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(LEPIDOPTERA: LYCAENIDAE): PARTNER DIVERSITY
AND EFFECTS ON LARVAL PERFORMANCE

MATTHEW D. TRAGER"* AND JARET C. DANIELS"?
'Department of Entomology and Nematology, University of Florida, Gainesville, FL 32611

*McGuire Center for Lepidoptera and Biodiversity, Florida Museum of Natural History,
University of Florida, Gainesville, FL 32611

ABSTRACT

The larvae of many lycaenid butterflies (Lepidoptera: Lycaenidae) are tended by ants that
protect them from natural enemies in return for sugar-rich secretions that the larvae pro-
duce to attract and retain their ant guards. We investigated the relationship between larvae
of the endangered Miami blue butterfly (Cyclargus thomasi bethunebakeri Comstock & Hun-
tington) and potentially mutualistic ants. We observed 10 ant species interacting with Mi-
ami blue larvae in the field, and raised larvae successfully in captivity with 3 of these and 6
other ant species that are not known to tend larvae in the wild. In an experimental assess-
ment of ant effects on larval performance, we found no differences in age at pupation, pupal
mass, length of pupation, total time as an immature or ratio of time as a larva to time as a
pupa among larvae raised with Camponotus floridanus Buckley, Linepithema humile Mayr,
or in a no-ant control. Larvae raised with C. floridanus were significantly more likely to pu-
pate in the ant harborage than larvae in the other treatments. We did not observe ants be-
having antagonistically toward Miami blue larvae in field, laboratory, or experimental
conditions; even ant species previously identified as potential predators tended larvae. Our
results demonstrate that Miami blue larvae can elicit typical tending behaviors across di-
verse ant taxa and that ant tending does not substantially alter larval development, findings
that may have implications for conservation and population restoration of the Miami blue
butterfly.

Key Words: Camponotus floridanus, Cyclargus thomasi bethunebakeri, Linepithema humile,
lycaenid, mutualism, myrmecophily

RESUMEN

Las orugas de las mariposas en la familia Lycaenidae a menudo son atendidas por hormigas
que las protegen de enemigos naturales a cambio de secreciones ricas en azucares produci-
das por las orugas para atraer y retener sus hormigas guardias. Investigamos la relacién en-
tre larvas de la mariposa Miami blue (Cyclargus thomasi bethunebakeri Comstock &
Huntington), un especie en peligro de extincién, con las hormigas posiblemente mutualistas.
Observamos 10 especies de hormigas interactuando con las orugas de la Miami blue en el
campo, y criamos satisfactoriamente las orugas en cautiverio con 3 de ésas y con 6 otras es-
pecies de hormigas no observadas al atender orugas en el habitat natural. Hicimos un en-
sayo experimental para observar los efectos de las hormigas para el desempefio de las larvas,
en que medimos los variables de respuesta siguientes: edad a la pupacién, masa de la pupa,
duracién del estadio pupal, plazo total como inmadura, y relacién de los plazos larva:pupa.
No encontramos distinciones en ninguno del los variables entre las orugas criadas con Cam-
ponotus floridanus (Buckley) o con Linepithema humile (Mayr) o en un ensayo control sin
hormigas. Sin embargo, hallamos que las larvas criadas con C. floridanus lograron significa-
tivamente mads probable hacerse en pupa con las hormigas que en los otros tratamientos. No
observamos comportamiento antagonista por las hormigas hacia las orugas, ni ain por es-
pecies previamente identificadas como posibles predadores de estas larvas, que de hecho
atiendieron las orugas. Nuestros resultados demuestran que las orugas de la Miami blue
provocan comportamientos tipicos de atencién por diversas especies de hormigas y aunque
el cuidado de las hormigas no altera significativamente el desenvolvimiento larval, hallazgo
que puede tener implicaciones para la conservacion y la rehabilitaciéon de populaciones de la
mariposa Miami blue.

