum (6.1 6 0.92 and 5.8 6 1.1 [mean 6 SE] ﬂowers
per plant, respectively) and spend from one to 22 minutes
in each ﬂower (Galen and Butchart 2003). No effort was
made to keep naturally foraging ants from visiting plants
in the ant addition treatment, so the experimental rate of
one ant visit per plant per day represents a lower
boundary for actual visitation frequency to ant addition
plants. We did not measure ant activity on experimental
plants because we wished to minimize experimental
interference with ant and pollinator visitation. The long
corolla tubes of P. viscosum ﬂowers obscure ant visibility
from afar so that reliable counts of ants in ﬂowers require
shaking or twisting the inﬂorescence stem. Remaining
(exclusion) plants in each patch were protected experimentally from ants with tanglefoot. This simulates
natural variation in ant density, with plants near nests
rapidly discovered and exploited while those further
from nests remain spatially isolated from foraging ants
(C. Galen, A. McKinley, and J. Rabenold, unpublished
data). This design yielded a range of 0.2–0.8 ant visits per
plant at least once daily, approximating visitation rates
in natural populations of P. viscosum (frequency of
damage from 0.1 to 0.52, reﬂecting a visitation rate of
0.3–1.5 ants per plant per day). Plants in experimental
patches ﬂowered from 24 June to 14 July 2004.
For each plant, we counted the total number of
ﬂowers, collected one ﬂower to measure corolla area,
and scored two components of pollinator service: pollen
delivery, the amount of outcross pollen received per
pistil and pollen export, the fraction of pollen removed
from the ﬂower’s anthers daily. Past experiments with
captive bumble bees have shown that visitation rate is
highly correlated with both measures of pollination
success (Galen and Stanton 1989). Pollen delivery was
scored by collecting the style from a ﬂower that had
opened during peak bloom at the onset of wilting,
storing the style in 3:1 (ethanol : acetic acid) ﬁxative, and
staining it in the laboratory with aniline blue dye. Selfincompatible pollen fails to germinate and is washed
from the stigma during staining, leaving germinated
outcross (pollinator-transported) grains for visualization
under ﬂuorescence microscopy (Galen and Cuba 2001).
Pollen export was estimated by marking calyces of two
adjacent buds per plant before the onset of ﬂowering.
Two of the ﬁve total unopened anthers were collected
from one ﬂower in bud and two fully dehisced anthers
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TABLE 1. Linear regression analysis for direct and indirect
effects of ant density on reproductive success in Polemonium
viscosum.
Effect
type

Mode of
impact

t

df

Model
F

R2

r

Direct
Indirect
Indirect

flower damage
pollen receipt
pollen export

2.59
1.14
0.64

1, 19
1, 19
1, 19

4.002
1.28
0.25

0.32
0.13
0.03

0.28
0.07
0.02

Notes: Day of year, included in the regression models to
account for phenological variation in insect activity over the
course of the experiment, had a marginally signiﬁcant negative
effect on ﬂower damage rate (r ¼ 0.17; t ¼1.865, P , 0.08) and
nonsigniﬁcant effects on pollen receipt and export (P . 0.47 for
both). Boldface values show effects with P , 0.05. Values for r
indicate partial correlations of speciﬁc effects with ant density.
For regression coefﬁcient b ¼ 0.

were collected from the other ﬂower after it had been
open for two days. Total pollen was counted for the
anthers from each ﬂower using an Elzone model 180PC
particle counter (Micrometrics Instrument Corporation,
Norcross, Georgia, USA; methods follow Ashman
[1998]). The fraction of pollen taken from the anthers
per day was estimated as 0.5([pollen per bud  pollen
remaining per ﬂower]/pollen per bud). Temperatures rise
over the summer months in temperate alpine habitats,
affecting insect activity. Style collection date was
recorded to account for the impact of ﬂowering
phenology on seed production, pollen delivery, pollen
export, and ant damage. As before, all experimental
plants were fenced after ﬂowering to prevent elk from
grazing the inﬂorescences. Fruit were collected in
September and the total number of seeds counted for
each individual.
Regression analysis was used to test for effects of
cheater density, scored as the frequency of plants visited
per patch by ants daily (range: 0.20 – 0.80), on the
average number of ﬂowers damaged per plant per patch
(direct effect on female ﬁtness), average pollen delivered
per plant (indirect effect on female ﬁtness), and average
pollen exported per plant per patch (indirect effect on
male ﬁtness) (Table 1). To control for phenological
variation in insect activity over the course of the
experiment, average day of year for stigma collection
in each patch was included as a covariate in the
regression models. Analyses were conducted on patch
means for dependent variables, since the 25 individuals
in each patch were not deemed statistically independent
(n ¼ 20 patches, df ¼ 1, 18 for all regression analyses).
Means for ﬂower damage and pollen delivery were
square root transformed prior to analysis to correct for
deviations from normality and for heteroschedasticity.
We tested whether ant abundance affects selection for
bumble bee pollinator service and large ﬂower size in P.
viscosum by calculating selection gradients on pollen
delivery (bP) and ﬂower size (bfs) in each patch. bP was
calculated for each patch as the slope of the regression
line between relative ﬁtness (based on total seed set per
plant) and pollen delivery. bfs was calculated for each
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FIG. 1. Seed set per plant for Polemonium viscosum in
treatment combinations of bumble bee access (open vs. caged
from bumble bees) and pollination regime (natural vs. hand
supplemented). Pollen supplementation had a signiﬁcant impact
on seed set in the absence of bumble bees (P , 0.0001), but not
when plants were open to bumble bee visits (P . 0.3).

