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Abstract Mutualists and non-mutualistic cheaters com-
monly coexist, but the effect of mutualist-cheater inter-
actions on the evolution and stability of mutualisms or
persistence of cheater populations is not well under-
stood. Yuccas and yucca moths are an example of an
obligate mutualism in which cheaters are frequently
present. Larvae of both pollinators and cheaters eat de-
veloping 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 7. 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 pollinator-
cheater 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 cheat-
er 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 nega-
tive 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 polli-
nator 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 appar-
ently 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 pop-
ulation 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 7. yuccasella complex
may be explained in part by the ability of multiple polli-
nator 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 pro-
duced by acacias, but do not protect the tree from herbi-
vores (Janzen 1975; Stanton et al. 1999), non-photosyn-
thetic plants that take advantage of plant-mycorrhizal in-
teractions (Taylor and Bruns 1997), and nectar thieves or
seed predators that take floral resources, but do not polli-
nate 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 Leebens-
Mack 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 Leebens-
Mack 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 (Pell-
myr and Leebens-Mack 1999). The difference in age be-
tween pollinator and cheater lineages raises questions re-
garding 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 fila-
mentosa, the pollinator, T. yuccasella, coexists with the
cheater, T. intermedia. Differences in timing of oviposi-
tion 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 cheat-
er larvae such that when a first-instar cheater larva enters
the fruit it is encountering third- or fourth-instar pollina-
tor larvae. Therefore, competition between cheater and
pollinator larvae could occur either directly through pre-
dation, or indirectly through resource-limited competi-
tion 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 in-
teractions with minimal effects on each other. We con-
ducted 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 spe-
cies (Lepidoptera: Prodoxidae) that consume the seeds of Y. fila-
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mentosa as their sole food resource. Tegeticula yuccasella (Riley)
oviposits into first-day flowers and serves as the only local polli-
nator 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, bur-
rows into the ground, and overwinters in a cocoon in the soil. In a
sample of 180 fruits containing only pollinator larvae, each polli-
nator 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 hatch-
ing, cheater larvae begin feeding on seeds 5-15 days after pollina-
tor larvae have begun feeding on seeds. The cheater larva also ex-
its through the fruit wall and overwinters in a cocoon in the soil.
In a sample of 66 fruits containing only cheater larvae, each cheat-
er larva ate on average 26.5+9.8 (xx1 SD) seeds (Huth and Pell-
myr, 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
100475 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 inflo-
rescence 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. fila-
mentosa 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 overes-
timates 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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beginning to feed on seeds. Cheater mortality was calculated as
1 —(number of cheater larvae per total number of first instar cheat-
er larvae entering the fruit). The difference in measurement of
mortality between egg to late instar would bias the results toward
overestimating the amount of pollinator mortality and underesti-
mating the amount of cheater mortality if many cheaters die be-
tween egg and first instar.

Identifying pollinator and cheater larvae

Basic information about the interaction between pollinator and
cheater larvae is lacking, in part, because there are no diagnostic
morphological markers that distinguish the larvae. Adult cheaters
and pollinators, which can be unambiguously identified, were used
to screen for species-specific genetic markers. Six isozymes (GOT,
IDH, HK, LAP, PGM, and PGI) were screened to identify systems
that had potential as genetic markers in 19 adult cheaters and pol-
linators. Although several isozymes were polymorphic, only one
of the six isozymes, GOT, had unique bands for cheaters and polli-
nators. The utility of GOT for providing reliable markers of
T. yuccasella and T. intermedia larvae was tested and confirmed
by using diagnostic mtDNA sequence variation. Thirty-one larvae
and four adults were cut in half for both enzyme and DNA extrac-
tion. Enzyme extracts were run on starch gels, and DNA extracts
were sequenced using the methods described below.

Once the utility of the GOT marker was confirmed, protein
electrophoresis was used on all larvae heavier than 0.005 g; <8%
of the larvae weighed less than 0.005 g. For allozyme analysis,
electrophoretic extracts were made by grinding larvae in 0.2 M
TRIS-HCI, pH 8.0 buffer and beta-mercaptoethanol. Starch gels
were made with 12% potato starch in a 1:10 dilution of the elec-
trode buffer, TRIS-maleate-EDTA pH 7.4 (Werth 1985). The stain
for GOT was modified from Werth (1985) in that we used 0.2 M
TRIS HCI pH 8.0. Gels were run at 100 mA until the proteins had
migrated 3 cm, taking approximately 8 h. The informative locus
was GOT-1 (slow locus); cheaters were homozygous for the slow
allele and pollinators were homozygous for the fast allele.

