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Abstract Mutualists and non-mutualistic cheaters commonly coexist, but the effect of mutualist-cheater interactions on the evolution and stability of mutualisms or
persistence of cheater populations is not well understood. Yuccas and yucca moths are an example of an
obligate mutualism in which cheaters are frequently
present. Larvae of both pollinators and cheaters eat developing yucca seeds, but cheaters no longer pollinate
and rely on the mutualist species for seed availability. In
this study we focus on interactions between the cheater
Tegeticula intermedia and the pollinator T. yuccasella in
fruits of the host Yucca filamentosa. We examined the
effect of pollinator and cheater density on larval mass
and larval mortality, the effect of fruit mass on larval
interactions, and the degree of variability in pollinatorcheater interactions across 3 years. This study was done
in a natural population to determine whether these two
larval species affect each other under natural conditions.
Genetic markers (both protein electrophoresis and DNA
sequencing) were used to identify the larvae to species.
We found no correlation between larval number and
mortality for either pollinators or cheaters. Furthermore,
pollinator mass was not correlated with number of cheater larvae per fruit in any year. Mass of cheater larvae
was not correlated with number of pollinator larvae per
fruit in two of three years; in one year, there was a negative correlation between number of pollinator larvae on
mass of cheater larvae only in small fruits. Our results
suggest that larval competition between species is weak
and asymmetric; when it occurs, cheater larvae incur the
cost. The number of cheaters and pollinators per fruit
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was negatively correlated in two of three years. The lack
of a positive correlation in number of cheater and pollinator larvae per fruit may contribute to lowering the
potential for seed competition among larvae. In addition,
larval density per fruit differed across years by as much
as 30%. However, this degree of difference was apparently not enough to cause seed limitation because no
effect of pollinator larvae on either mass or mortality of
cheater larvae was detected in years with the highest
larval densities per fruit. In contrast to the weak effects
of pollinator-cheater interactions, fruit mass accounted
for much of the variation in number and mass of both
pollinator and cheater larvae within and across years.
Larger fruits generally had heavier and higher numbers
of larvae compared to smaller fruits. Overall, in this population at least within the time period studied, pollinators
and cheaters coexisted with little conflict in fruit. This
result is consistent with the hypothesis that the recent
rapid radiation of species in the T. yuccasella complex
may be explained in part by the ability of multiple pollinator species (some of whom have become cheaters) to
use fruits without severe competition.
Keywords Mutualism · Antagonism · Species
coexistence · Stability of cheaters · Plant-pollinator
interactions

Introduction
Mutualisms often attract cheaters that can take advantage
of resources without reciprocating. Examples of this type
of cheating include fungi that exploit lichen relationships
(Richardson 1999), ant species that use resources produced by acacias, but do not protect the tree from herbivores (Janzen 1975; Stanton et al. 1999), non-photosynthetic plants that take advantage of plant-mycorrhizal interactions (Taylor and Bruns 1997), and nectar thieves or
seed predators that take floral resources, but do not pollinate in return (Inouye 1980; Bronstein 1991; Kerdelhue
and Rasplus 1996; Pellmyr et al. 1996; Herre and West
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1997; Irwin and Brody 1999). Although mutualists and
cheaters commonly coexist, the impact of cheaters on
mutualist partners is not well understood.
Cheaters may appear within a mutualism either by
an invasion of a third species or by evolving from a
mutualist, in other words, a reversal of mutualism. In
yucca moths, there is evidence of two separate reversals
of mutualism, with cheater species now coexisting with
pollinators (Pellmyr et al. 1996; Pellmyr and LeebensMack 2000). The cheaters no longer pollinate, but their
larvae consume yucca seeds, and they rely upon other
species to pollinate yucca flowers. Cheaters coexist with
at least 8 of the 11 pollinator species that have been
described within the Tegeticula yuccasella complex
(Pellmyr et al. 1996; Pellmyr 1999; Pellmyr and LeebensMack 1999). Based on an analysis of the rate of genetic
divergence, Tegeticula pollinators have been estimated to
be between 35 million and 41 million years old, whereas
cheater lineages date to 1.25±0.9 million years old (Pellmyr and Leebens-Mack 1999). The difference in age between pollinator and cheater lineages raises questions regarding whether conditions required for the evolution of
cheating rarely occur, or whether cheaters commonly
arise, but only a small fraction persist.
The persistence of cheating is likely to be affected by
the strength of pollinator-cheater interactions (McPeek
1996; Young et al. 1997). In populations of Yucca filamentosa, the pollinator, T. yuccasella, coexists with the
cheater, T. intermedia. Differences in timing of oviposition limit the amount of direct interaction between adults
of cheaters and pollinators; however, there is potential
for significant interactions among larvae. Larvae of both
moth species only feed on developing yucca seeds and
overlap in feeding time. Pollinator eggs are laid earlier
and larvae begin feeding up to a week earlier than cheater larvae such that when a first-instar cheater larva enters
the fruit it is encountering third- or fourth-instar pollinator larvae. Therefore, competition between cheater and
pollinator larvae could occur either directly through predation, or indirectly through resource-limited competition if seeds are limiting. In either case, one would
expect asymmetric competition due to the smaller size of
cheaters (Denno et al. 1995). Another possible outcome
is that cheater and pollinator larvae may have limited interactions with minimal effects on each other. We conducted a 3-year study to address three questions directly
related to the issue of mutualist-cheater coexistence. (1)
How do cheater larvae impact the mass and mortality of
pollinator larvae and vice versa? (2) Do plant traits, such
as fruit mass, affect pollinator-cheater interactions? (3)
Are there differences among years in pollinator-cheater
interactions?