patch as the slope of the regression line between relative
ﬁtness and ﬂower size. Here, as elsewhere, patches are
the experimental unit since neighboring plants within
them were not deemed statistically independent. We
subjected patch speciﬁc selection gradients to linear
regression analysis with the frequency of plants visited
per patch by ants daily (cheater density) as the
explanatory variable.
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and exported an average of 8.5% of the 33 000 pollen
grains produced per ﬂower daily. However, neither
pollen delivery nor export declined with cheater density,
the frequency of plants visited by ants per patch per day
(P . 0.27 for both tests, Fig. 3). In contrast, as cheater
density increased in experimental patches, the average
number of ﬂowers damaged per plant increased concomitantly (for the partial correlation of ant frequency
with damage, r ¼ 0.28, P , 0.02; Fig. 2). Results suggest
that ants constrain reproductive ﬁtness in P. viscosum
through direct effects on ﬂower integrity rather than
indirect effects on pollinator service. This trend is
supported when averages for seed set, pollen delivery,
and pollen export are computed separately for antexclusion and ant-addition treatments in each patch and
compared statistically. On average, ant addition decreased seed set per ﬂower by 20%, causing a loss of 0.7
6 0.25 seeds (signiﬁcant direct effect, paired t ¼ 2.80, P
, 0.0115; n ¼ 20 patches), but had little impact on
pollinator service (nonsigniﬁcant indirect effects on
pollinator service; for both pollen receipt and export,
P . 0.53).
Phenotypic selection analysis showed that as cheater
density increases, selection (bP) on pollen delivery
declines signiﬁcantly (R2 ¼ 0.29, F1,18 ¼ 7.53, P ,
0.0133; Fig. 3). This result holds, even after the two high
values for bP at ant frequencies of 0.2 are removed from

RESULTS
Veriﬁcation of bumble bee pollination
Seed production varied signiﬁcantly among treatments, but not clusters in the bumble bee exclusion
experiment (F3,46 ¼ 3.78, P , 0.017 and F19,46 ¼ 1.25, P
. 0.27, respectively). Seed set was strongly pollination
limited inside bumble bee exclusion cages, but not
outside of cages (F1,46 ¼ 34.3, P , 0.0001 and F1,46 ¼
2.38, P . 0.13, respectively; Fig. 1). The contribution of
bumble bee pollination to fecundity in P. viscosum
plants in our study area averaged 78 6 6%, with seed set
of naturally pollinated plants increasing approximately
fourfold with access to bumble bees (planned contrast,
F1,46 ¼ 23.80, P , 0.0001). For plants with supplemented
pollination, seed production was comparable inside and
outside of cages (planned contrast, F1,46 ¼ 0.34, P .
0.56). The relationship between ﬂower size and seed set
varied signiﬁcantly among treatments (interaction, F1,46
¼ 2.96, P , 0.042). Only for naturally pollinated plants
with ﬂowers open to bumble bees did seed set increase
with ﬂower size (regression, R2 ¼ 0.34, slope ¼ 4.1 6 1.4,
t ¼ 2.96, P , 0.0088). In all other treatments, ﬂower size
had no effect on seed set (P . 0.59).
Impact of cheaters on selection
Pollinators delivered an average of 32 6 3 compatible
pollen grains per pistil over a skypilot ﬂower’s lifetime

FIG. 2. Impact of ant density on patch averages for (A) the
number of ﬂowers damaged per plant, (B) the amount of
outcross pollen delivered per pistil, and (C) the fraction of
pollen exported daily from the anthers. Ant density had a
signiﬁcant effect on ﬂower damage (P , 0.02), but not on
pollen delivery or export (P . 0.27).
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FIG. 3. Impact of ant density on selection for bumble beemediated pollen delivery (bP) in experimental patches of P.
viscosum. The equation for the best-ﬁt line is bP ¼ 0.0245 
0.031(ant density) (R2 ¼ 0.30, P , 0.0133). The relationship
remains signiﬁcant after removal of the two extreme positive
values for bP at ant density of 0.2. The strength of selection on
pollen delivery (bP) was calculated for each patch as the slope of
the regression line between relative ﬁtness (based on total seed
set per plant) and pollen delivery.