Translation provided by the authors.
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The larvae of many lycaenid butterflies (Lepi-
doptera: Lycaenidae) interact with ants in rela-
tionships ranging from brood parasitism in ant
colonies to mutualism in which both species ben-
efit. Approximately 60% of the ant-associated ly-
caenid species are facultative myrmecophiles that
are tended by several different ant species, usu-
ally on the larval host plant (Pierce et al. 2002).
Lycaenid larvae in such relationships generally
emit semiochemicals from a pair of tentacular or-
gans and secrete a sugar-rich solution from a dor-
sal nectary organ to attract and retain their ant
guards (Axén et al. 1996; Axén 2000; Daniels et
al. 2005), which then protect the larvae from
predators and parasitoids (Pierce & Mead 1981,
Fiedler et al. 1996). Additionally, larvae of some
lycaenid species pupate inside ant nests, where
the ants presumably protect them until adult
eclosion (Wagner 1995; Dejean & Beugnon 1996).
Thus, these associations entail an exchange of
goods and services that usually results in net ben-
efits for both partners (Pierce et al. 1987; Cush-
man et al. 1994). However, there is often substan-
tial variation in quality among potential partners
in facultative, diffuse mutualistic systems that
may result in negative or neutral consequences
for the survival and performance of the interact-
ing species (Bronstein 2001; Miller 2007).

Evaluating partner quality in purportedly mu-
tualistic relationships is necessary to understand
the ecological conditions and evolutionary pro-
cesses that influence the outcome of the relation-
ship (Bshary & Grutter 2002; Ness et al. 2006). A
central question in research on lycaenid-ant mu-
tualisms is how interactions with different ant
species affect larval performance (Axén 2000;
Fraser et al. 2001; Weeks 2003). The physiological
cost of provisioning ants with a sugar-rich exo-
crine secretion leads to reduced growth of ant-
tended larvae in some systems (Pierce et al. 1987,
Baylis & Pierce 1992), but growth of ant-tended
larvae in other systems is similar to or greater
than that of untended larvae (Fiedler & Holl-
dobler 1992; Cushman et al. 1994; Wagner & Del
Rio 1997; Fraser et al. 2001). Because pupal mass
is often correlated with adult reproductive output
in Lepidoptera (Gotthard 2008), the growth con-
sequences for larvae of ant tending could have
subsequent effects on individual fitness (Elgar &
Pierce 1988). Furthermore, because the relative
importance of adult size and timing of adult emer-
gence may differ between conspecific males and
females (Fagerstrom & Wiklund 1982; Gotthard
et al. 2000), in some lycaenid species there are sex
differences in the effects of ant tending (Fiedler &
Holldobler 1992). Assessing the effects of ant
tending on lycaenid larvae and identifying the
factors that explain variation in the interaction
among and within species are central issues for
furthering our understanding of these complex
relationships.
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Larvae of the imperiled Miami blue butterfly,
Cyclargus thomasi bethunebakeri (Comstock &
Huntington) (Lycaenidae: Polyommatinae), asso-
ciate with several species of ants (Minno & Em-
mel 1993; Smith et al. 1994; Saarinen & Daniels
2006). However, we know very little about the
costs and benefits of this relationship (Florida
Fish and Wildlife Conservation Commission
2003; Saarinen & Daniels 2006). In addition to re-
porting new observations of ant tending in the
wild and under laboratory conditions, our study is
the first to quantify experimentally the effects of
ant tending on performance of Miami blue larvae.
Specifically, we observed the behavioral compo-
nents of interactions between Miami blue larvae
and different ant species in the field and in the
laboratory and raised larvae with several ant spe-
cies to assess the nature of these interactions. We
then quantified the effects of ant tending and but-
terfly sex on larval survival, time until pupation,
mass at pupation, and length of pupation with an
experiment in which we raised larvae with 2 ant
species and a no-ant control. We also noted the lo-
cation of pupation for larvae in this experiment.
The implications of our work for the conservation
of wild Miami blue butterfly populations and fu-
ture reintroduction efforts are discussed.