Materials and methods
Study species
In the population used in this study there are two Tegeticula species (Lepidoptera: Prodoxidae) that consume the seeds of Y. fila-

mentosa as their sole food resource. Tegeticula yuccasella (Riley)
oviposits into first-day flowers and serves as the only local pollinator of Y. filamentosa. Moths become active around dusk and
remain active for 2–4 h. After a female has collected pollen, she
oviposits into the ovary placing an egg next to the ovules. The
female then uses her maxillary tentacles to take some of the pollen
from her batch and pollinate the flower. A female may oviposit
into and pollinate a flower several times before moving to another
flower to repeat the procedure. Pollinator eggs are laid directly in
the locule, thus once an egg hatches approximately 7 days after
being laid, the larva can immediately begin feeding on seeds. The
larva feeds for 3–4 weeks, then exits through the fruit wall, burrows into the ground, and overwinters in a cocoon in the soil. In a
sample of 180 fruits containing only pollinator larvae, each pollinator larva ate on average 21±4.1 (x±1 SD) seeds (Pellmyr et al.
1996).
The cheater T. intermedia (Riley) oviposits into young fruit.
Eggs are laid one at a time superficially inside the wall of 6- to
20-day-old fruits (Pellmyr 1999). The larva hatches in less than
5 days, chews its way into the locular cavity and begins feeding on
seeds. Based on the timing of cheater oviposition and egg hatching, cheater larvae begin feeding on seeds 5–15 days after pollinator larvae have begun feeding on seeds. The cheater larva also exits through the fruit wall and overwinters in a cocoon in the soil.
In a sample of 66 fruits containing only cheater larvae, each cheater larva ate on average 26.5±9.8 (x±1 SD) seeds (Huth and Pellmyr, unpublished data).
The host plant, Y. filamentosa L. (Agavaceae), is a perennial
native to coastal areas of the southeastern United States, and
since the 1800s has been introduced throughout the eastern
United States by settlers (Riley 1892; Trelease 1902; Gleason and
Cronquist 1991). A 1- to 2-m-tall paniculate inflorescence with
100–475 flowers is produced from a basal rosette of leaves.
Flowers open in the evening; anthers dehisce just before dusk, and
stigmas are receptive upon flower opening. Flowers on an inflorescence open over the course of 10–20 days, and each flower is
receptive to pollen for 1–2 days, but pollinators usually reject
second-day flowers. The capsular fruits mature and dehisce
6–8 weeks after pollination, producing up to 300 seeds per fruit.
Pollinator and cheater larvae emerge from fruit before the fruit
dehisces, and most larvae emerge within a 1- to 2-week period
(Groman and Pellmyr, unpublished data).
Field site and data collection
Pollinator-cheater interactions were studied for 3 years in a Y. filamentosa population located in a secluded cedar glade in central
Tennessee, USA (Rutherford County, N 36°02′, W 86°24′). The
glade had approximately 160 Y. filamentosa with 50–70 flowering
individuals each year. Each year all flowering individuals were
mapped and numbered, and 20 plants were chosen using a random
numbers table. Up to 10 fruit were collected from each of these
flowering stalks shortly before larvae emerged from the fruit.
Larvae were extracted from fruit and frozen at –80°C. Fruit mass,
number of pollinator and cheater larvae per fruit, and weight of
each larva was determined each year.
An estimate of larval mortality was made in 1996 and 1998.
Because oviposition behavior differs between the two species, the
measurement of mortality is slightly different for pollinators and
cheaters. Pollinator ovipositors pierce through the ovary wall,
which leaves a characteristic teardrop to oval-shaped scar on the
inside of the ovary wall that can be reliably counted. Pollinator
mortality was calculated as 1 –(number of pollinator larvae per
number of pollinator ovipositions). Pollinators fail to lay an egg
on average 30% of the time they attempt to oviposit (Pellmyr and
Huth 1994); thus our measurement of pollinator mortality overestimates the amount of mortality occurring between egg and later
instar stages. Cheater oviposition scars leave a superficial bump
on the outside ovary wall and are more difficult to count reliably.
However, cheater larvae make entry holes into the locule that can
be unambiguously counted. Entry holes provide an estimate of the
number of first instar cheater larvae that enter the fruit before
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Table 4 Analysis of covariance analyzing effect of plant,
fruit mass, and number of larvae on larval mass. Bold P values indicate years in which
number of larvae per fruit had
an effect on larval mass.