DNA sequencing was used for samples that gave ambiguous
isozyme banding patterns and for larvae that were too small to

extract enough enzyme <0.005 g). DNA extraction protocols
followed Harrison et al. (1987) for extracting DNA from whole
larvae. A modification of Hillis et al. (1996) was used for extract-
ing DNA from larvae that had been crushed in the isozyme grind-
ing buffer. Modifications included adding 250 pl of STE buffer,
pH 8.0 to the larval homogenate, instead of proteinase K, 10%
SDS, and STE buffer. DNA was extracted immediately from the
homogenate with 100 pl of CHCl;: isoamyl alcohol 41:1) PCI
mixture) and 450 pl of phenol. In the second re-extraction 500 pl
of (24:1) chloroform: isoamyl alcohol was used rather than repeat-
ing the extraction with the PCI mixture listed above. DNA
sequencing data were based on a 507-bp region of cytochrome
oxidase I in mtDNA positions 2,240-2,760 in the Drosophila
vakuba genome; Clary and Wolstenholme 1985). The region was
PCR amplified and one strand was sequenced with Amersham
Dye-terminator chemistry on an ABI 377 automated sequencer
following the manufacturer's protocols Amersham Pharmacia).
Known sequences of the pollinator 7. yuccasella (Genbank acces-
sion no. U49032) and cheater 7. intermedia (Genbank accession
no. U49030) were used in a neighbor-joining analysis in PAUP.
There is ~2% sequence divergence between cheaters and pollina-
tors in the region used Pellmyr and Leebens-Mack 1999), and
samples fell into two distinct groups of larvae representing either
T. yuccasella or T. intermedia. We weighed and identified a total
of 870 larvae in 162 fruits in 1996, 1,052 larvae in 139 fruits in
1997, and 1,025 larvae in 181 fruits in 1998.

Statistical analysis
Yearly variation in fruit mass, larval number, and larval mass was

analyzed using Welch's ANOVA, which does not assume homo-
geneity of variance (Zar 1996). Contrasts were performed using

Tukey-Kramer multiple comparison Zar 1996). The effect of
within-year fruit mass variation on larval number, larval mass,
oviposition, and mortality was analyzed using Spearman's rank
correlations. The correlation between number of pollinators and
number of cheaters per fruit was measured using Spearman's rank
correlations, and a Kruskal-Wallis chi-square test was used to test
differences among years on the proportion of cheaters per fruit.
Proportions were arcsine square-root transformed for the analysis
to meet the assumption of normality. Chi-square analysis was used
to test differences among years on the proportion of fruits contain-
ing both cheater and pollinator larvae.

Plant characteristics other than fruit mass, such as location and
timing of flowering, had significant effects on larval number and
larval mass. Therefore, to determine whether the number of pollina-
tor larvae affected mass of cheater larvae, we statistically controlled
for plant effects by including plant as a random factor and fruit mass
as a covariate in an analysis of covariance (ANCOVA). Altogether
the model included the response variables, larval mass, fruit mass
and larval number, as covariates, and plant was considered a ran-
dom factor (also see West and Herre 1994). Each year was analyzed
separately. ANCOVA was also used to analyze the effect of larval
number on larval mortality. Plant, fruit mass, and larval number
were
included in the model as described above. All analyses were per-
formed using JMP, version 3.2 (SAS Institute 1994).

Results
Effect of fruit mass on pollinators and cheaters

Both the number and mass of larvae per fruit were sig-
nificantly affected by fruit mass among and within years
Fig. 1, Table 1). Fruit mass differed significantly among
years, with a threefold difference among years Fig. la);
the lowest average fruit mass occurred in 1998. Pollina-
tor and cheater larval mass also differed significantly
among years (Fig. 1b) with lowest average pollinator and
cheater larval mass occurring in 1998. Within years, the
number of pollinator and cheater larvae was positively
correlated with fruit mass (Table 1). Mass of pollinator
larvae was also positively correlated with fruit mass in
all years, whereas mass of cheater larvae was significant-
ly correlated in two of the three years of study.
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Fig. 1 A Mean (+SE) per year of fruit mass, and B the mean mass
of individual larvae. (Fruit mass Welch ANOVA F=233.73, 2 df,
P<0.0001; pollinator mass F=24.74, 2 df, P<0.0001; cheater mass
F=33.72, 2 df, P<0.0001). Number of fruit sampled is indicated on
the bars in A. Significant differences among years are indicated by
different letters; in B contrasts for pollinator mass are indicated by
letters @ and b, and for cheater mass by letters ¢, d, and e. B Polli-
nator larvae A cheater larvae
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Table 1 Correlations between

fruit mass and larval mass, and Larval mass Range in larval mass per fruit (g) No. of fruits Spearman r,

fruit mass and larval number. :