MATERIALS AND METHODS

Study Organism

The Miami blue butterfly is a small, sexually
dimorphic lycaenid formerly found in much of
coastal peninsular Florida and outlying barrier
islands (Smith et al. 1994; Calhoun et al. 2002;
Carroll & Loye 2006). Miami blue larvae have an
onisciform or sluglike shape typical of ant-tended
lycaenids and have prominent ant-associated or-
gans for communicating with and provisioning
ant guards beginning in the third instar
(Saarinen & Daniels 2006). The larvae elicit tend-
ing behavior from ants through chemical commu-
nication originating from a pair of eversible tenta-
cles and, perhaps, other specialized epidermal
glands (Pierce et al. 2002). Ants typically respond
by rapidly antennating around the head, tentacu-
lar organs, and dorsal nectary organ of the larvae
and accepting sugar-rich secretions from the lat-
ter (Saarinen & Daniels 2006). Although ants
may protect Miami blue larvae against parasi-
toids and predators in the wild, we have not re-
corded parasitism or predation of any larvae de-
spite extensive field observations.

The Miami blue butterfly is currently listed by
the state of Florida as an endangered species
(Florida Fish and Wildlife Conservation Commis-
sion 2003). More information on the history and
current status of this species can be found in Cal-
houn et al. (2002), Carroll & Loye (2006), and
Saarinen & Daniels (2006).
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Field and Laboratory Observations of Ant Tending

Over 3 growing seasons (2006-2008), we con-
ducted field observations of ant tending at Bahia
Honda State Park (BHSP), where there is a wild
population of Miami blue butterflies, as well as at
2 other sites where we introduced captive-bred
larvae, Elliott Key in Biscayne National Park
(BNP) and Dagny Johnson Key Largo Hammock
Botanical State Park (DJSP). The introduced lar-
vae were from a colony maintained at the Univer-
sity of Florida as part of the Miami blue butter-
fly’s state-mandated management and recovery
plan (Florida Fish and Wildlife Conservation
Commission 2003). These larvae, and all others
used in the studies we report here, originated
from stock sourced from a wild population at
BHSP and were raised on Caesalpinia bonduc L.
(Roxb.) as the host plant. Observations at all 3
sites were opportunistic because larvae were of-
ten difficult to locate once on the host plant, were
not always tended, and ants did not always imme-
diately find recently introduced larvae. We were
particularly interested in the behaviors of both
ants and Miami blue larvae upon first encounter
and then subsequent interactions that would in-
dicate whether ants ignored, tended or depre-
dated larvae.

We observed interactions between Miami blue
butterfly larvae and several ant species in the lab-
oratory. We raised dozens of larvae with the 2 fo-
cal ant species in this study, Camponotus florida-
nus Buckley and Linepithema humile Mayr, prior
to the experimental assessment described below.
For the other ant species, we raised from 2 to 4
Miami blue butterfly larvae simultaneously with
a single, queenright ant colony that had no previ-
ous interactions with Miami blue butterflies. We
introduced larvae to the ant colonies at the second
or early third instar, observed the initial interac-
tion to assure that the ants did not attack the lar-
vae and replaced the host plant daily until the
larvae pupated. The only 2 exceptions to this pro-
tocol were our discovery of Pheidole moerens
Wheeler tending larvae after entering the labora-
tory without our knowledge and when we found
Camponotus floridanus workers tending larvae in
an outdoor flight cage.

Experimental Design and Analysis

We quantified the effects of ant tending on Mi-
ami blue larvae with an experiment in which we
raised larvae from the second instar to pupation
with 2 ant species, Camponotus floridanus and
Linepithema humile, or in a no ant control. Cam-
ponotus floridanus is a large formicine that is the
most common ant found tending Miami blue lar-
vae in the wild, thereby making it relevant spe-
cies for our study. Linepithema humile is a small,
non-native dolichoderine that readily tends hon-
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eydew-producing Hemiptera and other lycaenid
larvae (Agrawal & Fordyce 2000; Tillberg et al.
2007). Although we had no evidence that L. hu-
mile interacts with Miami blue larvae in the wild,
this species is amenable to experimentation and
in our study served as a surrogate for smaller, ac-
tive ant species that we have frequently observed
tending Miami blue larvae in the field (e.g.,
Paratrechina longicornis, P. bourbonica, Tapi-
noma melanocephalum).

