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Abstract

Sex-biased herbivory towards male plants has be@nrsto be common in many dioecious
species.Valeriana edulis is a perennial, dioecious dicot that is the plargt to an ant-aphid
mutualism. We investigated the interaction betwaeis and aphids to determine if it differs
based on the sex of a plant. In order to addhesguestion of whether variation in host plant
sex mediates this mutualistic relationship, expernts, on host plant quality, ant recruitment,
and the effects of predators on aphids, were cdedum addition to collecting observational
data. Results showed no difference in the hostt gjaality ofV. edulis for aphid population
growth. However, ant recruitment data suggestatiahts tend aphids significantly more often
on femaleV. edulis than on male plantp & 0.0513). Predators reduced aphid abundance, but
the strength of these effects was the same onamaléemale plants. In addition, our study of
the natural distribution of aphid populations fouhdm to be more common on female plapts (
=0.025). In contrast to past studies, we thusdidiemale-biased herbivory that appears to be
mediated not by host plant quality, but rather byiation in ant tending between male and
female plants.

I ntroduction

Mutualisms are interactions that occur in naturgvben two species in which both
species benefit from the relationship. Howevegréhare both benefits and costs that are
associated with every mutualistic relationship ¢&eaand Dixon 2005). Typically the outcome
of a mutualism is context dependent, which is affiédy variations within the environment,
both biotic and abiotic (Breton and Addicott 189Billick et al. 2007). Because of this,
interactions are not always mutualistic and theouie of the relationship can range from
beneficial (+,+; these two symbols indicating tignf the effect for each species) to neutral

(0,0) or antagonistic (+,-).
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Ant-aphid mutualisms have been well studied, butyrespects of this relationship are
not fully understood yet. In this mutualistic riedaship, aphids (Hemiptera: Aphidae) can be
directly stimulated by ants (Hymenoptera: Formaejto produce honeydew, which is a sugary
excretion derived from phloem sap that containbaaydrates, protein and water (Way 1963).
This process is known as tending, which is usudgifined as ants collecting honeydew in
exchange for the protection from predators andon@ging upon aphids themselves (Way 1963).
Depending upon the ecological setting of the irgigoa, ants can have either positive or
negative effects upon the aphids. Ants may tteaaphids in a variety of ways, which include
tending (+), ignoring (0), and preying upon thepn(Billick et al. 2007). There are several
factors that could cause ant-aphid interactionsaty from a mutualism to a neutral relationship
or parasitism. Some of these factors include ganbtype, host plant quality, ant recruitment,
and predator recruitment, each of which is desdrliow. It is important to note that these
three factors may act independently of one anath#drey may all be inter-related to cause a
shift in the mutualistic relationship.

One major factor that can influence this relagldp shift is plant genotype. Variation
in plant genotype is increasingly being recogniwede an important factor for structuring
arthropod communities and host plant fithess (@rgés et al. 2006; Crutsinger et al. 2007,
Mooney and Agrawal 2008; Johnson and Agrawal 200Bitham et al. 2006). Genetic
variation in host plants has been shown to affectrounity dynamics, greatly influencing
species interactions as well as the abundancessiiyeand distribution of herbivore populations
(Johnson 2008; Johnson and Agrawal 2005). Thetdared indirect effects on herbivore
populations, which include population dynamics,réegf host plant resistance, predator

occurrence, and host plant resource quality, cagolerned by this variation in plant genotype,



influencing the preference, performance, and saho¥ herbivores (Johnson 2008; Maddox and
Root 1990; Mooney and Agrawal 2008; Wimp and WhitH2001). Because of these possible
effects, variation in plant genotype may have pmatbimplications for mutualistic relationships,
specifically ant-aphid interactions (Johnson 2008).