See Fig. 1 for mean 1 SE of 996

fruit mass, pollinator mass, and ~ Pollinator mass X fruit mass 0.003-0.08 161 +0.53%#*

cheater mass. Significance Cheater mass X fruit mass 0.007-0.07 +0.65%**

levels are indicated by *; 1997

P<0.025 and ) )
P<0.0001 Pollinator mass X fruit mass 0.013-0.07 137 +0.53%**

Cheater mass X fruit mass 0.002-0.07 +0.29%**
1998
Pollinator mass X fruit mass 0.001-0.08 175 +0.49%**
Cheater mass X fruit mass 0.001-0.05 +0.19
Larval number Range in larval number per fruit Spearman r;
1996
Pollinator no. X fruit mass 0-14 162 +0.17%**
Cheater no. X fruit mass 0-18 +0.24%**
1997
Pollinator no. X fruit mass 0-19 139 +0.41%%*
Cheater no. X fruit mass -20 +0.51***
1998
Pollinator no. X fruit mass 0-15 181 +0.42%**
Cheater no. X fruit mass 0-11 +0.26%**

Table 2 Summary of pollinator and cheater oviposition and mortality. Mean (+1 SE)

Year Number of pollinator Percent pollinators died Number of cheater Percent cheaters died
ovipositions per fruit as eggs or early instars larvae entering fruit before entering fruit

1996 10.24 (0.4) 59.6 (2.5) 5.04 (0.7) 64.4 (4.0)
1998 8.08 (0.3) 433 (2.2) 2.56 (0.3) 62.1 (0.04)
Table 3 Correlation between fruit mass and number of oviposi- 5 67 b
tions or larval mortality. Significance level is indicated by ; = § b

P<0.0002 g 57 5

8 a
Year Spearman r £ a1 &
= 3-

1996 .E i
Pollinator oviposition X fruit mass —0.02 € 27 i d
Cheater oviposition X fruit mass —0.01 2.1 ¢ i
Pollinator mortality X fruit mass -0.01 £ 1 c
Cheater mortality X fruit mass —0.06 <
1998 1996 1997 1998
Pollinator oviposition X fruit mass +0.41%%* Year
Cheater oviposition X fruit mass +0.31%** . . .

. ) . Fig. 2 Mean number of larvae per fruit (+1 SE) per year pollina-

| kokok

Pollinator mortality X fruit mass 0.28 tors, Welch ANOVA F=4.96, 2 df. P=0.008; cheaters, F=3.64,
Cheater mortality X fruit mass —-0.06

The effect of fruit mass on oviposition number and
larval mortality varied between years (Tables 2, 3). The
number of pollinator and cheater ovipositions were not
correlated with fruit mass in 1996, but in 1998 the num-
ber of pollinator and cheater ovipositions was signifi-
cantly greater in larger fruits compared to smaller fruits.
In terms of larval mortality, the only significant effect
was one of greater mortality of pollinators in small fruits
in 1998.

2 df, P=0.03). Significant differences among years are indicated
by different letters. B Pollinator larvaec A cheater larvae

Interaction between pollinators and cheaters

The density of pollinator and cheater larvae per fruit dif-
fered across years Fig. 2). Although there was yearly
variation in number of larvae, the proportion of cheaters
and pollinators was similar across years. On average,
cheaters comprised 25% of total number of larvae,
and the proportion of cheater larvae to all larvae did
not differ significantly across years 1996=28.6%,
1997=29.5%,1998=18.4%; Kruskal-Wallis=4.49, 2 df,
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Table 4 Analysis of covari-