Year

df

1996 mass of cheater larvae
Number of pollinator larvae per fruit
Fruit mass × number of pollinators
Fruit mass
Plant
Model
Error

MS

F

P

1
1
1
14
17
44

0.00064
0.00047
0.000004
0.0003
0.00028
0.00012

5.51
4.02
0.03
2.55
2.39

0.023
0.051
0.861
0.009
0.010

1
1
1
17
20
124

0.00005
0.00019
0.00301
0.00021
0.00039
0.00009

0.59
2.11
33.89
2.40
4.37

0.443
0.149
0.0001
0.003
0.0001

1997 mass of cheater larvae
Number of pollinator larvae per fruit
Fruit mass × number of pollinators
Fruit mass
Plant
Model
Error

1
1
1
13
16
28

0.00001
0.00008
0.00010
0.00034
0.00048
0.00007

0.13
1.11
1.51
4.94
6.96

0.725
0.302
0.230
0.0002
0.0001

1997 mass of pollinator larvae
Number of cheater larvae per fruit
Fruit mass × number of cheaters
Fruit mass
Plant
Model
Error

1
1
1
14
17
84

0.00019
0.00024
0.00066
0.00026
0.00036
0.00005

4.05
5.099
13.92
5.46
7.55

0.047
0.027
0.0003
0.0001
0.0001

1998 mass of cheater larvae
Number of pollinator larvae per fruit
Fruit mass × number of pollinators
Fruit mass
Plant
Model
Error

1
1
1
17
20
46

0.00018
0.00060
0.00047
0.00045
0.00049
0.00023

0.82
2.65
2.066
2.01
2.17

1996 mass of pollinator larvae
Number of cheater larvae per fruit
Fruit mass × number of cheaters
Fruit mass
Plant
Model
Error

1998 mass of pollinator larvae
Number of cheater larvae per fruit
Fruit mass × number of cheaters
Fruit mass
Plant
Model
Error

P= 0.11). The mean proportion of fruits containing both
cheaters and pollinators was 34% and did not differ
significantly across years (1996= 29%, 1997= 36%,
1998=36%; chi-square =2.88, 2 df, P=0.24).
Number of cheater larvae per fruit was negatively
correlated with number of pollinator larvae in two
of three years (Fig. 3; Spearman's rs for 1996 rs= –0.38,
P <0.0001, N= 168 fruits; 1997 rs=–0.23, P=0.006,
n=149 fruits; 1998 rs=+0.11, P=0.15, n=181 fruits). The
correlations remained significant when fruit mass and
plant were included in more complicated models.
We explored the potential effect of pollinator-cheater
interactions using two measures: larval mass and larval
mortality. In two of three years, number of pollinator
larvae had no significant impact on mass of cheater
larvae (Table 4). In 1996, pollinator number had a signif-