We conducted 2 trials in which we randomly
assigned 3 larvae to each of 4 replicate shoebox-
style trays in each of the 3 ant treatments (total of
72 larvae). We placed new groups of ants in each
tray between trials. Larvae were from eggs laid by
multiple females in the captive colony and were
all the same age in each of the 2 trials. We re-
placed the host plant daily and manually trans-
ferred larvae from the old to the new cuttings.
Each tray contained an ant harborage comprising
a 90-mm diameter Petri dish containing a layer of
dental plaster that we wetted occasionally to
maintain humidity and covered with dark paper.
For the C. floridanus treatment, we placed 50
workers in each tray, and for the L. humile treat-
ment we placed 100 workers and 1 queen in each
tray. These ants had been maintained in captivity
for approximately 6 months prior to the experi-
ment and were allowed a week to acclimate to the
tray before we introduced the Miami blue larvae.
To assure that malnourishment would not affect
the ants’ interactions with the Miami blue larvae,
we provisioned ants with water, 10% sucrose solu-
tion, and cut mealworms (larvae of Tenebrio sp.);
these were also provided to the control trays. We
coated the sides of the trays with a fluoropolymer
resin slippery barrier (Insect-a-Slip, BioQuip
Products, Rancho Dominguez, CA) to contain the
ants but, even with this preventative measure, a
small number of Miami blue larvae escaped dur-
ing our experiments.

We monitored the presence of all larvae each
day. Upon pupation, we recorded the location of
the pupae, measured their mass with a digital an-
alytic balance accurate to 0.01mg (Denver Instru-
ments SI-215D), and kept them in individual vi-
als in the laboratory under fairly constant tem-
perature and humidity until adult emergence (24-
28 C with 40-50% relative humidity). We mea-
sured the wing chord length (mm) and recorded
the sex of each adult. Thus, our response vari-
ables for statistical analyses were age at pupa-
tion, location of pupation, pupal mass, length of
pupation, and adult wing chord. From these data
we calculated 2 additional response variables—
the proportion of time spent in the pupal and lar-
val stadia (length of pupation divided by age at
pupation) and total time as an immature (age at
pupation plus length of pupation)—to increase
our understanding of the potential effects of ants
on larval development of Miami blue butterflies.
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We conducted correlation analysis to test for re-
lationships between the measures of larval perfor-
mance to elucidate patterns in developmental strat-
egies of Miami blue larvae. We analyzed differences
among ant treatments in the location of pupation
with Fisher’s exact test. To assess the influence of
ant treatment and sex on larval performance, we
conducted linear mixed-effects analyses in which
we tested the effects of ant treatment and sex (both
fixed effects) on age at pupation, pupal mass, length
of pupation, and the 2 compound variables de-
scribed above. All models contained a nested ran-
dom effect of tray within trial to account for vari-
ance due to differences between the 2 experimental
trials or among groups of the same ant species. All
analyses were conducted in the R language and en-
vironment for statistical computing (R Develop-
ment Core Team 2009) and followed protocols for
model specification and interpretation described by
Pinheiro & Bates (2002) and Faraway (2006).

REsSULTS

Field and Laboratory Observations of Ant Tending

We observed 8 ant species tending Miami blue
larvae in the field, including observations at the
natural population in Bahia Honda State Park
and the reintroduction sites in Biscayne National
Park and Dagny Johnson Key Largo Hammock
Botanical State Park (Tables 1 and 2). Saarinen &
Daniels (2006) reported 1 additional species, Fore-
lius pruinosus, tending Miami blue larvae but we
have not since observed this interaction. We most

477

frequently observed 2 Camponotus species, C.
floridanus and C. planatus, tending both wild and
recently introduced larvae. Additionally, at both
reintroduction sites, Pseudomyrmex gracilis was
common and tended recently released larvae.