ance analyzing effect of plant, ~ Ycar daf MS r P
fruit mass, and number of lar-
vae on larval mass. Bold Pval- 1996 mass of cheater larvae
ues indicate years in which Number of pollinator larvae per fruit 1 0.00064 5.51 0.023
number of larvae per fruit had Fruit mass X number of pollinators 1 0.00047 4.02 0.051
an effect on larval mass. Fruit mass 1 0.000004 0.03 0.861
Plant 14 0.0003 2.55 0.009
Model 17 0.00028 2.39 0.010
Error 44 0.00012
1996 mass of pollinator larvae
Number of cheater larvae per fruit 1 0.00005 0.59 0.443
Fruit mass X number of cheaters 1 0.00019 2.11 0.149
Fruit mass 1 0.00301 33.89 0.0001
Plant 17 0.00021 2.40 0.003
Model 20 0.00039 4.37 0.0001
Error 124 0.00009
1997 mass of cheater larvae
Number of pollinator larvae per fruit 1 0.00001 0.13 0.725
Fruit mass X number of pollinators 1 0.00008 1.11 0.302
Fruit mass 1 0.00010 1.51 0.230
Plant 13 0.00034 4.94 0.0002
Model 16 0.00048 6.96 0.0001
Error 28 0.00007
1997 mass of pollinator larvae
Number of cheater larvae per fruit 1 0.00019 4.05 0.047
Fruit mass X number of cheaters 1 0.00024 5.099 0.027
Fruit mass 1 0.00066 13.92 0.0003
Plant 14 0.00026 5.46 0.0001
Model 17 0.00036 7.55 0.0001
Error 84 0.00005
1998 mass of cheater larvae
Number of pollinator larvae per fruit 1 0.00018 0.82 0.37
Fruit mass X number of pollinators 1 0.00060 2.65 0.11
Fruit mass 1 0.00047 2.066 0.16
Plant 17 0.00045 2.01 0.03
Model 20 0.00049 2.17 0.02
Error 46 0.00023
1998 mass of pollinator larvae
Number of cheater larvae per fruit 1 0.00032 1.91 0.17
Fruit mass X number of cheaters 1 0.0000002 0.0011 0.97
Fruit mass 1 0.00248 14.66 0.0002
Plant 19 0.00091 5.38 0.0001
Model 22 0.00126 7.43 0.0001
Error 148 0.00017

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 r, for 1996 r,=—0.38,
P <0.0001, N=168 fruits; 1997 r~=-0.23, P=0.006,
n=149 fruits; 1998 r=+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-

icant negative effect on cheater mass, and the interaction
between pollinator number and fruit mass was marginal-
ly 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 dis-
tribution 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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Table 5 Analysis of 1996 data

for effect of pollinator number daf MS F P
on cheater mass in small and .
large fruits. Based on the distri-  Small fruits — 1996
byt@on of fruit mass, data were Mass of cheater larvae
divided into two groups: small  Number of pollinator larvae per fruit 1 0.00107 9.04 0.008
fruits were categorized as less  Fryjt mass x number of pollinators 1 0.00093 7.87 0.012
than 8.0 g and large fruits were  Fryjt mass 1 0.00017 1.43 0.248
categorized as greater than Plant 9 0.00019 1.65 0.180
8.0 g. Bold P values indicate a  podel 12 0.00030 2.59 0.036
significant effect of larval Error 17 0.00012
number on larval mass
Large fruits — 1996
Mass of cheater larvae
Number of pollinator larvae per fruit 1 0.00007 1.07 0.320
Fruit mass X number of pollinators 1 0.00004 0.56 0.466
Fruit mass 1 0.00030 4.79 0.047
Plant 14 0.00016 2.52 0.053
Model 17 0.00018 2.76 0.035
Error 13 0.00006
0.8
z .
g 0.6 -
e T
£
5 04- T I
®
§=
S 0.2
Q
ES
0
1996 1998
Year

Number of cheater larvae per fruit

101

o o o
ooOOCO) O

o000 0 8 o
o oDOc o ©

4]

0
0 5 10 15 20
Number of pollinator larvae per fruit

Fig. 3 Correlation between number of cheater and pollinator lar-
vae per fruit. Lines from linear regression are shown. Linear re-
gression equations are 1996 Y=3.0-0.39.X, adjusted »2=0.14; 1997
Y=3.5-0.24X, adjusted r2=0.06; 1998 Y=0.92+0.03X, adjusted
r2=-0.003. Circles of five different sizes 1-5, from smallest to
largest) indicate the number of observations: 7/ 1, 2 2-5,3 6-10,
411-20, 5 21-25

larvae, and there was a significant interaction between
fruit mass and number of cheaters. Similarly, larval
mortality was not affected by coexisting in the same fruit
with larvae of the other species Fig. 4, Table 6). There
was no significant effect of either cheater number on

Fig. 4 Proportion of pollinator mortality (£1 SE) in fruits with
and without cheaters for 1996 and 1998. [] No cheater larvae in
fruit M cheater larvae present in fruit

pollinator mortality or pollinator number on cheater
mortality in either 1996 or 1998.