1
1
1
19
22
148

0.00032
0.0000002
0.00248
0.00091
0.00126
0.00017

1.91
0.0011
14.66
5.38
7.43

0.37
0.11
0.16
0.03
0.02

0.17
0.97
0.0002
0.0001
0.0001

icant negative effect on cheater mass, and the interaction
between pollinator number and fruit mass was marginally significant (Table 4). Further analysis of the 1996 data
was done in which the data were categorized into small
fruits (=8.0 g) and large fruits (=8.0 g), based on the distribution of fruit mass (mean and median = 8 g). This
showed that cheater mass was negatively affected by
pollinator number in only small fruits, and that there was
no effect of pollinator number on cheater mass in fruits
larger than 8.0 g (Table 5).
There were no cases in which number of cheater
larvae had a negative impact on pollinator mass
(Table 4). In two of three years there was no significant
effect of number of cheater larvae per fruit on mass of
pollinator larvae. In one year, 1997, pollinator larvae
were heavier in fruit that had higher numbers of cheater
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)LJ  3URSRUWLRQ RI SROOLQDWRU PRUWDOLW\  6(  LQ IUXLWV ZLWK
DQG ZLWKRXW FKHDWHUV IRU  DQG  ■ 1R FKHDWHU ODUYDH LQ
IUXLW■ FKHDWHUODUYDHSUHVHQWLQIUXLW

SROOLQDWRU PRUWDOLW\ RU SROOLQDWRU QXPEHU RQ FKHDWHU
PRUWDOLW\LQHLWKHURU

Discussion
&KHDWHUDQGSROOLQDWRUODUYDHFDQSRWHQWLDOO\LQWHUDFWLQ
GLUHFWO\ WKURXJK FRPSHWLWLRQ IRU VHHGV GLUHFWO\ WKURXJK
SUHGDWLRQ RU FRH[LVW ZLWK OLWWOH LPSDFW RQ HDFK RWKHU
7KUHH OLQHV RI HYLGHQFH VXJJHVW WKDW SROOLQDWRUV DQG
FKHDWHUVVHOGRPFRPSHWHIRUVHHGVDWOHDVWDVPHDVXUHG
LQWKLVVWXG\)LUVWSROOLQDWRUPDVVZDVQHYHUDIIHFWHGE\
)LJ  &RUUHODWLRQ EHWZHHQ QXPEHU RI FKHDWHU DQG SROOLQDWRU ODU QXPEHURIFKHDWHUODUYDHSHUIUXLWDQGFKHDWHUPDVVZDV
YDH SHU IUXLW /LQHV IURP OLQHDU UHJUHVVLRQ DUH VKRZQ /LQHDU UH
JUHVVLRQHTXDWLRQVDUH  < ; DGMXVWHG U  XQDIIHFWHG E\ QXPEHU RI SROOLQDWRUV LQ WZR RI WKUHH
< ; DGMXVWHG U   < ; DGMXVWHG \HDUV,QRQH\HDUWKHUHZDVDQHJDWLYHHIIHFWRISROOLQD
U ± &LUFOHV RI ILYH GLIIHUHQW VL]HV ± IURP VPDOOHVW WR WRUQXPEHURQFKHDWHUPDVVRQO\LQVPDOOIUXLWVDOWKRXJK
ODUJHVW  LQGLFDWH WKH QXPEHU RI REVHUYDWLRQV    ± ± FRPSDUHGWRIUXLWPDVVDQGSODQWHIIHFWVSROOLQDWRUQXP
 ±  ±
EHU KDG D VPDOO HIIHFW RQ FKHDWHU PDVV 6HFRQG ODUYDH
GLGQRWDSSHDUWREHOLPLWHGE\VHHGDYDLODELOLW\/DUYDO
ODUYDH DQG WKHUH ZDV D VLJQLILFDQW LQWHUDFWLRQ EHWZHHQ PRUWDOLW\ ZDV JHQHUDOO\ QRW DIIHFWHG E\ IUXLW PDVV
IUXLW PDVV DQG QXPEHU RI FKHDWHUV 6LPLODUO\ ODUYDO &KHDWHU PRUWDOLW\ ZDV QRW FRUUHODWHG ZLWK IUXLW PDVV
PRUWDOLW\ZDVQRWDIIHFWHGE\FRH[LVWLQJLQWKHVDPHIUXLW 3ROOLQDWRU PRUWDOLW\ ZDV JUHDWHU LQ VPDOO IUXLWV RQO\ LQ
ZLWKODUYDHRIWKHRWKHUVSHFLHV )LJ 7DEOH  7KHUH  DOWKRXJK LQWDFW VHHGV ZHUH IRXQG LQ  RI WKH
ZDV QR VLJQLILFDQW HIIHFW RI HLWKHU FKHDWHU QXPEHU RQ IUXLW LQ  VXJJHVWLQJ WKDW KLJKHU PRUWDOLW\ ZDV QRW
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Table 6 Analysis of covariance for effect of plant, fruit
mass, and larval number on larval mortality. Effect of cheater
number on pollinator mortality