In previous research, genetic variation in hdastts has been shown to mediate ant-
aphid interactions. Mooney and Agrawal (2008) fbtimat ant-aphid interactions were either
mutualistic or antagonistic depending on the gerfatnily of milkweed Asclepias syriaca). In
other words, the genotype of the plant affectedtivdrethe relationship was positive or negative
(Mooney and Agrawal 2008). Studies have suggehbtedlant height in fireweedEpilobium
angustifolium) may influence different aspects of aphid ecologgiuding intraspecific
competition, ant recruitment, and predator impésteton and Addicott 1999. Plant genotype
of the common evening primros@dnothera biennis) was found to strongly effect aphid
population growth, ant abundance, and generalkstagior diversity (Johnson 2008).

Depending upon the presence of ants and the spicgdid, host plant quality has been
found to affect aphid abundance, which may be dubkd composition of the phloem sap upon
which the aphids feed (Mooney and Agrawal 2008pstHplant quality may be one of the most
influential factors in host selection for aphidsitip and Whitham 2001). Because the
composition of phloem sap could potentially detererihoneydew quality, host plant quality was
found to determine whether the ant-aphid interactvas mutualistic (+,+) or parasitic (+.-). Ant
recruitment and tending greatly relies on the dqualnd quantity of the resources produced by
aphids (Mooney and Agrawal 2008).

The main question we were interested in is howati@m within plant genotypes

mediates ant-aphid interactions. More specificalyes the mutualistic relationship between



ants and aphids differ based on the sex of a pRregvious research has documented sex-biased
herbivory toward male plants in dioecious spe@eaggestive of sex-biased variation in host
plant quality. However, sap-feeding hemipterangehaot been studied in this regard
(Cornelissen and Stiling 2005), and the implicatifor sex-biased variation in plant quality for
ant-hemipteran interactions are similarly uncleBinis experiment addressed three specific
guestions: (1) Does host plant quality differ bedww male and female plants of the same
species, causing aphids to perform better on oxngexses the other? (2) Does ant recruitment
differ within a dioecious system, causing aphidbeédended more often on one sex verses the
other? (3) Are aphids more susceptible to predainrmale or female plants of the same
species? In addressing these questions, thesessprdvide a mechanistic understanding for

how plant sex may influence ant-aphid interactions.
Methods

Sudy System

This study was conducted in a meadow locatedarGhnnison National Forest,
Gunnison County, Colorado, USA approximately orerketer north of the Rocky Mountain
Biological Laboratory (RMBL). ValerianMaleriana edulis) is a perennial, polygamo-dioecious
dicot in the family Valerianaceae that occurs imtaoe and subalpine meadows. The identity
of the aphid species occurring on Valariana islyike beAphis valerianae (Cowen) (Palmer
1952), but will be sent to an expert to identifijhe V. edulis ant-aphid system has been
previously studied by an REU student here at thekRtMountain Biological Laboratory. This
work showed that th¥. edulis ant-aphid system did not effect resource allocatighin the
plant and thus, the presence of ants and/or aplildsot alter plant growth or reproduction

(Dupuy,unpublished manuscript). Natural ant colonies occurring in the field wénéhis study



was conducted were used for this experiment. To&t common aphid-tending ant species were
Tapinoma sessile (Say)andFormica podzolica (Francoeur). Commonly found in disturbed or
urban areasl. sessileis a small black ant in the subfamily Dolichodeerthat builds nests
under rocks. This ant is a scavenger that oftam@tns current nests and relocates weekly.
Formica podzolica is an omnivorous, mound-building ant that oftea palygynous colonies.
Both antsT. sessile andF. podzolica are common throughout the area around the Rocky
Mountain Biological Laboratory.
Observational Study

The occurrence of aphids and ants/ateriana edulis was observed in a natural setting
to determine if colonization and recruitment difidibetween plant sexes. In the summer of
2009, a total of 9¥. edulis plants were tagged and observed throughout themudrduly.
Several traits were documented for each plantudicol sex, height, the number of stems,
inflorescence volume, the number of aphids preskeathumber of mummies present, the ant
species and number of ants found on the plantydih@oer of caterpillars present, and the
number of stems consumed by deer on July. Obsenahdata was collected for these plants
three times: July 1-7, July 9, and July 15-16.
Experiment #1: Host Plant Quality