Experimental Assessment of Ant Effects

We collected data on age at pupation, location
of pupation, pupal mass, length of pupation, and
wing chord from 64 Miami blues. Of the original
72 larvae, 5 escaped from the ant trays and were
excluded from further study and 3 individuals did
not successfully eclose from the pupal stage so
could only be included in some analyses. Pupal
mass and wing chord were highly positively corre-
lated (r = 0.69, t = 7.31,df = 59, P < 0.0001), and
so we used pupal mass as a measure of size for our
analyses. There was no correlation between age at
pupation and pupal mass (r =-0.14,¢ = -1.13,df =
62, P = 0.26), but pupal mass was positively corre-
lated with length of pupation (r = 0.31,¢ = 2.54, df
= 62, P = 0.014) and age at pupation was nega-
tively correlated with length of pupation (r = -
0.49,t =-4.42,df = 62, P < 0.0001).

Most larvae (45 of 64) pupated under the paper
that shaded the Petri dish harborages regardless
of ant presence or identity, but the frequency of
pupal location was non-random among the 3 ant
treatments (Fisher’s exact test P = 0.029). Five of
22 larvae raised with C. floridanus pupated inside
the Petri dish with the ants, whereas no larvae
from either the L. humile or no ant treatments
pupated in that location

TABLE 1. ANT SPECIES OBSERVED TENDING MIAMI BLUE LARVAE IN THE FIELD AND THE INTERACTION STATUS SUG-
GESTED BY SAARINEN & DANIELS (2006), IF AVAILABLE. THE TENDING BEHAVIOR WE OBSERVED FOR ALL
ANTS LISTED HERE WAS CONSISTENT WITH A MUTUALISTIC INTERACTION.

Ant taxa

Interaction status

Sites and observers

Subfamily Pseudomyrmicinae
Pseudomrymex gracilis

Subfamily Myrmicinae
Crematogaster cf. ashmeadi
Monomorium floricola

Subfamily Dolichoderinae
Forelius pruinosus
Tapinoma melanocephalum

Subfamily Formicinae
Camponotus floridanus
Camponotus inaequalis
Camponotus planatus
Paratrechina bourbonica
Paratrechina longicornis

P DJSP?, BNP*

S BHSP*

u BHSP!*

S ENP!, BHSP'

S BHSP!*

S BHSP'?, BNP?, ENP!
KWNWR?

S DJSP?, BNP?, BHSP'

pS BHSP?

pS BHSP?, KWNWR?

Interaction status suggested by Saarinen & Daniels (2006): P =

potential predator, pS = potential symbiont (i.e., potential mu-

tualist), S = symbiont (i.e., mutualist), u = unknown. 1 = observations reported by Saarinen & Daniels (2006); 2 = new observations

by the authors; 3 = new observations by P. Cannon (pers. comm.).
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TABLE 2. ANT SPECIES OBSERVED TENDING MIAMI BLUE
LARVAE UNDER EXPERIMENTAL LABORATORY
CONDITIONS AND THE INTERACTION STATUS
SUGGESTED BY SAARINEN & DANIELS (2006),
IF AVAILABLE. WE SUCCESSFULLY RAISED AT
LEAST 2 LARVAE FROM APPROXIMATELY THIRD
INSTAR TO PUPATION WITH ALL OF THE ANT
SPECIES LISTED HERE UNDER CONDITIONS DE-
SCRIBED IN THE MATERIALS AND METHODS EX-
CEPT PHEIDOLE MOERENS, WHICH WE
DISCOVERED TENDING LARVAE IN THE LABORA-
TORY.