the analysis (R2 ¼ 0.23, F1,18 ¼ 4.959, P , 0.0407)
supporting the diminishing beneﬁts hypothesis. According to the best-ﬁt regression model, bP ¼ 0.0246 –
0.0312a, where a represents ant density. The equation
predicts that if ants visit more than 79% of the skypilot
population, selection for bumble bee service should fall
to zero (Fig. 3). Ant abundance had a negative, but
nonsigniﬁcant impact on selection for large ﬂowers in
experimental patches of P. viscosum (R2 ¼ 0.04, F1,19 ¼
0.70, P . 0.39; Fig. 4). While bfs varied in strength and
sign among patches, the selection gradient on ﬂower size
was positive across replicates, averaging 0.37 6 0.15 (n ¼
20, t ¼ 2.38, P , 0.028; Fig. 4).
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cheaters on ﬂower integrity predominate in this system,
leading to diminishing beneﬁts of the pollination
mutualism at high ant density (Fig. 3). Nonetheless, on
average, beneﬁts of bumble bee pollination persist across
a wide range of ant density (Fig. 3) and investment in the
mutualism is favored (Fig. 4). Results concur with
earlier models predicting a limited role for ants in the
evolution of ﬂoral traits within bumble bee-pollinated
populations of P. viscosum (Galen and Cuba 2001).
Our results provided little evidence of indirect effects
of ants on pollinator behavior. Average pollen delivery
and removal rates were similar for plants protected from
ants and neighbors to which ants were added on a daily
basis. This trend is unchanged even when the analysis is
conducted at the level of the individual plant, rather
than on patch averages for protected and ant exploited
plants (for the impact of cheating on pollen delivery and
export, respectively, P . 0.33 and P . 0.84, df ¼ 1, 436).
Conversely, the direct impact of ant addition on seed set
per ﬂower remains highly signiﬁcant at the plant level (P
, 0.011). Results contrast with other studies showing an
impact of nectar robbers on pollination success (e.g.,
Irwin and Brody 2000). Experimental design may have
contributed to this discrepancy. Because we added
cheaters rather than experimentally simulating removal
of ﬂoral rewards, the impact of cheating probably varied
more broadly within and among patches due to
variation in cheater (ant) residence time and nectar
consumption in our study. Such variation would
increase ‘‘error’’ variance in the magnitude of ant effects
on ﬂoral attractiveness, reducing our ability to detect ant
effects on pollination success if present.
We reasoned that if ants, by usurping nectar rewards,
create conditions in which even larger rewards are

DISCUSSION
Results of the bumble bee exclusion experiment
supported the assumption that compatible pollinator
service and pollinator-mediated selection on ﬂower size
under experimental manipulation of cheater abundance
could be attributed mainly to Bombus kirbyellus queens.
As expected based on past studies at this tundra ﬁeld site
(Galen 1996a), in the absence of ants, bumble bees
accounted for most (78%) of the seeds produced in our
study population and were the major source of positive
directional selection on ﬂower size (Fig. 1). Addition of
cheaters, made the pattern of spatial variation in plant
ﬁtness more complex. Ants reduced seed set per ﬂower
by 20% on average via damage to pistils. Consequently,
as local ant abundance increased in experimental
patches, the number of ﬂowers beneﬁting from pollinator service declined, despite equivalent pollinator
visitation (Fig. 2). Results show that direct effects of

FIG. 4. Relationship between ant density and selection on
ﬂower size (bFS) in experimental patches of P. viscosum. Ant
density had no signiﬁcant impact on selection for large ﬂowers
in this bumble bee-pollinated population (R2 ¼ 0.04, P . 0.39).
The strength of selection on ﬂower size (bFS) was calculated for
each patch as the slope of the regression line between relative
ﬁtness (based on total seed set per plant) and corolla surface
area.