Year

Terms

df

MS

F

P

1996

Number of cheaters
Fruit mass × cheater no.
Fruit mass
Plant
Model
Error

1
1
1
17
20
136

0.215
0.074
0.279
0.263
0.393
0.069

3.10
1.06
4.02
3.78
5.65

0.08
0.30
0.05
0.0001
0.0001

1998

Number of cheaters
Fruit mass × cheater no.
Fruit mass
Plant
Model
error

1
1
1
17
20
82

0.082
0.0183
0.005
0.100
0.111
0.071

1.15
0.26
0.07
1.41
1.56

0.29
0.61
0.79
0.15
0.08

Effect of pollinator number on cheater mortality
1996

Number of pollinators
Fruit mass × pollinator no.
Fruit mass
Plant
Model
Error

1
1
1
15
18
63

0.355
0.124
0.023
0.153
0.321
0.194

1.83
0.64
0.12
0.79
1.67

0.18
0.43
0.73
0.68
0.07

1998

Number of pollinators
Fruit mass × pollinator no.
Fruit mass
Plant
Model
Error

1
1
1
17
20
20

0.023
0.084
0.047
0.098

0.26
0.95
0.53
1.11
1.17

0.61
0.34
0.48
0.41
0.36

explained by lack of seeds. Intact seeds are commonly
found in yucca fruits; in a study of eight species of yucca
in which some of the populations most likely contained
both pollinators and cheaters, the average proportion of
seeds eaten per fruit ranged from 0.6% to 35% (Addicott
1986). In the present study, there were differences across
years in larval density per fruit. For example, there were
30% more larvae per fruit in 1997 compared to 1996 and
1998; however, this increase in larval density did not significantly affect the mass of pollinator and cheater larvae
most likely because seeds were not limiting. Third, the
negative correlation between number of cheaters and
pollinators per fruit in two of three years suggests that
cheaters discriminate against ovipositing into fruits with
many pollinator larvae, or alternatively, that some plants
may possess traits that disproportionately affect cheaters.
The tendency for high numbers of cheaters to occur in
fruits with low numbers of pollinators further decreases
the potential for seed competition among pollinators and
cheaters. The fact that the negative correlation occurs in
some years, but not in others, indicates that other factors
may override either cheater oviposition choice or a
plant's ability to discriminate against cheaters. In a related study of oviposition choice by two distinctive pollinator species co-occurring on Y. kanabensis, slight asymmetry in avoiding previously visited flowers was documented. One species did not alter its oviposition behavior in response to the other, whereas the other species
tended to avoid flowers with eggs of the first species, but
laid more eggs per flower when it did oviposit into
flowers containing eggs of the first species (Wilson and