In order to test if host plant quality differedtlveen plant sexes, groups\afedulis
plants (n=60; 30 female and 30 male) were enclased mesh material and twist-ties with
varying numbers of initial aphids both adult ani@ lmstar nymphs (1-15 aphids). These aphids
were collected from the field site and manuallyodtuced to aphid-fre®. edulis inflorescences
with a paintbrush to test for and compare the papan growth rate and the rate of intraspecific

competition in aphid colonies feeding on male asrddleV. edulis. All aphids were counted on



July 10, July 17, and July 22. This experimerdva#id for a simple test of host plant quality
between male and female edulis. The enclosed aphid populations were protectad fr
predators as well as the effects of ant tendirgydier to compare population growth between
plant sexes in the absence of other interactiarswether the degree of density dependence to
population growth varied as well.
Experiment #2: Ant Recruitment

To test if ant recruitment differed between mald samaleV. edulis, slits were cut into
the mesh enclosures (n=60; 30 male and 30 femadgjqusly mentioned after 17 days to allow
for ant and predator recruitment to the aphid delen These mesh enclosures were left on the
plants to act as a deterrent to deer. The ocatgrehants and predators were recorded for all
plants (n=60) on several dates in July (7-8, 10227 24, 27, 30) and on August 3 between the
hours of 9:00-11:30am and 4:00-5:30pm along withdbntinued monitoring of aphid
populations to compare ant abundance between mdléeaaleV. edulis.
Experiment #3: Predator Exclusion

In order to test for differences in predator ré@onent between plant sexes, a predator
exclusion experiment was conducted usigdulis plants (n=30; 15 male and 15 female). Two
stems were selected randomly from each plant tctimmas a control and an experimental stem.
A total of 10 aphids were collected from the sitel ananually introduced to each stem with a
paintbrush. The control stems were covered anédeath mesh enclosures. Slits were cut
into the 15 mesh enclosures over the experimetaaissto allow for predator access. However,
experimental stem enclosures were left uncut for@pmately one day after aphids were

introduced to ensure their colonization. Tanglé{@rand Rapids, MI) was applied to the base



of both the control and experimental stems to elelants. Aphid and predator counts were
conducted on August 3, 5, 10, and 13.
Results
Observational Study

Observational data collected on the natural digtidm of ants and aphids showed female
sex-biased herbivory iMaleriana edulis. Aphid colonies were found significantlyX= 5.75; p
= 0.025) more often on femal¥. edulis than on males (Fig. 1 a). There was no significan
difference g2 = 0.276316; p = 0.5991) between the occurrence of tending ants on female an
maleValeriana edulis (Fig 1 b). However, it is important to note, oblyo male plants surveyed
were found to have aphids in these surveys of uipukated plants. Of those two male plants,

only one aphid colony had ants tending, which tesnla 1:1 ratio of tending ants (Fig. 1 b).
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Figure1l. Natural Distributionsof Antsand Aphidson Valeriana edulis. Observational data for the
natural distribution of aphids (a) and ants (b) waléected foValeriana edulis (n=97) on July 1-7, July
9, and July 15-16. The aphid occurrence signitigatiffered by plant sex (a), but the rate of &mnding
did not (b). Only the plants with aphid colonies ahown in Fig 1. b.