1208

CANDACE GALEN AND JENNIFER C. GEIB

necessary to sustain bumble bee pollinators, bumble bee
mediated selection on ﬂower size should increase with
ant density. Our results fail to support this idea and
instead show a negligible relationship between selection
on ﬂower size and ant density. Positive selection on
ﬂower size was the norm in experimental patches of P.
viscosum, and selection did not vary signiﬁcantly in
strength with the frequency of ant addition (Fig. 4).
However, a couple of qualifying remarks may be in
order. First, it is possible that our technique for
manipulating ant abundance (ant addition) limited
nectar consumption by cheaters in this study and
decreased our ability to detect indirect effects. As
individual foragers, Formica ants have very small crop
sizes, and likely remove only a small fraction of the
nectar reward during a ﬂower visit. Though Formicine
ants typically forage individually (Carroll and Janzen
1973), to the extent that ants of F. n. gelida engage in
trail-following behavior, our method of adding individual ants to ﬂowers may have under-represented nectar
consumption by F. n. gelida in nature. Experiments in
progress, comparing nectar standing crop of P. viscosum
before and after ant visitation, will provide a more
detailed view of potential competition between Formica
ants and bumble bees.
Next, we assumed that bumble bee pollinators were
equally abundant across the experimental patches.
Spatial variation in bumble bee density could obscure
cheater impacts on the pollination mutualism. Pollinator
abundance varies spatially over small scales, creating
patches of rewarding and empty ﬂowers (Zimmerman
and Pyke 1986, 1988). Spatial patchiness in pollinator
visitation may reﬂect territorial foraging, underlying
heterogeneity in vegetation structure, nest site limitation
or myriad other environmental factors (Herrera 1997,
Steffan-Dewenter et al. 2001, Price et al. 2005). Time
constraints did not allow us to survey pollinators in the
present study; however lack of strong spatial patterning
in stigma pollen loads supports the assumption that
pollinator density did not vary much among experimental replicates: variation among patches in outcross
pollen delivery was weak and non-signiﬁcant (mixedmodel ANOVA, Z ¼ 1.69, P . 0.091).
Mutualism is favored when members of each partner
species provide a cheap commodity to the other and in
return receive a resource or service that is more costly if
not impossible to otherwise obtain (Schwartz and
Hoeksema 1998). Though cheaters are usually thought
to weaken mutualism by exacerbating its costs, our
results show that they can instead reduce the beneﬁts of
interactions with legitimate partners (Bronstein 2001b).
Consistent with the diminishing beneﬁts hypothesis, ants
visiting skypilot ﬂowers interfered directly with seed
production, constraining the ﬁtness impact of bumble
bee pollination without reducing bumble bee service.
Though average damage rates were low (Fig. 1), ants
likely also have less obvious effects on ﬂower integrity
(Galen and Butchart 2003). For example, ants frequent-
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ly contact the stigma surface in ﬂowers of P. viscosum,
with potential inhibitory effects on pollen germinability.
Whether cheaters inﬂate costs or reduce beneﬁts of
mutualist service is an important distinction, because
compensation for lost beneﬁts is more expensive, if not
impossible than compensation for usurped rewards. Our
results suggest that like the parasitic cheating insects
that exploit mutualisms between ﬁgs and ﬁg wasps or
yucca and yucca moths, exploitation by ants has no
impact on female or male components of pollination
success in skypilots, but reduces the likelihood that
pollinator service will translate into plant ﬁtness gains
(Pellmyr and Huth 1994, Weiblen et al. 2001).
Comparisons of exploited and unexploited (experimentally protected) individuals in a broad array of
animal-pollinated plant species have revealed the potential for cheaters to disrupt pollination mutualisms by
reducing ﬁtness returns of partner services (e.g., Wyatt
1980, Galen 1999, Irwin and Brody 1999, Ashman and
King 2005). However, in natural populations, cheating
is not absolute. Instead, some plants always escape
exploitation. Our study illustrates how an understanding
of the ecological and evolutionarily impacts of cheaters
on mutualism can gain from manipulating cheater
density rather than presence/absence. Bronstein et al.
(2003) propose that local variation in cheater abundance, by creating spatial refugia from exploitation, may
play a critical role in stabilizing populations of
mutualists. Experiments described in this paper support
their explicit spatial framework by showing that natural
selection for mutualist service depends on local exploiter
density.
Theory predicts disruption as a likely outcome of
exploitation in mutualism (Schwartz and Hoeksema
1998, Bronstein 2001a, b, Holland et al. 2002). Yet our
ﬁndings suggest that disruption of selection between
mutualist partners by cheaters is not certain, but instead
represents a density dependent risk. Results concur with
recent models suggesting that specialized pollination
mutualisms are remarkably resilient in the face of
exploitation, perhaps because services of highly effective
pollinators translate into ﬁtness returns over a wide
range of exploiter density (Bronstein et al. 2003). In
another well-studied facultative mutualism between
plant and pollinator, Irwin (2006) also ﬁnds that the
evolutionary impact of exploiters depends strongly on
pollinator effectiveness.
In conclusion, density-dependent effects of cheater
species can help explain why, despite the ubiquity of
exploitation, mutualisms occur globally in all ecological
communities. Density dependence provides a point of
consensus between theoretical arguments that cheaters
disrupt mutualism and the view that they are instead a
tolerable if not stabilizing force.
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