Addicott 1998). In addition, in our study there was no
evidence for predation between pollinators and cheaters
as measured through the effect of larval number on
mortality. Overall, pollinators and cheaters had a negligible impact on each other in terms of number of larvae
per fruit, larval mass, and larval mortality.
In contrast to the weak effects of pollinator-cheater
interactions, fruit mass accounted for much of the variation in number and mass of both pollinator and cheater
larvae within and across years. Within years, larger fruits
generally had heavier and higher numbers of larvae compared to smaller fruits. Yearly differences in larval mass
followed the pattern of variation in fruit mass (compare
Fig. 1A, B). For example, larval mass of both pollinators
and cheaters was lowest in 1998, which corresponded
with low fruit mass in 1998. Weather-related factors are
likely to have contributed to the yearly variation in fruit
mass. Low rainfall the preceding fall may have contributed to low 1998 fruit mass; average rainfall from July to
December 1997 was 35% lower compared to the same
time period in 1996, and 20% lower compared to 1995
(National Climatic Data Center 2000). The size of
phytophagous insects, particularly those that are limited
to feeding on a single plant, is commonly associated
with the quantity and quality of available plant tissue
(reviews in Slansky 1993; Price 1997). For example, in
figs a greater proportion of variation in wasp body size is
explained by the fruit that the wasp is born in compared
to the size of the maternal wasp (Herre 1989). In yuccas,
larval mass was greater in larger fruits perhaps reflecting
differences in seed quality between small and large

461

fruits, because seed number was generally not a limiting
factor even in small fruits. Both pollinator and cheater
larvae seem to benefit from being in large fruit, yet
larger fruits did not have significantly more ovipositions
than small fruits in all years. Oviposition was correlated
with fruit size only in 1998. The unusually low fruit
mass of 1998 may have increased the degree of discrimination against ovipositing in very small flowers, however, more work is needed examining factors that affect
oviposition choice.
The potential for species coexistence may increase
when species interactions are weak because weak interactions provide little selective force on species (McPeek
1996). The consistency in proportion of fruits with cheaters and pollinators across years, as well as limited effect
of pollinators and cheaters on their number, mass, and
mortality shows that these two species share fruit resources with minimal impact on each other in terms of larval
success. This outcome may not hold true for all populations. Given the constraints of pollinator and cheater biology, we consider how the outcome of pollinator-cheater
interactions may vary over time or space. The number of
pollinator eggs that can be laid is limited by selective floral abscission (Pellmyr and Huth 1994), which effectively
limits pollinator seed consumption to an average of 26%
seeds per fruit (Pellmyr et al. 1996). In effect, pollinator
larvae cannot reach high levels of density per fruit. In
contrast, the number of cheaters per fruit is not limited by
selective abscission, and in some populations cheaters
can reach high enough densities that all seeds are destroyed in Y. filamentosa fruit (Pellmyr et al. 1996). Variation in seed consumption both among fruits and across
years, ranging from 0 to 100% seed loss, has also been
reported in other yucca species (Keeley et al. 1984;
Addicott 1986). In years of high cheater density per fruit,
seeds will become limiting, but the early oviposition of
pollinators and their head start in feeding would likely result in asymmetric competition with cheaters incurring a
higher cost than pollinators in seed-limiting conditions.
The negative effect of increasing pollinator number on
cheater larval mass, and no effect of cheater number
on pollinator mass, in small fruits in 1996 supports the
idea that competition is asymmetric when it occurs. Although experimental manipulation of larval densities
might demonstrate that competition is asymmetric, the
results presented here suggest that such densities are
seldom realized in nature.
Interactions among species in other seed-parasite
pollinator mutualisms
In addition to the yucca/yucca moth system, there are
two other seed-parasite pollination mutualisms, fig/fig
wasp and globeflower/globeflower fly, where the pollinator coexists with multiple species feeding on seeds in
the fruit. Fig fruits host a complex community of both
pollinators and non-pollinators such as the gallmakers
(Janzen 1979; Bronstein 1991; Compton et al. 1994;