Ant taxa Interaction status

Subfamily Pseudomyrmicinae

Pseudomyrmex ejectus
Pseudomyrmex gracilis

Subfamily Myrmicinae
Pheidole moerens
Solenopsis invicta

Subfamily Dolichoderinae
Dorymyrmex bureni
Linepithema humile
Tapinoma melanocephalum S

Subfamily Formicinae
Brachymyrmex patagonicus
Camponotus floridanus S

Interaction status suggested by Saarinen & Daniels (2006):
P = potential predator, pS = potential symbiont (i.e., mutualist),
S = symbiont (i.e., mutualist), u = unknown.

We present summarized values of the perfor-
mance parameters measured in Table 3 and the
results of all statistical analyses of the effects of
larval sex and ant treatment on larval perfor-
mance in Table 4. There was no significant effect
of ant treatment on any of the measures of larval
performance, although the analysis suggested
that larvae raised with C. floridanus may have a
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shorter length of pupation relative to the time
spent in the larval stadium. Male larvae pupated
at a significantly smaller mass than females but
females tended to complete pupation faster.

Although we did not quantify the frequency of
tending behaviors in this study, both C. floridanus
and L. humile regularly tended Miami blue but-
terfly larvae throughout the course of the experi-
ment. We rarely found untended larvae, particu-
larly in the later instars, with either ant species.
The interactions conformed to the common behav-
ioral pattern of the larvae everting their tentacu-
lar organs and secreting from the dorsal nectary
organs, followed by the ants antennating the lar-
vae and consuming the nectar. However, upon dis-
turbance associated with maintaining the experi-
ment, L. humile usually abandoned the larvae
whereas C. floridanus showed typical defensive
behaviors such as running around larvae, tapping
on the host plant or other surfaces with their
mandibles, and antennating the air with open
mandibles.

DIscUSssION

Relationships between lycaenid butterfly lar-
vae and ants range dramatically in the effects on
the interacting species. Previous studies have
suggested that some ant species may depredate
Miami blue butterfly larvae or may opportunisti-
cally tend larvae without providing protection
against predators or other benefits (Saarinen &
Daniels 2006). However, through both field obser-
vations and laboratory trials, we recorded a uni-
versal tending response among ants consistent
with a mutualistic interaction. Indeed, including
the observations we report here, a total of 17 ant
species have been observed tending Miami blue
larvae either in wild populations, in reintroduc-
tion sites following releases of captive raised lar-
vae or in the laboratory (Saarinen & Daniels
2006; Carroll & Loye 2006). We have not observed

TABLE 3. SUMMARY OF DEVELOPMENTAL PARAMETERS (MEANS * SE) FOR MIAMI BLUE BUTTERFLY LARVAE, SEPA-
RATED BY ANT SPECIES TREATMENT, AND SEX. FOR EASE OF INTERPRETATION, MEANS AND SE HERE ARE
POOLED ACROSS TRIALS AND TRAYS; TEST STATISTICS FROM THE MIXED-EFFECTS MODEL ANALYSIS ON THE
EFFECTS OF ANT SPECIES AND SEX ON DEVELOPMENTAL VARIABLES ARE PRESENTED IN TABLE 4.

Age Pupal Length of Time Length
at pupation (d) mass (mg) pupation (d)  as immature (d) pup./Age at pup.

Ant treatment

C. floridanus (n = 22) 19.09 = 0.31 60.52 + 1.56 8.73 £0.13 27.82 = 0.27 0.460 = 0.013
L. humile (n = 21) 18.81 + 0.44 58.11 + 2.23 8.76 £ 0.19 27.57 £ 0.39 0.471 £ 0.019
No ants (n = 21) 18.57 + 0.44 62.06 + 2.23 9.0 £0.19 27.57 £ 0.39 0.489 £ 0.019
Sex