Experiment #1: Host Plant Quality

Host plant quality was found to not differ betwerale and femal®¥aleriana edulis.
The average per capita growth of aphids was cdbdifi@r both male and female plants (Fig 2).
There was no significant difference between thevgjnaf aphids on either male or female plants
(p=0.5345). There was also no effect of initial aphid populatgize on per capita growth
(analyses not shown).
Experiment #2: Ant Recruitment

Ant tending was significantly more common on feen#leriana edulis than on males
(Fig. 3). Aphid colonies occurring on female pkntere found to be tended by ants more often
than the aphid colonies on male plapi@+£ 3.8; p = 0.0513). When exposed to predators and
ants, aphid colony survival was not found to ditbetween male and femaleedulis (y2 =

0.36; p = 0.55).
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Figure2. Host Plant Quality of Male and Female Valeriana edulis. Host plant quality
was found to not be significantly different betweeale and femal®¥aleriana edulis
because the per capita growth of aphids did nérdifetween sexes. This figure shows
the average number of nymphs produced per aph@Ddaatal plants (30 male and 30
female).
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Figure3. Ant Recruitment for Male and Female Valeriana edulis. Ants were found to
tend aphids on femalaleriana edulis significantly more often than on males. This figu
shows the number of colonies (out of 60 plants@le and 30 female) tended for male and
femaleV. edulis.
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Figure4. Predator Effects for Male and Female Valeriana edulis. In the presence and
absence of predators, plant sex did not signiflgaftect aphid abundance. This figure
shows the average number of aphids on male anddeviaderiana edulis (n=30; 15 male
and 15 female) when exposed and protected fromapesd Aphid counts were conducted
on August 3, 5, 10, and 13. 10



Experiment #3: Predator Exclusion

Differences in the effects of predators basedlantsex were determined by aphid
abundance (Fig 4). Predators were found to haigréficant effect on aphid abundance
(p=0.005), but this effect was similar for aphid populatimrsboth male and female plants as
indicated by the fact that there was no interactoorplant sex and predator effects(.2247).
In addition, when comparing male and fem¥ledulis, no significant difference was found for

aphid abundancg€0.6475). In other words, there was no effect of plaxt se

Discussion

These data suggest that the ant-aphid mutualisoraog onValeriana edulis does
indeed differ depending upon host plant sex. Tdtanal distribution of aphids shows that this
herbivore seems to occur on female plants mora offien male plants. When aphid behavior
was controlled by manually introducing aphids téhbmale and female plants, ant recruitment to
aphid colonies was found to differ based on theag&k edulis. The occurrence of ant-tending
was significantly greater for aphid colonies on &enplants.

Although predators reduced aphid abundance, tffeictevas found to not differ
between male and femalaleriana edulis. Aphid colony survival did not differ between raal
and female plants when exposed to ants and predagspite the fact that ants tended
significantly more on female plants. This resulggests ants do not benefit aphids in the form
of predator protection. This result may be truetlfias system or possibly this time of the season.
When aphids first disperse and colonizedulis, ants may benefit aphids by protecting them
from predators at this time, but this positive effemay be density-dependent.

Host plant quality was not found to differ betwewale and femal¥. edulis as aphid
population growth was consistent between plantsexXdthough host plant quality did not effect
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aphid growth, it is possible that the phloem sap stdl be mediating the ant-aphid mutualism.
One hypothesis is that the phloem composition nifgrdetween male and female edulis in
the form of secondary metabolites or other compeuresulting in the subsequent honeydew
produced to be similar in composition to the plaimbem. This difference in honeydew
composition may explain the difference in ant reoment shown between male and female
plants. Ants may recruit more often to aphidsemdle plants because they prefer the
honeydew produced from the female phloem sap.

Another hypothesis as to why ants would recruitertoraphids colonizing female plants
is that the flower nectar composition and/or volumey differ between male and female plants.
It is possible that the sugar concentrations witheanectar differ between male and female
edulis, causing ants to recruit to the plant with theasugpntent they most prefer, which in this
case would be the female plant. Differences irtaramlume produced by male and female
plants may also cause ants to recruit to floweth gfieater amounts of nectar or, in other words,
a greater food source. Ants were often seen drinttie nectar from female flowers, but they
were rarely seen at male flowers. Ants may re¢auiemale plants because they prefer the
resources available there, such as better tastingyldew, greater quantities of nectar, or higher
sugar concentrations within the nectar. Aphids thay colonize female plants more often
because of the greater probability of being teraednts.

Our results show that sex-biased herbivory ocaawsitds femal&/aleriana edulis
within this ant-aphid system. This female-biasetbivory differs from the male-biased
herbivory trend from previous research on thisc¢oph meta-analysis by Cornelissen and Stiling
(2005) suggests sex-biased herbivory occurs incehae plants, but towards male plants.

However, this review article only included herbieauilds such as gall-makers, folivores,
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browsers, flower predators, miners/borers, andqupghs. Sap-feeding insects were not included
in this meta-analysis and may not follow this tré@drnelissen and Stiling 2005).

This study suggests that host plant seXaériana edulis does indeed mediate ant-aphid
interactions by influencing the behaviors of théidp and the ants. In these other studies, host
plant quality was most likely the driving forcesaex-biased herbivory, and out results suggest
that in ant-tended hemipterans herbivores more tmogynamics can lead to sex-biased
herbivory in the absence of variation in host plaumlity. It appears that aphids naturally
choose to colonize female plants more often in amspn to male plants. These choices (a) are
not due to variation in host plant quality or (b teffects of predators. It may be that aphids
choose to colonize plants where they are tendeausecants appear to recruit to and tend aphids

colonizing femaleV. edulis more often than males.

13



References

Billick I, Hammer S, Reithel JS, Abbot P. 2007ntAaphid interactions: are ants friends,
enemies, or both? Ann. Entomol. Soc. Am. 100(8)--892.

Brenton LM, Addicott JF. 1992 Does host-plant quality mediate aphid-ant muigoa?
OIKOS 63: 253-259.

Brenton LM, Addicott JF. 1992 Density-dependent mutualism in an aphid-antacgon.
Ecology 73(6): 2175-2180.

Cornelissen T, Stiling P. 2005. Sex-biased heryiv a meta-analysis of the effects of gender
on plant-herbivore interactions. OIKOS 111: 4885

Crutsinger et al. 2006. Plant genotype divensigdicts community structure and governs an
ecosystem process. Science 313: 966.

Crutsinger GM, Souza L, Sanders NJ. 2007. Ipwa$ic diversity and dominant genotypes
resist plant invasions. Ecology Letters 10: 1-8.

Johnson MTJ. 2008. Bottom-up effects of plantagyme on aphids, ants, and predators.
Ecology 89(1): 145-154

Johnson MTJ, Agrawal AA. 2005. Plant genotype amgdronment interact to shape a diverse
arthropod community on evening primrosefothera biennis). Ecology 86(4): 874-
885.

Maddox GD, Root RB. 1990. Structure of the enteubetween goldenrod&dglidago
altissima) and its diverse insect fauna. Ecology 71(6):522124.

Mooney KA, Agrawal AA. 2008. Plant genotype shapat-aphid interactions: implications
for community structure and indirect plant defen$@e American Naturalist 171(6):
195-205.

Palmer MA. 1952. Aphids of the Rocky Mountainicgdg The Thomas Say Foundation, vol.
V. The A. B. Hirschfeld Press, Denver, Colorad&AJ

Stadler B, Dixon AFG. 2005. Ecology and evolutarant-aphid interactions. Annual Review
of Ecology, Evolution, and Systematics 36:345-72.

Strysky JD, Eubanks MD. 2007. Ecological consegas of interactions between ants and
honeydew-producing insects. Proc. R. Soc. B (2@@4) 151-164

14



Way MJ. 1963. Mutualism between ants and honeygi®aucing homoptera. Annual Review
of Entomology 8: 307-344.

Whitham et al. 2006. A framework for communitydaecosystem genetics: from genes to
ecosystems. Nature 7: 510-523.

Wimp GM, Whitham TG. 2001. Biodiversity conseqaes of predation and host plant
hybridization on an ant-aphid mutualism. Ecol&gy2): 440-452.

15