Kerdelhue and Rasplus 1996; Machado et al. 1996;
Herre 1999). Both pollinators and gallmakers prefer
short-style flowers, and there is competition for oviposition sites, but the impact of gallmakers on fig pollinators
depends on the species of gallmaker (West and Herre
1994; Kerdelhue and Rasplus 1996). Early-ovipositing
gallmakers, in the genera Idarnes and Sycophaga, have a
negative impact on the number of pollinator wasps
emerging from fruit because they directly compete with
pollinators for oviposition sites (West and Herre 1994;
Kerdelhue and Rasplus 1996; Herre 1999). Late-ovipositing gallmakers such as Apocryptophagus sp. have little
impact on pollinators because pollinators are well-established in the fig fruit by the time a late gallmaker oviposits (Kerdelhue and Rasplus 1996).
Fig pollinator-gallmaker interactions differ in at least
three ways from the yucca system. First, in figs, wasps
that delay oviposition in figs have fewer oviposition sites
available to them, whereas in yuccas, cheaters and pollinators do not compete for oviposition sites. In fact, delaying oviposition may benefit cheaters by reducing the
risk of losing offspring to floral abscission (Pellmyr and
Leebens-Mack 2000). Delaying oviposition could potentially result in asymmetric competition between larvae of
pollinators and cheaters, however, based on the data
from the present study, cheater larvae were not limited in
access to seeds. Second, the impact of non-pollinators on
seed production differs between figs and yuccas. Fig
gallmakers appear to have minimal effect on fig seed
production, at least as measured by direct loss of seeds.
In contrast, cheater yucca moths increase the cost of seed
loss. Third, cheater yucca moths can only develop in pollinated fruit; therefore, they must coexist with yucca pollinators. In contrast, Idarnes and Sycophaga wasps can
develop in unpollinated fruit, thus gallmakers do not depend on the pollination services of female pollinator
wasps (Bronstein 1991; Compton et al. 1994; West and
Herre 1994; Kerdelhue and Rasplus 1996). Some gallmakers depend upon pollinator males to chew an exit
tunnel in order to escape the fig (Kerdelhue and Rasplus
1996), but Idarnes sp. have been observed in high numbers in unpollinated figs so some gallmakers may be able
to exist independent of pollinator wasps (Bronstein
1991; West and Herre 1994). In summary, the outcome
of the interaction between gallmakers and fig pollinators
is greatly affected by timing of oviposition. Early gallmakers have the greatest potential to negatively affect the
population dynamics of fig pollinators by usurping oviposition sites, whereas late gallmakers apparently have
little impact on the population dynamics of pollinators.
The globeflower/globeflower fly system differs from
yuccas and figs in that up to six different pollinator
species (Chiastocheta spp.) co-occur in populations of
Trollius europaeus; in the yucca and fig system there are
typically 1 or 2 pollinator species in a population. One
study examining interspecific competition among fly species in the French Alps showed no evidence for predation
among Chiastocheta larvae (Jaeger et al. 2001). There
was a decrease in seed consumption per larva in fruits

462

with higher egg loads, which was interpreted as evidence
for competition among larvae for resources (Jaeger et al.
2001). There was never complete seed destruction even
in fruits with high larval densities. Each fly species oviposits at a different time, but it is not known whether
competition was asymmetric between early and late ovipositing pollinators because larvae could not be identified
to species. While the outcomes of species interactions in
yuccas, figs, and globeflowers differ in their impact on
the plants and pollinators, perhaps the common thread
among these systems is the remarkable resilience of the
mutualism despite multiple demands on fruit resources.
In conclusion, the stability of mutualisms depends upon the costs and benefits of the interaction, which can
vary in time and space due to interactions with a third
species (Bronstein 1994; Gaume et al. 1998). In the case
of Y. filamentosa and T. yuccasella, the presence of the
cheater T. intermedia increases seed costs for the plant,
but appears to have little direct benefit or cost to the pollinator. The number of larvae per fruit and larval mass
differed significantly across years, but numbers of pollinator and cheater larvae did not reach the threshold presumably required to cause competition for seeds. Any
effects of cheaters on the pollinator would have to be
indirect by limiting production of viable seeds and ultimately reducing the plant population through lower
seedling recruitment. Overall, the results of this study
show that cheaters and pollinators can coexist with little
conflict in fruit. This result is consistent with the hypothesis that the recent rapid radiation of species within the
T. yuccasella complex may be explained in part by the
ability of multiple pollinator species (some of whom
have become cheaters) to use fruits without severe competition (Pellmyr and Leebens-Mack 2000). Our work
also raises the question of what regulates cheater populations. Asymmetric competition, which is more likely to
occur at high cheater densities, is one factor that may
limit cheater population growth. Future work on the factors regulating the density of cheater populations and assessing the variability of cheaters across populations will
increase our understanding of how cheaters evolve and
persist.
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