Male (n = 39) 18.51 + 0.36 58.92 + 1.86 9.10 £ 0.15 27.51 £ 0.32 0.490 + 0.015
Female (n = 25) 19.32 = 0.28 62.27 + 1.45 8.56 + 0.12 27.88 £ 0.25 0.446 = 0.012
All (n = 64) 18.83 = 0.18 60.23 + 0.92 8.82 + 0.079 27.66 = 0.16 0.473 = 0.008
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TABLE 4. RESULTS OF MIXED-EFFECTS MODEL ANALYSES TESTING THE EFFECTS OF ANT TREATMENT, SEX, AND THEIR
INTERACTION ON MEASURES OF LARVAL PERFORMANCE. TRAY IN TRIAL WAS A NESTED RANDOM EFFECT FOR
ALL ANALYSES AND VARIANCE COMPONENTS ARE PRESENTED AS STANDARD DEVIATIONS FOR BOTH TERMS
FOR EACH MODEL. ALTHOUGH PRESENTED TOGETHER IN THIS TABLE, WE TESTED EACH RESPONSE VARIABLE

INDEPENDENTLY.

Response variables Predictor variables F-value (df) P-value

Age at pupation Ant treatment 2.15(2,51) 0.13
Sex 0.41(1,51) 0.53
Ant treatment * Sex 0.23 (2, 51) 0.80
Trial 6 = 1.16; Tray in Trial 6 = 0.10

Pupal mass Ant treatment 1.68 (2,51) 0.20
Sex 8.91(1,51) 0.0043
Ant treatment * Sex 0.18 (2,51) 0.84
Trial 6 = 0.0021; Tray in Trial ¢ = 3.57 * 107

Length of pupation Ant treatment 1.40 (2,51) 0.26
Sex 3.60 (1, 51) 0.063
Ant treatment * Sex 0.76 (2, 51) 0.47
Trial 6 = 0.27; Tray in Trial 6 = 4.91 * 10°

Time as immature Ant treatment 0.57 (2, 51) 0.57
Sex 0.17 (1,51) 0.68
Ant treatment * Sex 0.20 0.82
Trial 6 = 0.87; Tray in Trial o = 0.089

Length of pupation/ Ant treatment 2.90 (2, 51) 0.064

Age at pupation Sex 3.14 (1, 51) 0.082
Ant treatment * Sex 0.81(2,51) 0.45

Trial 6 = 0.045; Tray in Trial o = 1.79 * 10°

any depredation of Miami blue larvae by ants in
the field, and laboratory trials suggest that even
ant species identified by Saarinen & Daniels
(2006) as potential predators in fact tend larvae
in ways consistent with a mutualistic interaction.
These results are notable for the large number of
potential ant partners, the consistency of behav-
iors toward larvae among distantly related ant
taxa and the nearly complete lack of obviously an-
tagonistic interactions.

Despite the high diversity of potential ant
partners, our observations suggest that only a
small subset of ant species accounts for the vast
majority of interactions with Miami blue butterfly
larvae in the field. Previous studies have reported
that ant species in the genus Camponotus most
commonly tended larvae (Minno & Emmel 1993;
Carroll & Loye 2006; Saarinen & Daniels 2006),
and we most commonly found C. floridanus and C.
planatus associated with wild and recently re-
leased larvae. Notably, this pattern was consis-
tent across 3 sites (BHSP, BNP, and DJSP) that
likely differ dramatically in ant community com-
position (Deyrup et al. 1988). There are at least 4
likely explanations for the apparent reciprocal af-
finity between Miami blue larvae and Campono-
tus. First, Camponotus commonly forage on nick-
erbean for plant exudates, honeydew-producing
Hemiptera, and insect prey even in sites where

Miami blues do not occur, so frequent tending
could be opportunistic association resulting from
high rate of encounters compared to other poten-
tial ant partners. Second, after discovering Miami
blue larvae, even those tended by other ant spe-
cies, Camponotus may competitively exclude
other ants from interacting with them through
constant tending and defense. Third, following
initial contact, the Miami blue larvae may allo-
cate more resources to retaining Camponotus
compared to other ant species because Campono-
tus are higher quality defenders. Finally, Cam-
ponotus are quite large and active and therefore
researchers may be more likely to find larvae
tended by these ants.

Larvae of some facultatively ant-tended lycae-
nid species pupate inside ant nests (e.g., Wagner
1995), but this has not been previously reported
for the Miami blue butterfly. We found that a
higher than expected number of larvae pupated
in the ant harborages in the laboratory when
tended by C. floridanus and no larvae pupated in
that location when kept with L. humile or raised
without ants, suggesting that this aspect of the
relationship may have been overlooked. Clearly,
future studies are required to elucidate the pre-
cise mechanisms that account for the persistent
and geographically widespread association be-
tween Camponotus species, particularly C. flori-
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danus and C. planatus (and possibly C. inequae-
lis), and Miami blue larvae.

In most facultative ant-lycaenid mutualisms,
the primary direct cost for the lycaenid larvae is
metabolic expense required to produce sugary se-
cretions for ant defenders (Pierce et al. 1987;
Daniels et al. 2005). Because the secretions are
induced by ant tending (Agrawal & Fordyce
2000), we might expect to find reduced larval
growth rate or pupal mass in ant-tended larvae.
In our experimental assessment of ant effects on
performance of Miami blue butterfly larvae, both
C. floridanus and L. humile almost constantly
tended larvae and we frequently observed both
species consuming secretions from the dorsal
nectary organ. Carroll & Loye (2006) found that
Camponotus sp. raised with Miami blue larvae
lived longer than ants raised without any food
source, demonstrating that larval secretions are
nutritionally valuable for tending ants. However,
contrary to theoretical predictions and the results
of studies in similar ant-lycaenid systems, we
found no effect of ant presence on any of our mea-
surements of larval performance. It is possible
that these secretions are less metabolically ex-
pensive than some studies have suggested or that
ants tend larvae even when they receive only
small nutritional rewards (Fiedler & Saam 1995).
Alternatively, larvae may compensate for meta-
bolic expenses of provisioning ants by feeding
more efficiently when tended (Fiedler & Holl-
dobler 1992; Wagner & del Rio 1997). If the latter
is true for Miami blue butterfly larvae, we may
have found no effect of ant association on larval
performance because increased growth of tended
larvae offset the costs of the sugary secretions.
Regardless of the specific mechanism, it appears
that the net costs of ant tending for Miami blue
butterflies do not substantially affect their larval
development compared to untended conspecific
larvae.

The primary benefit of ant association for ly-
caenid larvae is defense against natural enemies
(Atsatt 1981; Pierce & Mead 1981; Weeks 2003).
We did not test this important aspect of the rela-
tionship for Miami blue butterfly larvae in this
study, nor have we observed ants actively protect-
ing larvae against attack by predators or parasi-
toids in the wild. However, in the laboratory C.
floridanus displayed strong defensive behaviors
(e.g., rapidly circling larvae, recruiting nearby
workers and lunging at forceps) when disturbed,
particularly when we moved Miami blue butterfly
larvae to new host plant. The large size of this ant
species and nearly constant tending may serve as
a visual deterrent to potential attackers. Al-
though L. humile workers assiduously tended Mi-
ami blue larvae in our experiment, they are sub-
stantially smaller than C. floridanus and did not
show such a strong defensive response; instead,
they usually ran away from the larvae and source
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of disturbance. Despite these qualitative observa-
tions, it is important to emphasize that we have
no definitive evidence from this study that C.
floridanus are more effective defenders of Miami
blue butterfly larvae than small-bodied ant spe-
cies. Given the apparently small physiological
costs for Miami blue larvae of associating with
ants, any predator or parasitoid deterrence pro-
vided by ant defenders could substantially in-
crease their probability of survival to the adult
stage.

Male and female Lepidoptera larvae may have
divergent developmental strategies, and may
therefore exhibit variation in behaviors, such as
foraging or prolonging the larval period that rep-
resent trade-offs between growth and mortality
(Gotthard 2008). In lycaenid larvae, such differ-
ences could result in sex-specific interactions with
ants, particularly in species for which timing of
adult emergence and adult size have different ef-
fects on the relative reproductive success of males
and females (Elgar & