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ABSTRACT 

Food-for-protection mutualisms, interactions between two species in which one 

species provides protection from aspects of the biotic environment in exchange for a 

nutritional reward, show an exceptional degree of context dependency. The occurrence, 

strength, and outcome of these interactions often depend on the ecological context in 

which they take place. However, the causes and consequences of such context-dependent 

variation remain poorly understood. 

The protection mutualism involving lycaenid buttertlies and ants provides an 

opportunity to explore many aspects of the ecology and evolution of interspecific 

interactions including the importance and predictability of ecological factors that produce 

context-dependent investment or outcomes in interspecific interactions. Ant-tended 

lycaenid larvae produce carbohydrate-rich secretions that are collected by attendant ants, 

[n exchange for this food reward, ants may confer developmental benefits and protect 

larvae from predators and parasitoids. Both participants in this mutualism are capable of 

responding to changing ecological conditions and, thus, can quickly alter their level of 

investment or decision to participate in the interaction. 

In Appendix A, I present the results of field work that illustrate that ant tending 

provides the lycaenid butterfly, Hemiargiis isola, with effective protection from 

parasitoid attack and enhanced larval survival. Lycaenids on plants from which ants were 

excluded were almost twice as likely to be parasitized as were lycaenids feeding on plants 

to which ants had access. 
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In Appendix B, I present the results of laboratory experiments that show that the 

tentacular organ signal employed by H. isola is a generalized signal, conveyed by either a 

simple, tactile stimulus or a secretion of low volatility, which evokes an alarm response 

in attendant ants. Furthermore, I provide evidence to suggest that the function of the 

tentacular organ signal is context dependent and mediates lycaenid investment in the 

mutualism. 

In Appendix C, we present the results of laboratory experiments that demonstrate that 

altering the ratio of carbohydrate and protein resources available to ants influences their 

decision to participate in the mutualism with //. isola. Significantly more ants from 

colonies fed a low carbohydrate/high protein diet tended lycaenids relative to ants fed a 

high carbohydrate/low protein or high carbohydrate/high protein diet. 



10 

The food-for-protection mutualism between lycaenid butterflies and ants provides an 

excellent opportunity to identify ecological factors that produce context-dependent 

outcomes and explore their importance in mutualistic interactions. These interactions 

involve many species of distantly related ants from the major subfamilies as well as over 

2000 species of lycaenid butterflies (Fiedler 1991, Pierce et al. 2002). Furthermore, both 

participants in these associations are capable of immediately modifying their behavior, in 

terms of their level of investment or their decision to participate in the interaction. 

In lycaenid-ant associations, ants tend lycaenids during some portion or all of their 

larval development. Ant-tended lycaenid larvae produce a carbohydrate-rich secretion 

that is collected by attendant ants. In exchange for this food reward, ants may confer 

various developmental benefits and protect larvae from predators and parasitoids (Pierce 

et al. 1987). These interactions can be obligate and species-specific, or facultative and 

diffuse. Lycaenids involved in obligate associations with ants are completely dependent 

on a single ant species for protection from natural enemies; in the absence of their 

mutualists lycaenids are unable to survive (Pierce et al. 1987, Fiedler and Maschwitz 

1989, Seufert and Fiedler 1996). Lycaenids involved in facultative, diffuse associations 

may receive a benefit from being tended by one of several species of ants. However, 

facultatively tended lycaenids can be observed without attendant ants and are not entirely 

dependent on ants for survival (Pierce and Mead 1981, Pierce and Easteal 1986). 

Although the majority of lycaenid-ant associations are facultative in nature (Fiedler 

1991, Pierce et al. 2002), the results of research on a few obligate associations have often 

been assumed to apply to facultative interactions. For example, it is often assumed that 
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all ant-tended Iycaenids receive the benefit of protection from natural enemies when, in 

fact, the benefits of protection have been shown to vary dramatically across the three 

facultatively tended species that have been studied (Pierce and Mead 1981, Pierce and 

Easteal 1986, Peterson 1993, Savignano 1994). Similarly, conclusions drawn from 

observations of lycaenid signaling in obligate interactions (Henning 1983) are 

generalized to reflect signaling in all lycaenid-ant associations (Fiedler et al. 1996). 

The research reported in the appendices to this dissertation focus on the facultative 

interaction between the North American isola blue butterfly, Hemicirgiis isola and several 

species of ants. The purpose of this research was to establish the importance of ant 

protection to the survival of this facultatively tended lycaenid, identify intrinsic and 

extrinsic factors that influence the decision of ants to tend Iycaenids, and examine the 

importance and predictability of outcomes mediated by the context-dependent behavior 

of attendant ants. In particular, I focused on the role of lycaenid signals (an intrinsic 

factor) and availability of nutritional resources for ants (an extrinsic factor) in mediating 

context-dependent outcomes. I chose to explore how these factors influence the behavior 

of ants because the decision to associate is likely, in large part, made by the ants. 

Lycaenids are restricted to their host plants and are unable to predict the number and 

identity of potential associates they will encounter. Thus, factors that influence the 

decision of ants to tend lycaenids are likely to be an important part of understanding the 

dynamics of these interactions (Pierce et al. 1991). 

In order to understand intrinsic factors influencing the decision of ants to tend 

lycaenids, I exanuned the potential for lycaenid signals to mediate context-dependent 
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In addition to factors intrinsic to the interaction, the decision of ants to tend lycaenids 

is likely influenced by factors extrinsic to the interaction. Ant foraging patterns are 

governed by the need to maintain the correct balance of both carbohydrates and proteins 

(Tobin 1994, Davidson 1997). For example, the preferences of ants have been shown to 

shift from high carbohydrate to high protein resources during periods when the colony is 

maturing large numbers of brood (Bristow and Vanity 1999, Tripp et al. 2000). 

Therefore, the prevalence of carbohydrate and protein resources in the environment is 

likely to have a large impact on the foraging decisions of ants and may generate context-

dependent outcomes. 

In the appendices to this dissertation, I investigate the importance of ant protection 

and parasitism to the survival of H. isola. I characterize the signal conveyed by the 

lycaenids' tentacular organs, test hypotheses regarding the function of the signal, and 

discuss the potential context-dependent use of this signal in mediating lycaenid 

investment in this association. Finally, I examine the importance of ant nutrition and 

resource availability in producing context-dependent outcomes in that association, and 

discuss the predictability and importance of this phenomenon in food-for-protection 

mutualisms. 
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Explanation of Dissertation Format 

This dissertation is a compilation of three manuscripts submitted for publication. I am 

the sole author on the research contained in Appendix A and Appendix B. I am the 

senior author on the research contained in Appendix C, for which I was solely 

responsible for the development of the idea and execution of all experiments. However 

in synthesizing the results and drafting the manuscript, I collaborated with Dr. Judith L. 

Bronstein and drew upon her extensive knowledge and experience in the study of 

mutualisms. 

In Appendix A, I investigate the importance of parasitism and ant protection in a 

facultative lycaenid butterfly-ant mutualism by quantifying rates of parasitism in natural 

populations for two consecutive years. In addition, I used experimental manipulation to 

test whether attendant ants protect butterfly larvae from parasitism. 

In Appendix B, I investigate the nature and function of the tentacular organ signal 

employed by a facultatively tended lycaenid in the context of their interactions with 

parasitoids and ants. In addition, I discuss the potential context-dependent use of this 

signal and the role it plays in mediating the investment made by lycaenids in this 

mutualism. 

In Appendix C, we present the results of laboratory experiments demonstrating that 

altering the balance of nutritional resources available to ants influences their decision to 

tend lycaenids and, thus, the strength and outcome of the mutualism. Furthermore, we 



discuss the predictability and importance of resource availability and ant nutrition for ant 

protection mutualisms in the field. 
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CHAPTER 2: PRESENT STUDY 

The purpose of my dissertation research was to establish the importance of ant 

protection to the survival of the facultatively tended lycaenid, Hemiargiis isola, identify 

intrinsic and extrinsic factors that influence the decision of ants to tend lycaenids, and 

examine the importance and predictability of outcomes mediated by the context-

dependent behavior of attendant ants. The methods, results, and conclusions of these 

studies are presented in the papers appended to this dissertation. The following is a 

summary of the most important findings of these papers. 

In Appendix A, I present the results of field work to characterize the natural history of 

the association between the isola blue butterfly, Hemicirgus isola (Lycaenidae), and its 

attendant ants. I quantify rates of parasitism in natural populations for two consecutive 

years, and use experimental manipulation to test whether attendant ants protect butterfly 

larvae from parasitism. In field studies of H. isola feeding on Dalea albiflora (Fabaceae) 

in southeastern Arizona, I found that H. isola larvae were tended by six species of ant and 

parasitized by two solitary endoparasitoids, a tachinid fly, Aplomya theclariim, and a 

braconid wasp, Cotesia cyaniridis. In both years, a single ant species was dominant 

numerically; however, the identity of that ant species differed between years. Despite 

this difference, the rate of parasitism was consistent across years suggesting that larval 

survival was not affected by the identity of the attendant ant. Furthermore, I found that 

ant presence provided H. isola with effective protection from parasitoid attack and 

enhanced larval survival. Lycaenids on plants from which ants were excluded were 
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almost twice as likely to be parasitized as were lycaenids feeding on plants to which ants 

had access. 

In Appendix B, I present the results of laboratory experiments that show that the 

tentacular organ signal employed by H. isola is a generalized signal, conveyed by either a 

tactile stimulus or secretion of low volatility, which evokes an alarm response in 

attendant ants. Furthermore, I provide evidence to suggest that the function of the 

tentacular organ signal is context dependent and mediates lycaenid investment in the 

mutualism. In some cases, the signal may function to alert attendant ants when a 

lycaenid is threatened by a parasitoid because alerted or agitated ants may enhance the 

degree of protection provided by the ants. In other situations, I hypothesize that the 

signal is used to distract ants from the secretory gland and allow a larva to invest less in 

the mutualism. 

In Appendix C, we present the results of laboratory experiments that demonstrate that 

altering the ratio of nutritional resources available to ants influences their decision to 

participate in ant-protection mutualisms. We conducted controlled laboratory 

experiments examining the behavioral responses of the ant, Crematogaster opuntiae and 

the lycaenid, H. isola to changes in the nutritional resources available to the ants. As we 

predicted, altering the nutritional resources available to ants changed the behavior of ants 

towards lycaenids. Significantly more ants from colonies fed a low carbohydrate/high 

protein diet tended lycaenids relative to ants fed a high carbohydrate/low protein or high 

carbohydrate/high protein diet. We also concluded that ants responded to increases, but 

not decreases in lycaenid secretion rate. Further, the ability of individual lycaenids to 
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attract attendant ants were variable and likely the result of the interaction among several 

traits or signals. 



19 

REFERENCES 

Agrawal, A. A. and Fordyce, J. A. 2000. Induced indirect defence in a lycaenid-ant 
association: the regulation of a resource in a mutualism. Proceedings of the Royal 
Society 267: 1857-1861. 

Axen, A. H. 2000. Variation in the behavior of lycaenid larvae when attended by 
different ant species. Evolutionary Ecology 14: 611-625. 

Axen, A. H., Leimar, O. and Hoffman, V. 1996. Signalling in a mutualistic interaction. 
Animal Behaviour 52: 321-333. 

Bristow C. M. and Vanity E. 1999. Seasonal response of workers of the Allegheny 
mound ant, Formica exsectoides (Hymenoptera: Formicidae) to artificial honeydews 
of varying nutritional content. The Great Lakes Entomologist 32: 15-27. 

Bronstein J. L. 1994. Conditional outcomes in mutualistic interactions. Trends in 
Ecology and Evolution 9: 214-217. 

Bronstein J. L. 1998. The contribution of ant-plant protection studies to our 
understanding of mutualism. Biotropica 30: 150-161. 

Bronstein J. L. and Barbosa P. 2002. Multitrophic/multispecies mutualistic interactions: 
the role of non-mutualists in shaping and mediating mutualisms. In: Hawkins B., 
Tshamtke T. (eds) Multitrophic Level Interactions. Cambridge University Press, 
Cambridge, pp, 44-65. 

Clay K., Marks S., and Cheplick G. P. 1993. Effects of insect herbivory and fungal 
endophyte infection on competitive interactions among grasses. Ecology 74: 1767-
1777. 

Cushman J. H. 1991. Host-plant mediation of insect mutualisms: variable outcomes in 
herbivore-ant interactions. Oikos61: 138-144. 

Davidson, D. W. 1997. The role of resource imbalances in the evolutionary ecology of 
tropical arboreal ants. Biological Journal of the Linnean Society 61: 153-181. 



20 

Fiedler, K. 1991. Systematic, evolutionary, and ecological implications of myrmecophily 
within the Lycaenidae (Insecta: Lepidoptera: Papilionoidea). Bonner Zoologische 
Monographien 31: 1-210. 

Fiedler, K., Holldobler, B. and Seufert, P. 1996. Butterflies and ants: the communicative 
domain. Experientia 52: 14-24. 

Fiedler, K. and Hummel, V. 1995. Myrmecophily in the brown argus butterfly, Aricia 
agestis (Lepidoptera: Lycaenidae): effects of larval age, ant number, and persistence 
of contact with ants. Zoology 99: 128-137. 

Fiedler, K. and Maschwitz, U. 1987. Functional analysis of the myrmecophilous 
relationships between ants (Hymenoptera: Formicidae) and lycaenids (Lepidoptera: 
Lycaenidae). IIL New aspects of the function of the retractile tentacular organs of 
lycaenid larvae. Zoologische Beitrage Berlin 31: 409-416. 

Fiedler, K. and Maschwitz, U. 1989. The symbiosis between the weaver ant, Oecophylla 
smaragdina and Athene emoliis, an obligate myrmecophilous lycaenid butterfly. 
Journal of Natural History 23: 833-846. 

Henning, S. F. 1983. Chemical communication between lycaenid larvae (Lepidoptera: 
Lycaenidae) and ants (Hymenoptera: Formicidae). Journal of the Entomological 
Society of Southern Africa 46: 341-365. 

Hernandez, M. J. 1998. Dynamics of transitions between population interactions: a 
nonlinear interaction a-function defined. Proceedings of the Royal Society of 
London, Series B 265: 1433-1440. 

LeimarO. and Axen A. H. 1993. Strategic behavior in an interspecific mutualisms: 
interactions between lycaenid larvae and ants. Animal Behaviour 46: 1177-1182. 

Peterson, M. A. 1993. The nature of ant attendance and the survival of larval Icaricia 
acmon (Lycaenidae). Journal of the Lepidopterists' Society 47: 8-16. 

Pierce, N. E., Braby, M. F., Heath, A., Lohman, D. J., Mathew, J., Rand, D. B. and 



21 

Travassos, M. A. 2002. The ecology and evolution of ant association in the 
Lycaenidae (Lepidoptera). Annual Review of Enton\ology 47; 733-772. 

Pierce, N. E., Nash, D. R., Baylis, M. and Carper, E. R. 1991. Variation in the 
attractiveness of lycaenid butterfly larvae to ants. In: Culler D, Huxley C (eds) Ant-
Plant Interactions. Oxford University Press, Oxford, pp, 131-142. 

Pierce, N. E. and Easteal, S. 1986. The selective advantage of attendant ants for the 
larvae of a lycaenid butterfly, Glaucopsyclie Ivgdamiis. Journal of Animal Ecology 
55:451-462. 

Pierce, N. E., Kitching, R. L., Buckley, R. C., Taylor, M. F. J. and Benbow, K. F. 1987. 
The costs and benefits of cooperation between the Australian lycaenid butterfly, 
Jalnienits evagoras, and its attendant ants. Behavioral Ecology and Sociobiology 21: 
237-248. 

Pierce, N. E. and Mead, P. S. 1981. Parasitoids as selective agents in the symbiosis 
between lycaenid butterfly larvae and ants. Science 211:1185-1187. 

Savignano, D. A. 1994. Benefits to Kamerblue butterfly larvae from association with 
ants. Karner Blue Butterfly: a Symbol of a Vanishing Landscape (ed. by D. A. Andow, 
R. J. Baker and C. P. Lane), pp. 37-46. University of Minnesota Agricultural 
Experiment Station, St Paul, Minnesota. 

Seufert, P. and Fiedler, K. 1996. Life-history diversity and local co-existence of three 
closely related lycaenid butterflies (Lepidoptera: Lycaenidae) in Malaysian 
rainforests. Zoologischer Anzeiger 234:229-239. 

Stachowicz, J. J. and Hay, M. E. 1999. Mutualism and coral persistence: the role of 
herbivore resistance to algal chemical defense. Ecology 80: 2085-2101. 

Thompson, J. N. 1988. Variation in species interactions. Annual Review of Ecology and 
Systematics 19:65-87. 

Tobin, J. E. 1994. Ants as primary consumers: diet and abundance in the Formicidae. In 



22 

Hunt JH, Nalepa CA (eds) Nourishment and evolution in insect societies. Westview, 
Boulder, pp 279-307. 

Travassos, M. A. and Pierce, N. E. 2000. Acoustics, context, and function of vibrational 
signalling in a lycaenid-ant mutualism. Animal Behaviour 60: 13-26. 

Travis, J. 1996. The significance of geographical variation in species interactions. 
American Naturalist Supplement 148: SI-S8. 

Tripp, J. M., Suiter, D. R., Bennett, G. W., Klotz, J. H. and Reid, B.L. 2000. Evaluation 
of control measures for black carpenter ant (Hymenoptera: Formicidae). Journal of 
Economic Entomology 93: 1493-1497. 



23 

APPENDIX A: PARASITISM AND ANT PROTECTION ALTER THE 

SURVIVAL OF THE LYCAENID HEMIARGUS ISOLA 

ABSTRACT 

Although the majority of lycaenid-ant associations are facultative, few studies have 

documented the protection benefits provided by ants to lycaenids that are tended 

facultatively (but see Pierce and Easteal, 1986; Peterson, 1993). Larvae of Hemiargiis 

isola (Lepidoptera: Lycaenidae) feeding on Dalea albiflora are tended facultatively by 

several species of ant. In 1999 and 2000, the levels of parasitism and the identities of 

attendant ants were determined for larvae of H. isola. In addition, the presence of ants 

was manipulated experimentally to determine the efficacy of protection provided by 

attendant ants to H. isola. Lycaenids were parasitized by a braconid wasp, Cotesia 

cyaniridis (Riley), and a tachinid fly, Aplomya theclanim. In 1999 and 2000, 62 and 65% 

of larvae were parasitized; the percentage of the population parasitized did not differ 

significantly between years. In both 1999 and 2000, parasitism by the braconid wasp, C. 

cyaniridis accounted for > 99 % of all parasitism events. Four species of ant, 

Creniatogaster sp., Dorymyrmex sp., Forelius sp., and Formica sp., were associated with 

88-99% of the tended lycaenids collected in both 1999 and 2000. For both years, there 

was a single, numerically dominant species associated with over 80% of the tended larvae 

collected, but the identity of this numerically dominant ant differed between years. 

Experimental exclusion of ants from D. albiflora plants resulted in 78% larval mortality 
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as a result of parasitism, nearly twice that of larvae that were tended by ants on 

unmanipulated plants. 
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INTRODUCTION 

The larvae of over 2000 species of lycaenid butterfly (Lepidoptera: Lycaenidae) are 

thought to form associations with ants, many of which are believed to be mutualistic 

(Fiedler, 1991). Ant-tended lycaenid larvae produce a carbohydrate-rich secretion that is 

collected by attendant ants. In exchange for this food reward, ants are thought to confer 

various developmental benefits and to protect larvae from predators and parasitoids. 

From the perspective of the lycaenid, these associations range from obligate, in which 

caterpillars cannot survive in the absence of ants, to facultative, in which individuals are 

often able to survive to adulthood without ants. 

Several studies have shown that ant attendance confers developmental benefits to 

lycaenid larvae, however protection from natural enemies is often presumed and has only 

rarely been demonstrated (but see Pierce and Mead, 1981; Pierce and Easteal, 1986; 

Pierce era/., 1987; Fiedler and Maschwitz, 1989; Peterson, 1993, Savignano, 1994; 

Seufert and Fiedler, 1996). Ant-tended larvae have been shown to develop faster, 

complete fewer instars, and result in larger adults (Pierce et al., 1987; Cushman et al., 

1994; Fiedler and Hummel, 1995), however some species of ant-tended lycaenids 

experience only developmental costs (Elgar and Pierce, 1988; Robbins, 1991; Baylis and 

Pierce, 1992) or a combination of developmental costs and benefits when associating 

with ants (Pierce et al., 1987; Fiedler and Hummel, 1995). 
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Although most studies of butterfly-ant interactions have reported that ants confer a 

benefit of protection to the larvae they tend, protection from either predation or 

parasitism has been demonstrated for only six of seven species (six lycaenids, one 

riodinid) studied to date (Pierce and Mead, 1981; Pierce and Easteal, 1986; Pierce etal., 

1987; Fiedler and Maschwitz, 1989; DeVries, 1991; Peterson, 1993; Savignano 1994; 

Seufert and Fiedler, 1996; Eraser era/., 2001). Moreover, although the majority of 

lycaenid-am associations is facultative in nature (Fiedler, 1991), there is information 

regarding protection benefits for only three facultatively tended species, and the results 

differed strikingly (Pierce and Mead, 1981; Pierce and Easteal, 1986; Peterson, 1993; 

Savignano, 1994). Untended individuals of the lycaenid Glaucopsyche lygclamus were 

found to be more than twice as likely to be parasitized as tended larvae (Pierce and Mead, 

1981; Pierce and Easteal, 1986). In contrast, ants conferred no protective benefit to 

larvae of Icciricia acmon (Peterson, 1993). Savignano (1994) found that Lyccieides 

melissa samiielis experienced very low rates of parasitism whether or not ants were 

present; ants only provided significant protection from predation. In light of the few 

studies to date, it is not clear whether protection provided by attendant ants against 

natural enemies is the exception or the rule in facultative lycaenid-ant associations. 

This study provides further insight into the importance of parasitism and ant 

attendance to lycaenids that form facultative associations with ants. In the work reported 

here, the level of natural parasitism was quantified for 2 years. In addition, the effect of 

attendant ants on larval parasitism was determined by experimental manipulation in a 

population of the facultatively ant-tended lycaenid Hemiargus isola. Because of the 



difficulty of determining whether larval disappearance is a result of a predation event, the 

larva leaving the host plant, or larval death unrelated to parasitism or predation, only 

parasitism was addressed in this study. 



28 

METHODS 

The isola blue butterfly H. isola (Lepidoptera: Lycaenidae) is a common species with 

a range extending from the southern United States to Costa Rica (Scott, 1986). In the 

deserts and mountains of southeastern Arizona (U.S.A.), several generations of larvae 

between April and October feed on a variety of leguminous hosts, including Acacia 

constricta, Dalea albiflora, Prosopsis jiiiiflora, and Lotus sp. (Scott, 1986; Wagner, 

1993; J. Weeks, pers. obs.). This study was conducted in an area covering = 2 km* 

located at = 1524 m in the Santa Catalina Mountains north of Tucson, Arizona (32°21 'N, 

1 iO°43'W). The study area lies in the transition zone between Sonoran scrub forest and 

pinyon pine forest, dominated by oaks, junipers, and grasses. From August to October, 

H. isola completes three generations on D. albiflora. Beginning in August, female 

butterflies deposit individual eggs on immature inflorescences of D. albiflora, the only 

suitable host plant in the area. The larvae of H. isola hatch 3-4 days later and feed on the 

floral tissues of a single host plant for = I month. Towards the end of the fourth instar, 

larvae leave the plant to locate a suitable pupation site in crevices in the soil and leaf 

litter. In other habitats in Arizona, H. isola has been reported to pupate in the nests of 

ants found at the base of the host plant, A. constricta (Wagner, 1995). Ant nests were not 

observed at the base of D. albiflora and it is not known whether the individuals of the 

study population pupate in the nests of other ant species. 

Several species of ant tend the second to fourth instars of H. isola (Table 1). The ants 

most commonly found tending lycaenids at the field site included a single species of 



29 

Forelius and a single species of Formica. Several other species were observed tending 

larvae occasionally (Table 1). 

To identify the parasitoids of H. isola and to determine whether rates of parasitism 

were consistent from year to year, third-instar larvae of H. isola feeding on D. albiflora 

were collected haphazardly from plants with and without attending ants during August-

October 1999 and 2000 (N = 113, 164 respectively), and reared in the laboratory. 

Previous observations indicated that the parasitoids attacked only earlier instars. The 

larvae were placed in Petri dishes lined with moist filter paper and fed inflorescences of 

their natal host plant. Parasitism could usually be detected by inspection with a 

dissecting microscope, by the presence of a puncture wound surrounded by necrotic 

tissue, however lycaenids were monitored until the parasitoid emerged from the pupal 

cocoon or the larvae developed successfully into adult butterflies. Parasitized lycaenids 

experienced 100% mortality. A x" test was used to determine whether levels of 

parasitism differed between years. Ants found tending lycaenids collected in the 1999 

and 2000 censuses were collected and identified to genus (Table 1). A x" test was used to 

determine whether the abundance of different species of attendant ants differed between 

years. Because the status of a larva (i.e. tended or untended) was observed to change 

frequently, and the status of a larva collected in the later instars may not reflect the 

history of ant attendance throughout development, the tending status of the larva on the 

day of collection was not used as a variable to explain the incidence of parasitism. 

To determine whether attendant ants provided effective protection from parasitism, 

139 individual lycaenids were followed from egg to fourth instar on D. albiflora plants in 
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the field from which ants were excluded and on plants to which ants had access. 

Individual plants were assigned randomly to either the ant exclusion treatment (N = 13 

plants, N = 72 larvae) or the ant access treatment (N = 15 plants, N = 56 larvae). To 

exclude ants. Tanglefoot (The Tanglefoot Company, Grand Rapids, Michigan) was 

applied around the basal stem of the plant. Tanglefoot was also applied to control plants, 

but to only one side of the stem so that ants were able to access larvae. Larvae were 

censused every other day between 24 August and 3 October 2000. Because fourth-instar 

lycaenid larvae leave the plants to pupate, they were removed from the plants, brought to 

the laboratory, and reared to adults. Thus, the rate of attack for parasitoids on pre-pupae 

(wandering larvae) was not estimated; however parasitoids attacking pre-pupae would 

encounter mostly untended individuals on the ground, not on the host plant where ants 

are in attendance. A x" test was used to determine whether larval mortality resulting from 

parasitism differed between plants with and without ants. Between-species comparisons 

of the efficacy of protection provided by different ant species were not conducted 

because the species of ant present on the plants was observed to change from day to day. 

Eleven larvae, distributed equally between treatments, disappeared and were not included 

in the analysis. 
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RESULTS 

Heniiargiis isola larvae feeding on D. albiflora were found to be parasitized by two 

solitary endoparasitoids, a tachinid fly, Aplomyci theclarum, and a braconid wasp, Cotesia 

cyaniridis. Parasitism by tachinids was rare (< 1% of parasitism events); the majority of 

parasitoids reared from the lycaenids was braconid wasps. In 1999, 38% of the collected 

larvae emerged as adult butterflies; the remaining 62% were parasitized. In 2000, 35% of 

the collected larvae emerged as adult butterflies while 65% were parasitized. Parasitism 

did not differ significantly between years (/" = 0.36, p < 0.55). 

Lycaenid larvae were tended by six species of ant, including representatives from 

three subfamilies, Formicinae, Myrmicinae, and Dolichoderinae (Table I). In both 1999 

and 2000, a single ant species was dominant numerically, tending > 80% of the lycaenids 

collected (Table 1), however the identity of the numerically dominant species differed 

between years (x" = 153.24, p <0.001; Table 1). In 1999, the larger of the two common 

tenders, Formica sp., was numerically dominant. In 2000, the smaller of the common 

tenders, Foreliiis sp., was numerically dominant. 

Across both treatments in the manipulative experiment, 79 of the 128 larvae (62%) 

were parasitized. This compares with rates of 62 and 65% estimated by population level 

sampling in 1999 and 2000 respectively. Lycaenids on plants from which ants were 

excluded were almost twice as likely to be parasitized as were lycaenids feeding on plants 

to which ants had access (x' = 18.23, p < 0.001). Forty-one per cent of lycaenids on 

plants with ants were parasitized, compared with 78% parasitized on plants without ants 
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(Fig. I). To address the possibility of plant effects, an additional analysis (t-test) of the 

proportion of larvae parasitized using plant as the unit of replication (only including those 

plants with more than three larvae) was performed. The results remained significant (t = 

2.388, d.f. = 14, p < 0.05) indicating that if there are plant effects, they do not override 

treatment effects. 
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DISCUSSION 

Attendant ants reduced the incidence of parasitism greatly for H. isola larvae feeding 

on D. albiflora. Larvae developing on plants from which ants were excluded were almost 

twice as likely to be parasitized as were ant-tended individuals. Although the mechanism 

by which ants reduce parasitism was not directly demonstrated in this study, laboratory 

observations of the interactions among lycaenid larvae, ants, and parasitoid wasps 

suggest that the ants directly deter oviposition by wasps and, once ants have been 

contacted, the wasps' make fewer oviposition attempts (J. A. Weeks, unpublished data). 

These results are consistent with Pierce and Mead's (1981) finding that parasitoids may 

act as selective agents in the association between facultatively tended lycaenids and 

attendant ants. 

Hemiargus isola larvae feeding on D. albiflora are parasitized by a braconid wasp in 

the subfamily Microgastrinae, Cotesia cyaniridis, and a tachinid fly, Aplomya theclariim. 

Both parasitoids are lycaenid specialists known to attack the larvae of a wide range of 

genera (Amaud, 1978; Marsh, 1979, reported by Fraser ef a/., 2001). Cotesia cyaniridis 

attacks the lycaenid Glaiicopsyche lygdamiis feeding on Lupimis sp. in Colorado (Pierce 

and Mead, 1981; Fraseref a/., 2001), and another species of Cotesia is known to attack 

the lycaenid Polyommatiis coridon feeding on Hippocrepis comosa in southern France 

(Schurian et al., 1993). Likewise, the tachinid A. theclanm has been reported to attack 

other species of lycaenid (Pierce and Mead, 1981; Frasercfa/., 2001). 
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In contrast to the results reported here, recent studies of populations of H. isola 

feeding on Acacia constricta in southeastern Arizona found evidence of parasitism by 

only a single species of braconid wasp in the subfamily Rogadinae, Aleiodes sp. 

Interestingly, parasitism of H. isola on Acacia was quite low, between I and 3% 

(Wagner, 1993: Wagner and Kurina, 1997), compared with the 62-65% parasitism of 

larvae feeding on Dalea. Although parasitoids in the genus Aleiodes are known to attack 

lycaenids (Baumgarten and Fiedler, 1998), the large difference in the identity of the 

parasitoid and level of parasitism of H. isola in different habitats was unexpected. 

The reason for the disparity in the levels of parasitism between populations of H. isola 

using different host plants in different habitats is unknown. It is unlikely that the species 

of ant that tend larvae on Acacia provide better protection against rogadine wasps than do 

those ants protecting larvae from microgasterine wasps on Dalea. Parasitoids in the 

subfamily Rogadinae are typically nocturnal, and the majority of the ants tending H. isola 

is not likely to tend the larvae through the night (J. A. Weeks, pers. obs.). However, 

Wagner and Kurina (1997) reported that H. isola females depositing eggs on Acacia 

constricta use ants as ovipostion cues. It is possible that, as a result, a larger percentage 

of developing larvae in these populations is tended and thus experience much lower rates 

of parasitism. Other explanations for the disparity in rates of parasitism between the two 

sites include host-plant effects and differences in phenology of the butterflies, the 

structure of the parasitoid community, and climate. 

This study demonstrates that multiple species of ant provide a facultatively tended 

lycaenid with effective protection from parasitoid attack and thus enhance larval survival. 
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Although it has been suggested that facultatively tended lycaenids experience "an 

unpredictably shifting mosaic of benefits' as a result of significant temporal and spatial 

variation in the identity of attendant ants and the frequency of tending (Peterson, 1995), 

the results of this study suggest that variation in benefits may not always be attributable 

to the identity of attendant ants or the frequency of tending for all facultatively tended 

species. The level of parasitism experienced by lycaenids in the Santa Catalina 

population was high and consistent between years, and larval survival was not affected by 

the identity of the attendant ant. The results of this study, together with those of other 

studies on H. isola (Wagner, 1993; Wagner and Kurina, 1997), suggest that this species 

does indeed experience a shifting mosaic of benefits. In this case, however, variation in 

the magnitude of benefits experienced by lycaenids occurred due to the level of 

parasitism and degree of protection provided by ants to larvae feeding on different host 

plants in different habitats. These shifts, however, may be more predictable than argued 

by Peterson (1995). Although there is spatial variation in the ratio of costs and benefits 

of ant attendance experienced by H, isola, the magnitude and consistency of parasitism in 

certain habitats may favor selection for this facultative mutualism to occur during 

relatively narrow windows of time or on a subset of the lycaenid's host plants. 

Given the importance of ant attendance to all species of obligately tended lycaenids 

(Pierce et aL, 1987; Cushman et aL, 1994) and some subset of facultatively tended 

species (Pierce and Mead, 1981; Pierce and Easteal, 1986; this study), it is clear that more 

research is needed to determine the forces that affect the decision of foraging ants to tend 

lycaenids. Although ants involved in facultative interactions with lycaenids may not be 
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present continuously and some lycaenids will survive in the absence of ants, this study 

confirms that ant attendance is nonetheless extremely important to understanding the 

ecology and evolution of the Lycaenidae. 
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Table 1. Identity of ant species present tending lycaenids in 1999 and 2000 (percentage 

of tended individuals associated with each species is listed in parentheses). 

Total number of tended 
larvae 

Ant species: 

Crematogaster sp. 

Dorymyrmex sp. 

Foreliiis sp. 

Formica sp. 

Monomoriiim sp. 

Solenopsis sp. 

Species present in Ant associates 
1999 2000 1999 2000 

122 80 

• • i « l )  l « 2 )  
• / 4(3) 5(6) 

• / 4(3) 65 (81) 

• • 99 (81) 8(10) 
/ 1« 2) 

• 14(12) 
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Figure Legend 

Figure I. Parasitism of H. isola larvae by the braconid wasp C. cyaniridis on plants from 

which ants were excluded experimentally and unmanipulated plants to which ants had 

access. 



Proportion of larvae parasitized 
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APPENDIX B. SIGNALING IN A BUTTERFLY-ANT MUTUALISM: EVALUATING 

THE NATURE AND FUNCTION OF THE LYCAENID TENTACULAR ORGANS 

ABSTRACT 

The larvae of many species of lycaenid butterflies form mutualistic associations with 

ants. The lycaenids provide ants with a nutritive reward in exchange for protection from 

natural enemies. Several signals, conveyed in multiple sensory modalities, are employed 

by lycaenids to initiate and maintain their associations with ants. In addition to the use of 

substrate-borne sound that attracts ants and the production of a secretion from a 

specialized exocrine gland that rewards them, lycaenids employ the tentacular organs, 

retractable tubular structures capped by branched setae, to communicate with ants. In 

this study, the nature and function of the tentacular organ signal of the isola blue 

butterfly, Hemiargus isola, was investigated in the context of their interactions with ants 

and parasitoid wasps. The tentacular organ display was shown to be a generalized signal, 

conveyed via a tactile stimulus or a secretion of low volatility, which evokes an alarm 

response in attendant ants. One function of the tentacular organ signal may be to alert 

attendant ants, when threatened, to enhance the degree of protection. However, the 

results also suggest that the tentacular organ signal may be used to distract attendant ants 

from the gland producing secretions, allowing the larvae to invest less in the mutualism. 
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lycaenids are generaiist feeders that typically prey upon lepidopteran larvae. Therefore, a 

lycaenid must somehow communicate to the ants that it is not a prey item, but rather a 

renewable resource to be protected. 

Lycaenid larvae initiate and maintain their associations with ants using several 

complex signals in multiple modalities. Ant-tended species use vibrations and at least 

three specialized organs, the pore cupola organs, dorsal nectary organ, and tentacular 

organs, to communicate with ants (Pierce et al. 2002). The larvae and pupae of many 

species of lycaenids produce substrate-bome vibrations that are used to maintain a high 

level of ant attendance and induce higher recruitment of ants (DeVries 1990, Travassos 

and Pierce 2000). 

The pore cupola organs (PCO) are single-celled epidermal glands scattered across the 

surface of the cuticle, but concentrated around the dorsal nectary organ and spiracles. 

The antennae of ants contact the PCO during the initiation of an interaction, and this may 

convey to the ants that the lycaenid is not a typical caterpillar to be treated as a prey item. 

In some species, the PCO secrete amino acids that are believed to appease ants (Fiedler et 

al. 1996). 

Once the interaction has been initiated, the association is further established by 

additional nutritive rewards. The dorsal nectary organ (DNO) located on the seventh 

abdominal segment produces secretions rich in carbohydrates and/or amino acids when 

ants drum the surrounding area with their antennae (Fiedler 1991). DNO secretions elicit 

recruitment behavior in ants and are important in maintaining an ant guard (Fiedler et al. 

1996). Lycaenids have been shown to alter secretion rates in response to the identity of 
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attendant ants (Axen 2000; Fraseret al. 2001), the number of ants (Fiedler and Hummel 

1995), and simulated attacks by natural enemies (Leimar and Axen 1993; Axen et al. 

1996; Agrawal and Fordyce 2000). 

Myrmecophilous or ant-associating lycaenids also use the tentacular organs to 

communicate with ants. The tentacular organs are paired structures located posterior to 

the DNO, typically on the 8"^ abdominal segment. When extruded, the tentacular organs 

appear as two turgid, tubular structures capped by branched setae. In certain attendant 

ant species, tentacular organ displays elicit behaviors similar to those observed after the 

release of alarm pheromone by conspecifics, which causes the ants to engage in defensive 

behaviors (Claassens and Dickson 1977; Henning 1983; DeVries 1984; Fielder and 

Maschwitz 1987; but see Malicky 1970). Ant defensive behaviors include increasing the 

tempo of activity, lunging in the direction of the extruded tentacular organs, and opening 

and/or snapping the mandibles (Hdlldobler and Wilson 1990). The tentacular organs are 

displayed most often when lycaenids are initially associating with ants, traveling between 

feeding and resting sites, or when larvae are disturbed (Fiedler et al. 1996). 

The diversity and ubiquity of lycaenid-ant interactions and the ease of observing 

the organisms in the laboratory make these interactions a model system for the study of 

interspecific signaling. However, the growing body of behavioral research on lycaenid-

ant associations includes very few studies that examine the interaction in the context of 

interspecific signaling (but see Leimar and Axen 1993, Axen et al. 1996, Fiedler et al. 

1996, Travassos and Pierce 2000). Furthermore, the precise function of certain signals 

employed by lycaenids remains unclear (Fiedler et al. 1996, Pierce et al. 2002). [n 
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particular, both the nature and function of the tentacular organ signal remain unresolved. 

Experimental research examining the nature of the signal has involved primarily obligate, 

species-specific associations (Claassens and Dickson 1977, Henning 1983, DeVries 1984, 

but see Fielder and Maschwitz 1987) even though the majority of lycaenid-ant 

interactions are facultative and diffuse (Pierce et al. 2002). Henning (1983) suggested 

that the tentacular organ signal is conveyed via a volatile compound released by the 

tentacular organs. It is unclear whether the signal is conveyed in the same manner in 

facultative lycaenid-ant interactions. The function of the tentacular organs is also unclear, 

but several hypotheses have been put forth. The tentacular organs may serve a defensive 

function either directly, by deterring natural enemies (Clark and Dickson 1956), or 

indirectly, either by attracting more ants (Fiedler and Maschwitz 1987; Axen et al. 1996) 

or by alerting and increasing the aggressiveness of attendant ants when needed (Claassens 

and Dickson 1977). Another possibility is that the tentacular organs advertise the 

profitability of the larvae with respect to secretory abilities (Ross 1966, Fiedler et al. 

1996). 

Here, I characterize the tentacular organ signal of the facultatively tended isola blue 

butterfly, Hemiargus isola, and reevaluate hypotheses regarding its function. Using a 

parasitoid wasp, I first characterized lycaenid-parasitoid interactions and tested the 

hypothesis that the tentacular organ signal directly deters natural enemies. I then used 

two attendant ant species to test the whether ants elicit an alarm response to the tentacular 

organs and discuss how the signal is conveyed. Finally, I performed experiments in 

which ants were exposed to lycaenids with and without functional tentacular organs to 
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assess the hypotheses that the tentacular organ signal helps retain a more numerous ant 

guard or advertises the profitability of the lycaenid. 
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GENERAL METHODS 

The North American isola blue butterfly, Hemiargiis isola (W. H. Edwards), is a 

common species with a range extending from the United States to Costa Rica (Scott 

1986). In the deserts and mountains of southeastern Arizona between April and October, 

several generations of H. isola larvae are facultative ant associates that interact with 

many ant species, including Crematogaster opiintiae Buren (Formicidae: Myrmicinae) 

and Camponotus festinatiis Buckley (Formicidae: Formicinae). The primary parasitoid of 

H. isola is the braconid wasp Cotesia cyaniridis (Riley), a lycaenid specialist known to 

attack the larvae of a wide range of genera (Marsh 1979, Eraser et aU 2001). Parasitism 

rates for H. isola range from 41% when tended by ants to 78% when ants are excluded 

(Weeks, in press). 

Between August 1998 and October 2001,1 conducted observations and experiments 

using H. isola, the parasitoid wasp, and two species of attendant ant to determine how 

this lycaenid employs the tentacular organ signal in the context of ant associations. H. 

isola larvae were collected from the inflorescences of one species of host plant, Dalea 

albiflora, in three southern Arizona (USA) locations, Prison Camp Road on Mount 

Lemmon north of Tucson (32°21' N, 110°43' W), along Interstate 90 at the base of the 

Whetstone Mountains (31°53' N, 110°21' W), and along FR 368 in the Huachuca 

Mountains just outside Sierra Vista (31°35' N, 110° 16' W). In the laboratory, H. isola 

larvae were housed individually in 9.5-cm Petri dishes lined with moist filter paper and 

kept in an incubator on a 12:12 light-dark cycle at 22° C. Larvae were provided with 
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fresh inflorescences of the host plant daily. For the lycaenid-parasitoid observations 

described below, I obtained wasp pupae from parasitized H. isola larvae collected in the 

field and reared in the laboratory. Wasp pupae were transferred to communal 9.5-cm 

Petri dishes housed in an incubator kept at 25° C. After emergence, adult wasps were 

provided with water-soaked cotton and droplets of solution containing 20% sucrose, 

0.05% Vanderzants vitamins, and 0.05% Wesson salts, in excess. 

Queen-right colonies of Cr. opunticie and Ca. festinatiis were obtained by collecting 

inseminated queens during mating flights in the summers of 1994 and 1999. Colonies 

were kept at 22° C in 38 x 25 x 14-cm plastic boxes in which the walls were coated with 

Fluon (Northern Products, Woonsocket, RI) to prevent escape. All colonies were 

provided with water, larvae of the moth Manduca sextci (protein source), and a 20% 

sucrose-vitamin solution (carbohydrate source) in excess. Prior to the start of all 

observations and experiments involving ants, a cardboard bridge allowed foraging ants to 

migrate from nest boxes to a 14-cm, Fluon-lined Petri dish. Aftera 20-min acclimation 

period, a single H. isola larva feeding on a D. albiflorci inflorescence was added to the 

Petri dish and observations were initiated. 

TENTACULAR ORGAN SIGNALING DURING PARASITOID INTERACTIONS 

Methods 

To characterize the aggressive and/or defensive behaviors that may be utilized by H. 

isola against parasitoid wasps and to test the hypothesis that the tentacular organ signal 
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directly deters parasitoids, I videotaped interactions between third-instar larvae (N=9) 

and the braconid wasp, C. cyaniridis using a camcorder mounted on a dissecting 

microscope. Behaviors of interacting larvae and wasps were characterized and quantified 

during lO-min videotaped interactions. I used Pearson correlation analyses to establish 

whether there was a relationship between the aggressive behaviors of parasitoids and the 

aggressive and defensive behaviors of lycaenids. To determine whether the tentacular 

organs repel parasitoids, Pearson correlation analyses were used to determine the 

relationship between the total time the tentacular organs were extruded and both the 

number of mounts and oviposition events by the wasp. A negative correlation between 

these tentacular organ displays and mounts or oviposition events would support the 

hypothesis that contact with the tentacular organs or a substance released by them deters 

parasitoids. 

Results 

Parasitoid wasps were observed performing three distinct behaviors in their 

interactions with lycaenids: (1) contacting lycaenids with their antennae, (2) mounting the 

lycaenid, and (3) piercing the cuticle with the ovipositor. The full sequence of behaviors 

was not always executed. Often, only one or two of the behaviors in the three-part 

sequence was performed following contact with the tentacular organs (45 contacts, 12 

mounts, 6 oviposition attempts). 



53 

Lycaenids exhibited a strong and immediate response to any form of contact with the 

wasps, including repeated flicics (or rearing up) of the anterior or posterior portion of the 

body, tentacular organ displays, and, rarely, defensive regurgitations. There was a 

positive correlation between the total number of parasitoid contacts, combining antennal 

contacts, mounts, and oviposition events and the number of lycaenid flicks (r=0.714, 

N=10, p<0.05). Any parasitoid contact elicited multiple flicks by lycaenids in an attempt 

to dislodge the parasitoid. Furthermore, once contacted by a parasitoid, the lycaenids 

were very quick to perform additional flicks, most likely to prevent parasitoids from 

landing and depositing an egg. The tentacular organs were extruded infrequently, but 

remained extruded, at times, for several minutes during the trials. Therefore, I calculated 

the amount of time the tentacular organs were displayed rather than the number of 

displays. The amount of time the tentacular organs were displayed was positively 

correlated with the total number of parasitoid contacts, combining antennal contacts, 

mounts, and oviposition events (r=0.826, N=10, p<0.01). There was also a positive 

correlation between the amount of time the tentacular organs were extruded and the 

number of mounts (r=0.852, N=10, p<O.Ol) and oviposition events (r=0.774, N=10, 

p<0.01) by parasitoids. There was no evidence of a negative correlation between the 

amount of time the tentacular organs were extruded and the number of parasitoid attacks 

expected if the tentacular organs function to directly deter parasitoids. Therefore, these 

data refute the hypothesis that the tentacular organs function to directly deter parasitoids. 
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TENTACULAR ORGAN SIGNALING DURING ANT ASSOCLVTIONS 

Methods 

To test the hypothesis that ants demonstrate an alarm response to lycaenid tentacular 

organ displays, I characterized and quantified the response of Cci. festinatiis and Cr. 

opimtiae to the tentacular organ displays of fourth-instar H. isola larvae. The ants used in 

these assays had not previously been exposed to lycaenids. Seven lycaenid larvae were 

individually exposed to three Ca. festinatiis colonies and six lycaenid larvae were 

exposed to three Cr. opiintiae colonies. The videotapes were reviewed using a VCR 

(Pro-cision l9/< Head, JVC) that allowed frame-by-frame analysis. The number of 

tentacular organ displays and the behavioral response of the ants to each display were 

recorded. Each tentacular organ display was classified as contact or non-contact based on 

whether an ant antenna contacted the extruded tentacular organ. For each ant species, 

non-parametric Wilcoxon tests were used to determine whether the frequency of alarm 

behaviors differed between instances where the tentacular organs were contacted by the 

antenna of an ant and those instances in which the tentacular organs were not contacted. 

Results 

When tending the larva, ants either patrolled the immediate area, walking at a slow to 

moderate pace, or remained stationary and stroked the vicinity of the DNO with their 
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antennae. The tentacular organ displays during ant associations were frequent, but very 

short (<l second). In response to contact with the tentacular organs, Ca.festinatus 

exhibited an alarm response consisting of three distinct alarm behaviors: (I) opening the 

mandibles, (2) opening the mandibles and lunging in the direction of the tentacular 

organs, and (3) opening the mandibles, lunging in the direction of the tentacular organs, 

and snapping the mandibles repeatedly. The full sequence of behaviors was not always 

executed. Often, only one or two of the behaviors in the three-part sequence were 

performed following contact with the tentacular organs (no response=5.3%, opened 

mandibles=l8.8%, opened mandibles and lunged=26.3%; opened mandibles, lunged, and 

snapped mandibles=49.6%). Demonstration of any of these responses was considered to 

be an alarm response. Ca.festinatus was significantly more likely to demonstrate alarm 

behaviors following direct antennai contact with the tentacular organs than in situations 

in which the tentacular organs were extruded, but not contacted (Figure I). Ca.festinatus 

exhibited an alarm response in 96.3% of the instances where the ant's antennae contacted 

an extruded tentacular organ. In contrast, an alarm response was exhibited in less than 

1% of the instances in which the tentacular organs were extruded, but no antennai contact 

occurred. 

Cr. opuntiae exhibited a monotypic alarm response following contact with the 

tentacular organs. Its alarm response was characterized by an increased tempo of activity 

in close vicinity to the larvae, similar to the behavior of the ant, Ptagiolepis pygmaea, to 

the lycaenid, Polyommatus coridon, described as an "agitated run" by Fielder and 

Maschwitz (1987). Like Ca.festinatus, Cr. opuntiae was significantly more likely to 
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demonstrate alarm behaviors following direct antennal contact with the tentacular organs 

than in situations in which the tentacular organs were extruded, but not contacted (Figure 

2). Cr. opuntiae exhibited an alarm response in 98% of the instances where the ant's 

antennae contacted an exuiided tentacular organ. In contrast, an alarm response was 

never elicited when the tentacular organs were extruded, but not contacted. For both ant 

species, significantly more alarm responses were observed after antennal contact with the 

tentacular organs than following displays where no contact occurred. These results 

clearly support the hypothesis that individuals of both species of ant exhibit an alarm 

response to the tentacular organs, but only when the antennae of an ant directly contact an 

extruded tentacular organ. 

RESPONSE TO OCCLUDED TENTACULAR ORGANS 

Methods 

In this experiment, I rendered the tentacular organs non-functional to test the 

hypothesis that the tentacular organs play an important role in obtaining and retaining 

attendant ants. During October 3-10, 2001, pairs of lycaenids, one larva with the 

tentacular organs occluded with glue (Elmer's Glue-All, Elmer's Products Inc., 

Columbus, OH) and a control individual with a spot of glue near, but not occluding the 

tentacular organs, were exposed to ant colonies (N=9). During I8-minute trials, I 



recorded the time until tending was initiated, as well as the number of DNO secretions, 

tentacular organ displays, and ants tending during the six, 3-min intervals. 

I used two-tailed, student's t-tests to determine whether tentacular organ occlusion 

affected the time until each larva was first tended by ants, the number of ants tending it, 

or the number of DNO secretions it produced. For the control group of larvae with 

functional tentacular organs, I used Pearson correlation analyses to determine whether 

there was a relationship between the total number of tentacular organ displays or 

tentacular organ contacts and the number of ants tending or the number of DNO 

secretions produced by lycaenids. 

Results 

There was no effect of tentacular organ occlusion on the time until the larvae were 

first tended (t=0.877, df=I 12, p>0.05) or on the number of ants tending larvae (t=0.298, 

df=l 12, p>0.05). As expected, ants did not exhibit any alarm behaviors when interacting 

with larvae with occluded tentacular organs. Interestingly, larvae with occluded 

tentacular organs secreted more DNO droplets than did control individuals (t=2.65, 

df=l22, p<O.Ol). 

Within the control group (functional tentacular organs), there was no effect of the total 

number of tentacular organ displays (ANOVA, Fi 53= 0.02, p>0.05) or the number of 

tentacular organ contacts by ants (F[ 58=2.55, p>0.05) on the number of ants tending 

despite the fact that ants did exhibit an alarm response when contacting the TO. 
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Furthermore, there was no correlation between the total number of tentacular organ 

displays (r=0.120, N=60, p>0.05) or the number of times ants contacted the tentacular 

organs (r=-0.051, N=60, p>0.05) on the number of DNO secretions produced by 

lycaenids with intact tentacular organs. Although larvae with occluded tentacular organs 

and control individuals with functional tentacular organs were equally able to attract and 

retain attendant ants, occluded larvae produced more secretions. Thus, I conclude that 

the results are ambiguous with respect to the hypothesis that the tentacular organs alone 

help attract or retain ants. 
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DISCUSSION 

The mutualism between lycaenid butterflies and ants involves several signals 

conveyed in multiple sensory modalities and represents a model system to explore the 

evolution of signals in interspecific interactions. The main goals of this study were to 

determine the nature of the tentacular organ signal employed by lycaenids and to re

evaluate the hypotheses previously proposed regarding the function of the signal in the 

context of the mutualism. Lycaenids have been observed to display the tentacular organs 

in many contexts and, thus, several hypotheses have been put forth to explain the function 

of this display: (1) the tentacular organs directly deter natural enemies, (2) the tentacular 

organs enhance the number of ants a lycaenid can attract and retain, (3) the tentacular 

organs alert attendant ants and enhance the degree of protection they provide, and (4) the 

tentacular organs advertise the profitability (i.e., secretory capabilities) of the lycaenid. 

The results of this study suggest that the tentacular organ signal of H. isola is a 

generalized signal that elicits an alarm response in attendant ants. Furthermore, they lead 

me to hypothesize that the function of the tentacular organs may be context-specific, 

alerting attendant ants when the larva is threatened and, in non-threatening situations, 

distracting ants from the dorsal nectary organ and allowing lycaenids to minimize their 

investment in the mutualism. 

The tentacular organs of H. isola were displayed both in the presence of mutualists 

(ants) and antagonists (parasitoid wasps). However, only ants exhibited a behavioral 

response to the tentacular organ display. Both a formicine and myrmicine ant species 
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displayed a stereotypical alarm response to contact with the extruded tentacular organs, 

similar to the behaviors elicited by the release of alarm pheromone by conspecifics 

(Holldobler and Wilson 1990). Thus, I conclude that the tentacular organ display is 

directed at attendant ants and is the result of either a tactile stimulus, a secretion of low 

volatility, or both. The production of a highly volatile secretion by the tentacular organs 

is unlikely, because ants exhibited an alarm response only after direct contact with the 

tentacular organs. 

The results reported here regarding H. isola, and research on the facultatively tended 

lycaenid, Polyommatus coridon (Fiedler and Maschwitz 1987), are in contrast to studies 

of three lycaenids that are obligate ant associates (Henning 1983; DeVries 1984). In 

these interactions, ants exhibited an alarm response when in the vicinity of extruded 

tentacular organs, not just following contact, leading to the hypothesis the tentacular 

organs secrete a volatile substance, and may mimic the alarm pheromone of attendant 

ants (Henning 1983; DeVries 1984). However, as the alarm pheromones of ants are 

typically highly volatile substances of low molecular weight and contact with the 

tentacular organs of both H, isola and P. coridon is necessary to generate an alarm 

response in ants, it is unlikely that the tentacular organs of these facultatively tended 

lycaenids produce a highly volatile secretion. 

The disparity in the results of experiments with facultative and obligate ant associates 

suggests that the secretory nature of the signal may differ based on the specificity of the 

interaction. Ant alarm pheromones are quite variable across species, and may include 

alcohols, aldehydes, aliphatic ketones, carboxylic acids, cyclic ketones, esters. 
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hydrocarbons, and nitrogen heterocycles. Furthermore, alarm pheromones have been 

shown to involve mixtures of compounds with species-specific components (Bradshaw et 

al. 1975, Bradshaw 1979, Morgan 1984). Therefore, a tentacular organ signal that 

mimics an ant alarm pheromone seems more likely to evolve in an interaction involving 

one species of ant upon which the lycaenid is dependent for survival. In contrast, the 

production of a compound that elicits alarm behavior in ants by facultatively tended 

lycaenids would necessitate the evolution of a compound that is a shared component of 

several, distantly-related ant species. 

The results reported here indicate that both a formicine and myrmicine ant species 

exhibit an alarm response to the tentacular organ display of a single lycaenid species for 

the first time, and suggest that the tentacular organ signal of facultatively tended 

lycaenids may be more generalized than previously thought (Fiedler and Maschwitz 

1987). Fiedler and Maschwitz (1987) found that a formicine, but not a myrmicine ant 

responded with alarm to the tentacular organs of Polyommatus coridon. More research 

regarding the nature and function of the tentacular organs of the approximately 2000 

species of ant-tended lycaenids is needed to determine how the characteristics of signals 

may vary across interactions. The most fruitful approach will likely involve studies that 

examine the use of multiple signals simultaneously and how they modify the receiver 

response. Travassos and Pierce (2000) found that, in the presence of ants, the lycaenid, 

Jalmeniis evagorus, was more likely to produce a grunt call, a specific type of vibration, 

when displaying the tentacular organs and suggest that these two signals may work in 

concert to modify ant behavior. By quantifying the use of simultaneous signals in 
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different sensory modalities, including secretions, tentacular organ displays, and 

vibrations, we can obtain a clearer picture of how signals function in lycaenid-ant 

interactions. 

The data collected in these experiments were also used to test hypotheses regarding 

the function of the tentacular organ signal. I examined whether the tentacular organs 

directly deterred natural enemies, advertised the profitability of the lycaenid, or helped 

attract and retain attendant ants. The fact that parasitoids exhibited no response to the 

tentacular organ display during observations of lycaenid-parasitoid interactions indicates 

that the tentacular organs do not deter parasitoids directly (Clark and Dickson 1956, Ross 

1966). In contrast to the negative correlation expected if the tentacular organs directly 

deterred parasitoids, I found a positive relationship between the amount of time the 

tentacular organs were displayed and the number of mounts and oviposition attempts by 

parasitoid wasps. I hypothesize that the increase in tentacular organ displays were a 

response to the initial attacks by the parasitoid, an attempt by lycaenids to alert potential 

ant protectors. I think it is unlikely that wasps were attracted by the tentacular organ 

displays and responded to an increase in tentacular organ display with increased attacks 

on lycaenids. Wasps did not contact extruded tentacular organs, orient towards the 

location of the tentacular organs, or exhibit any behavior that could be interpreted as 

consistent with that explanation. In similar experiments, simulated attacks (a pinch with 

forceps) on lycaenids have also resulted in an increased rate of tentacular organ display 

(Leimar and Axen 1993, Axen et al. 1996). 
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I found no evidence to support the hypothesis that the tentacular organs advertise the 

profitability of lycaenids (Ross 1966, Fiedler et al. 1996). There was no relationship 

between the number of DNO secretions and the number of tentacular organ displays in H. 

isola. In an examination of a riodinid butterfly-ant mutualism, DeVries (1988) found no 

evidence for the profitability hypothesis either. 

Several researchers have hypothesized that the tentacular organs enhance the 

protection provided by attendant ants to lycaenids during periods when the danger of 

attack by predators or parasitoids is high (DeVries 1984. Leimar and Axen 1993, Axen et 

al. 1996, Agrawal and Fordyce 2000). Protection may be enhanced in two ways: (I) the 

tentacular organ signal may attract more ants and more ants may offer better protection, 

as demonstrated by Pierce and Easteal (1986); (2) the tentacular organ signal may agitate 

the ants tending and agitated ants may offer better protection. There is no published 

evidence to support the idea that agitated ants provide better protection, but preliminary 

observations of H. isola, ants, and parasitoids suggest that parasitoids do not attempt to 

oviposit in larvae after contacting agitated ants (Weeks, unpublished data). In this study, 

I found that, when contacted, the tentacular organs agitated the ant(s) that contacted the 

extruded organ, but did not attract more ants. Both ant species demonstrated 

stereotypical alarm behaviors subsequent to contact with extruded tentacular organs. 

However, neither the total number of displays nor the number of contacts with extruded 

tentacular organs affected the number of ants tending lycaenids. Furthermore, there was 

no effect of tentacular organ occlusion on the number of ants tending either H. isola (this 

study) ot Polyommatiis coridon (Fiedler and Maschwitz 1987). 
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In contrast, DeVries (1988) and Axen et al. (1996) reported that larvae with occluded 

tentacular organs attracted fewer ants. Interestingly, the different results regarding the 

effect of occluded tentacular organs may be attributable to differences in DNO secretion 

patterns. H. isola larvae with occluded tentacular organs produced twice as many 

secretions as larvae with functional tentacular organs. It is possible that the tentacular 

organs do help to attract and retain ants and, in the absence of this signal, the lycaenids 

compensate by producing more secretions. 

An alternative interpretation for the increase in secretion production that coincided 

with tentacular organ occlusion is that the tentacular organ signal is employed in multiple 

contexts. This signal may be used when lycaenids perceive danger and endeavor to alert 

attendant ants, and at times when immediate danger is not perceived to distract the ants 

from the DNO. This idea was initially suggested by Clark (1940) and further 

substantiated by observations that ants appeared to be deterred from soliciting rewards 

from the lycaenid subsequent to tentacular organ displays (Clark and Dickson 1956, 

Claasens and Dickson 1977). I hypothesize that, by using the tentacular organs to distract 

ants, larvae can retain an ant guard while minimizing the cost of participating in the 

mutualism. The production of secretions has been shown to impose measurable and 

significant cost in H. isola: tended prepupae lost weight twice as fast as their untended 

counterparts (Wagner 1993). However, Wagner (1993) found that tended individuals 

pupated at equivalent or heavier weights than untended counterparts, and suggested that 

earlier larval instars compensate for lost nutrients using behavioral and physiological 

mechanisms. The distraction of ants from the DNO may be a behavioral mechanism 
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of interspecific interactions. To realize this potential, continued research, particularly on 

the function of concurrent signals, is needed. 
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Figure Legend 

Figure I. The proportion of alarm responses was significantly larger when the antennae 

of the ant, Ca. festinatiis, directly contacted an extruded tentacular organ of the lycaenid 

(z=3.06, p<0.01, N=7). 

Figure 2. The proportion of alarm responses was significantly larger when the antennae 

of the ant, Cr. opuntiae, directly contacted an extruded tentacular organ of the lycaenid 

(z=2.97, p<O.Ol, N=6). 



Contact No contact 

Figure I 
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Contact No contact 

Figure 2 
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attract attendant ants was variable and likely the result of the interaction among several 

traits or signals. These results are consistent with the hypothesis that ants forage to 

achieve a balanced diet of carbohydrates and proteins. Thus, the availability of these 

nutritional resources in the field is likely to have importance consequences for the 

ecology and evolution of ant protection mutualisms. 
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INTRODUCTION 

Ants are among the most widespread and abundant omnivorous insects, functioning as 

both primary and secondary consumers in biological communities. In their role as 

secondary consumers, ants exert a profound and well-documented effect on community 

organization in both temperate and tropical ecosystems (Risch and Carroll 1982, 

Woodman and Price 1992, Madhi and Whittaker 1993, Floren et al. 2002). For example, 

through differential predation, ants significantly alter the herbivore community on birch 

trees (Madhi and Whittaker 1993) and the gall community on willow trees (Woodman 

and Price 1992). The importance of ants as primary consumers has been less studied, 

even though many species are thought to feed predominantly at this trophic level (Tobin 

1991). Several researchers have shown that animal prey constitutes a small fraction (2-

20%) of the food collected by many species of ants; rather, the majority of nutritional 

resources brought to the nest are liquids obtained from plants and insect associates (Com 

1976, Retana et al. 1987, Bennett and Breed 1985, Tennant and Porter 1991). In 

particular, many ant species form mutualistic associations with plants and insects that 

produce carbohydrate-rich exudates in exchange for protection from natural enemies or 

the abiotic environment. These mutualisms have important ecological and evolutionary 

consequences for ants. For example, Bliithgen et al. (2000) have found that extrafloral 

nectar and homopteran exudates have a strong influence on the density, diversity and 

distribution of ants in the Amazonian rainforest canopy. 
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Ants function as both primary and secondary consumers because their nutritional 

needs include both carbon-rich (carbohydrate) and nitrogen-rich (protein) resources. 

Carbohydrates fuel the activities of foraging and nest-tending workers, while proteins 

support the development of brood and the maintenance of structural and enzymatic 

proteins in adults (Brian 1973, Carroll and Janzen 1973, Tobin 1994), Ant foraging 

patterns are governed by the need to maintain the correct balance of these essential 

nutrients as both the nutritional needs of the colony and availability of the resources 

change. Temporal variation in the nutritional needs of the colony is reflected in a shift 

from a preference for high carbohydrate to high protein resources during periods when 

the colony is maturing large numbers of brood (Bristow and Vanity 1999, Tripp et al. 

2000), while temporal variation in nutrient availability is due to the seasonal and/or 

ephemeral nature of many of the resources ants require. For example, Moya-Ragoza and 

Larsen (2001) reported that Brachymyrmex obsciirior obtain carbohydrates from two 

sources that are partitioned temporally, leafhopper aggregations and the extrafloral 

nectaries of several leguminous plants. 

In general, the influence of nutrition on ant behavior is not well documented. An 

exception to this is the conflicting literature on the role of alternative carbohydrate 

resources in mediating various ant protection mutualisms (Del Claro and Oliveira 1993, 

Sakata and Hashimoto 2000, Engel et al. 2001, Wagner and Kay 2002). These studies 

have usually considered the importance of carbohydrates only (but see Fraser 1995, 

Offenberg 2001). However, because ants forage to maintain a balance of carbohydrates 

and proteins, the ratio of these nutrients must be considered to interpret the behavior of 
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Although a causal relationship between the two variables has not been clearly shown, we 

predicted that larvae exposed to ants fed the low carbohydrate/high protein diet, which 

we predicted to be most heavily tended, would display higher rates of reward secretion. 
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20% sucrose-vitamin solution (as a carbohydrate source) in excess. Lycaenid larvae were 

collected from D. albiflora at 3 Arizona locations. Prison Camp Road on Mount Lemmon 

north of Tucson (32°2r N, 110°43' W), along Interstate 90 at the base of the Whetstone 

Mountains (3 r53' N, 110°21' W), and along FR 368 in the Huachuca Mountains just 

outside of Sierra Vista (31°35' N, 110° 16' W). Larvae of H. isola were housed 

individually in 9.5 cm Petri dishes lined with moist filter paper. To minimize effects of 

host plant quality, larvae were provided with fresh inflorescences from a single host plant 

daily. 

Experimental Design 

To test whether ants modify their behavior towards lycaenids based on the availability 

of alternative nutritional resources, during 8 September through 21 October 1999 and 23 

August through 24 September 2001, laboratory trials were conducted during which ant 

colonies were fed modified diets and exposed to single, fourth-instar //. isola larvae. 

Colonies of C. opuntiae were randomly assigned to three treatment groups and were fed 

ad libitum amounts of one of three diet regimes: a low carbohydrate/high protein diet 

consisting of Af. sexta larvae only, a high carbohydrate/low protein diet consisting of a 

sucrose-vitamin solution only, or a high carbohydrate/high protein diet containing both 

components. Ants began receiving the diet treatments 2 weeks prior to the experiment. 

In 1999, six colonies were exposed to 2-6 lycaenid larvae each. In 2001, 12 colonies 

were exposed to 3-6 larvae each. In 1999, the response of the ant colonies to single 

larvae was observed for 60 minutes. Because there was no change in the mean number of 



ants tending during the trial period (F= 0.7661, p< 0.6738) apart from an initial increase 

between 0 and 5 minutes, trials were shortened to 20-minute periods in 2001. 

Prior to the start of each trial, a cardboard bridge allowed foraging ants access from 

nest boxes to a l4-cm Fluon-lined Petri dish. After a lO-minute acclimation period, a 

single lycaenid larva feeding on D. albiflora was placed in the Petri dish. Each larva was 

exposed to one ant colony representing a single diet treatment. The number of attendant 

ants was recorded every 5 minutes for 20 minutes. In 2001, trials were recorded on 

videotape and reviewed to count the total number of dorsal nectary organ secretions 

produced during the trial period. 

Data Analysis 

In 1999, the number of ants allowed to migrate into the Petri dishes from the nest box 

was not standardized. There was a positive correlation between the number of ants in the 

Petri dish and the number of ants tending lycaenid larvae in 1999 (Pearson correlation = 

0.2608, p< 0.0001, n = 23). Although the number of ants in the Petri dish was 

standardized for the 2001 trials, all analyses were performed using the proportion of ants 

in the Petri dish lending lycaenids. Due to this difference in the experimental protocol in 

1999 and 2001, data were analyzed separately. Analyses were conducted using the first 

20 minutes of observations for both 1999 and 2001. 

Pearson pairwise correlations were generated to examine the relationship between the 

proportion of ants tending and the number of DNO secretions the larva produced. Two-
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way analyses of variance (ANOVAs) were used with colony identity and the number of 

DNO secretions produced by lycaenids as main factors to determine whether these 

variables resulted in differences in the proportion of ants tending lycaenids within diet 

treatments. Two-way ANOVAs were also used with lycaenid identity and the number of 

DNO secretions produced by lycaenids as main factors to determine whether these 

variables resulted in differences in the proportion of ants from individual colonies tending 

lycaenids. Tukey's HSD correction for multiple comparisons was used to test for 

differences between groups within the 2-way ANOVA. All other analyses were 

conducted using 1-way ANOVA and Tukey-Kramer HSD corrections for multiple 

comparisons to separate treatment means. All analyses were performed using the 

statistical software package, JMP IN (SAS Institute, 1996). 
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RESULTS 

Diet treatment effects 

In both years, there was an effect of diet treatment on the proportion of ants tending 

lycaenids. The number of ants tending lycaenids ranged from 0-12 in 1999 and 0-15 in 

2001. Consistent with our hypothesis, a significantly higher proportion of ants from 

colonies fed the low carbohydrate/high protein treatment tended lycaenids relative to the 

high carbohydrate/low protein or high carbohydrate/high protein diet treatments in both 

years (Figure 1). In 2001, there was a significant difference in the proportion of ants 

tending lycaenids between the high carbohydrate/low protein and high carbohydrate/high 

protein diet treatments, but this difference was not significant in 1999 (Figure la, lb). 

There was no effect of ant diet treatment on the number of DNO secretions produced 

by larvae (F ,2.201, = 1-72, p> 0.05). However, pooling all individual lycaenids and diet 

treatments, there was a strong positive correlation between the proportion of ants tending 

a lycaenid over the course of the trial period and the number of DNO secretions produced 

by individual lycaenids (Pearson correlation = 0.2081, p< O.Ol, n = 53). 

Effects of time 

After an initial increase in tending between 0 and 5 minutes, there was no change in 

the proportion of ants tending lycaenids over the course of the trial period within each 

diet treatment for each year (ANOVAs, p a 0.05, Figure 2). Lycaenids produced 
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significantly more DNO secretions per capita in the first 5 minutes of the trial periods 

within all diet treatments (Figure 3). The number of secretions produced by lycaenids 

then dropped significantly, while the proportion of ants tending remained constant 

(Figure 2). 

Differences among colonies within treatment groups 

Table I summarizes variation among colonies within diet treatments in their response 

to lycaenids. In 1999, there was no difference in the proportion of ants tending lycaenids 

between the two colonies within either the high carbohydrate/high protein or low 

carbohydrate/high protein diet treatments. However, there was a significant difference in 

the proportion of ants tending lycaenids between the 2 colonies of the high 

carbohydrate/low protein treatment (Table 1). There was a significant effect of colony 

identity on the proportion of ants tending lycaenids within all diet treatments in 2001. 

The differences among colonies in their response to larvae could not be explained by the 

amount of DNO secretions produced by larvae in 2001. 

Variation in larval attractiveness 

Individual larvae were not equally attractive to ants. Tables 2 and 3 summarize within-

colony variation in tending levels in 1999 and 2001, respectively. The proportion of ants 

tending individual larvae differed significantly for most colonies. For example, in 2(X)1, 

there was significant variation in the proportion of ants from colony #2 (low 
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DISCUSSION 

For survival and reproduction, ants must maintain a balanced diet of carbohydrates 

and protein. This is believed to be influential in shaping the morphology, physiology, life 

history, and behavior of ants (Davidson 1997). Because the nutritional needs of ant 

colonies and the availability of these resources in the environment fluctuate, the ability of 

ants to alter their foraging behavior in response to these changes suggests that the plants 

and insects involved in mutualisms with ants will be affected. The results of our 

laboratory experiments reveal that the nature of nutritional resources available to ants 

influences their interactions with the larvae of lycaenid butterflies. In addition, we found 

that ants responded to increases but not decreases in lycaenid secretion rate. Further, we 

found significant variation among individual larvae in their attractiveness to ants as 

measured by the proportion of ants tending lycaenid larvae. Below, we discuss the 

implications of each of these results in turn. 

As we predicted, altering the nutritional resources available to ants changed the 

behavior of ants towards lycaenids. Significantly more ants from colonies fed a low 

carbohydrate/high protein diet tended lycaenids compared to ants fed either a high 

carbohydrate/low protein or high carbohydrate/high protein diet. In 2001, a higher 

proportion of ants from high carbohydrate/low protein colonies tended lycaenids relative 

to those from high carbohydrate/high protein colonies. Although this difference was not 

evident in 1999, when the experiment was conducted with fewer lycaenids and ant 

colonies, the results suggest that ants may be obtaining trace amounts of amino acids 
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from H. isola secretions or may be continuing to collect carbohydrates to fuel additional 

foraging efforts to locate protein resources. 

Our results are consistent with the hypothesis that ants forage to achieve a balanced 

diet of carbohydrates and proteins. Thus, the availability of these nutritional resources 

has importance consequences for the mutualism between Hemiargus isola and 

Crematogaster opiintiae. Studies of other ant protection mutualisms support our 

hypothesis that a dietary balance of carbohydrates and proteins has important 

consequences for ant protection mutualisms. Pierce et al. (1991) demonstrated that, in 

colonies with ants tending Jalmeniis evagorus, a lycaenid that produces secretions rich in 

amino acids, additional foragers spent more time at sugar baits, whereas in colonies with 

ants tending membracids, Homoptera that produce carbohydrate-rich excretions, 

additional foragers instead spent more time at tuna baits. In an experiment examining the 

implications of ant attendance for the composition of food rewards, Eraser (1995) found 

that the nutritional state of the ant colonies had a significant effect on the amount of time 

ants spent tending two species of lycaenids. Offenberg (2001) found that the ants' 

behavior towards lycaenids was influenced by access to alternative carbohydrate and 

protein resources. 

Our results may help explain why previous studies of the impact of alternative 

carbohydrate resources on ant protection mutualisms have produced conflicting results. 

Some researchers have demonstrated, that in the presence of alternative carbohydrate 

resources, ants reduce their efforts, abandon, or feed on their plant or insect associates 

(Sakata and Hashimoto 2000, Wagner and Kay 2002). In contrast, other studies have 
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Across diet treatments, H. isola produced rewards at a high rate during the first 5 

minutes of the interaction, then decreased production markedly. This pattern has been 

documented in other ant/lycaenid mutualisms as well (Fiedler and Hagemann 1992, 

Leimar and Axen 1993, Burghardt and Fielder 1996, Axen et al. 1996, Axen 2000). 

Leimar and Axen (1993) have argued that this pattern is evidence for strategic investment 

in mutualism on the part of lycaenids, permitting the interaction to become quickly 

established but then subsequently conserving resources invested into it. Interestingly, we 

found that levels of ant tending did not follow patterns of lycaenid secretion. That is, 

although the number of ants tending increased coincident with reward production in the 

first five minutes of the interaction, levels of tending remained stable when reward 

production decreased. These results indicate that, at least over short time periods, ants 

respond to an increase, but not a decrease in reward production. Therefore, the putatively 

strategic behavior of the lycaenid is effective in maintaining an ant guard. 

However, maintenance of an ant guard was not consistent among larvae. Ant colonies 

responded quite differently to individual lycaenids. Pierce et al.'s (1991) studies of the 

lycaenid Jalnienus evagoras indicated that host plant quality, by affecting the quality or 

quantity of larval secretions, influences the decision of ants to tend. Because we 

controlled for host plant quality, the differences we observed could not be attributed to 

that factor. Nor could differences in larval attractiveness be explained by variation in the 

number of secretions produced by individual lycaenids, despite the overall correlation 

between the mean number of droplets secreted by lycaenids and the number of ants 

tending. These results suggest that other factors are likely to be contributing to the 



attractiveness of individual larvae to ants. For example, variation in the chemical content 

of the secretions may contribute to variation in larval attractiveness. Although we 

controlled for effects of host plant quality, we did not investigate whether individuals 

might be genetically different or able to modify the quality of secretions by increasing or 

decreasing the amount of specific components. In addition, other signals employed by 

larvae in the context of ant associations that were not quantified in this study may play a 

role in determining the attractiveness of individual larvae. Travassos and Pierce (2000) 

reported that the production of substrate-bome vibrations likely work in concert with 

other signals produced by lycaenids to modify ant behavior. To better understand the 

function of these and other signals employed by lycaenids, experiments are needed to 

examine the response of ants to multiple, simultaneous signals. 

Finally, the results of this study are relevant to understanding context-dependency in 

species interactions. The occurrence, strength and outcome of ant protection mutualisms 

are known to be conditionally dependent on the ecological context in which they take 

place (Bronstein 1994, 1998, Bronstein and Barbosa 2002). Our results suggest that the 

nutritional needs of ant colonies interact with patterns of nutrient availability to influence 

the behavior of ants, a phenomenon likely to make them of variable quality as protectors 

under different ecological conditions and at different times of year. The seasonality of 

ants' nutritional needs which are dictated by brood production and the lifecycles of most 

trophobionts suggest that this aspect of the conditional nature of ant-protection 

mutualisms should be a predictable component of these interactions. As such, it is likely 
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to have had a major role in shaping the ecological dynamics of these mutualisms, as well 

as their evolution. 
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Table 2. Results of ANOVAs for within-colony variation in the proportion of ants 

tending lycaenids in 1999. 

Year Colony N 
larvae 

F df 
model, 
error 

P< 

1999 Low carbohydrate/high protein I 2 0.71 1,6 ns 

2 6 7.8 5, 18 0.001 

High carbohydrate/low protein 1 4 4.1 3, 12 0.009 

2 4 6.2 3, 12 0.03 

High carbohydrate/high protein 1 3 1.0 2,9 ns 

2 4 7.1 3, 12 0.003 



Table 3. Results of full model and main effects for 2-way ANOVAs for within-colony 

variation in the proportion of ants tending lycaenids in 2001. 

Year Colony effect F df 
model, 
error 

P< 

2001 Low carbohydrate/high protein I full model 4.9 3 , 8  0.05 
larva 6.9 2 , 8  0.05 
DNO 0.2 1 ,8  ns 

2 full model 6.9 5, 14 0.001 
larva 8.5 4, 14 0.001 
DNO 0.8 I, 14 ns 

3 full model 7.7 5, 14 0.01 
larva 5.3 4, 14 0.001 
DNO 2.4 1, 14 ns 

4 full model 27.5 4, 11 0.001 
larva 36.6 3, 11 0.001 
DNO 0.8 1, 11 ns 

High carbohydrate/low protein 1 full model 6.1 5, 14 0.01 
larva 7.5 I, 14 0.01 
DNO O.l 4. 14 ns 

2 full model 3.7 4, 11 0.05 
larva 4.8 1, 11 0.05 
DNO 0.2 3, 11 ns 

3 full model 14.5 4, 11 0.001 
larva 19.2 1, 11 0.001 
DNO 0.1 3, 11 ns 

4 full model 2.5 3 , 8  ns 
larva 3.4 1 , 8  ns 
DNO 0.8 2 ,8  ns 

High carbohydrate/high protein 1 full model 5.0 4, 11 0.05 
larva 0.9 1, 11 0.01 
DNO 6.6 3, 11 ns 

2 full model 2.3 6, 17 ns 
larva 2.7 I, 17 ns 
DNO 0.1 5, 17 ns 

3 full model 2.4 5, 14 ns 
larva 3.0 1, 14 ns 
DNO 0.03 4, 14 ns 

4 full model 7.6 3 , 8  0.01 
larva 10.5 1 , 8  0.01 
DNO 0.1 2 ,8  ns 
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