Discussion

Cheater and pollinator larvae can potentially interact in-
directly through competition for seeds, directly through
predation, or coexist with little impact on each other.
Three lines of evidence suggest that pollinators and
cheaters seldom compete for seeds, at least as measured
in this study. First, pollinator mass was never affected by
number of cheater larvae per fruit, and cheater mass was
unaffected by number of pollinators in two of three
years. In one year, there was a negative effect of pollina-
tor number on cheater mass only in small fruits, although
compared to fruit mass and plant effects, pollinator num-
ber had a small effect on cheater mass. Second, larvae
did not appear to be limited by seed availability. Larval
mortality was generally not affected by fruit mass.
Cheater mortality was not correlated with fruit mass.
Pollinator mortality was greater in small fruits only in
1998, although intact seeds were found in 97% of the
fruit in 1998 suggesting that higher mortality was not
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Table 6 Analysis of covari-

ance for effect of plant, fruit Year Terms daf MS F P
d larval b lar-
val mortality. Effect of cheater 1996 Number of cheaters 1 0215 3.10 0.08
; ; Fruit mass X cheater no. 1 0.074 1.06 0.30
number on pollinator mortality Fruit mass 1 0.279 402 0.05
Plant 17 0.263 3.78 0.0001
Model 20 0.393 5.65 0.0001
Error 136 0.069
1998 Number of cheaters 1 0.082 1.15 0.29
Fruit mass X cheater no. 1 0.0183 0.26 0.61
Fruit mass 1 0.005 0.07 0.79
Plant 17 0.100 1.41 0.15
Model 20 0.111 1.56 0.08
error 82 0.071
Effect of pollinator number on cheater mortality
1996 Number of pollinators 1 0.355 1.83 0.18
Fruit mass X pollinator no. 1 0.124 0.64 0.43
Fruit mass 1 0.023 0.12 0.73
Plant 15 0.153 0.79 0.68
Model 18 0.321 1.67 0.07
Error 63 0.194
1998 Number of pollinators 1 0.023 0.26 0.61
Fruit mass X pollinator no. 1 0.084 0.95 0.34
Fruit mass 1 0.047 0.53 0.48
Plant 17 0.098 1.11 0.41
Model 20 1.17 0.36
Error 20

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 sig-
nificantly 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 relat-
ed study of oviposition choice by two distinctive pollina-
tor species co-occurring on Y. kanabensis, slight asym-
metry in avoiding previously visited flowers was docu-
mented. One species did not alter its oviposition behav-
ior 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 negli-
gible 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 varia-
tion 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 com-
pared 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 contrib-
uted 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



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 discrimi-
nation against ovipositing in very small flowers, how-
ever, more work is needed examining factors that affect
oviposition choice.

The potential for species coexistence may increase
when species interactions are weak because weak interac-
tions provide little selective force on species (McPeek
1996). The consistency in proportion of fruits with cheat-
ers 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 resourc-
es with minimal impact on each other in terms of larval
success. This outcome may not hold true for all popula-
tions. Given the constraints of pollinator and cheater biol-
ogy, 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 flo-
ral 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 de-
stroyed in Y. filamentosa fruit (Pellmyr et al. 1996). Vari-
ation 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 re-
sult 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. Al-
though 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 polli-
nator 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;
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Kerdelhue and Rasplus 1996; Machado et al. 1996;
Herre 1999). Both pollinators and gallmakers prefer
short-style flowers, and there is competition for oviposi-
tion 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-ovipos-
iting gallmakers such as Apocryptophagus sp. have little
impact on pollinators because pollinators are well-estab-
lished in the fig fruit by the time a late gallmaker ovipos-
its (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 polli-
nators do not compete for oviposition sites. In fact, de-
laying oviposition may benefit cheaters by reducing the
risk of losing offspring to floral abscission (Pellmyr and
Leebens-Mack 2000). Delaying oviposition could poten-
tially 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 pol-
linated fruit; therefore, they must coexist with yucca pol-
linators. In contrast, Idarnes and Sycophaga wasps can
develop in unpollinated fruit, thus gallmakers do not de-
pend on the pollination services of female pollinator
wasps (Bronstein 1991; Compton et al. 1994; West and
Herre 1994; Kerdelhue and Rasplus 1996). Some gall-
makers 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 num-
bers 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 gall-
makers have the greatest potential to negatively affect the
population dynamics of fig pollinators by usurping ovi-
position 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 spe-
cies 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
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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 ovi-
posits at a different time, but it is not known whether
competition was asymmetric between early and late ovi-
positing 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 up-
on 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 pol-
linator. The number of larvae per fruit and larval mass
differed significantly across years, but numbers of polli-
nator and cheater larvae did not reach the threshold pre-
sumably 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 ulti-
mately 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 hypoth-
esis 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 com-
petition (Pellmyr and Leebens-Mack 2000). Our work
also raises the question of what regulates cheater popula-
tions. 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 fac-
tors regulating the density of cheater populations and as-
sessing the variability of cheaters across populations will
increase our understanding of how cheaters evolve and
persist.
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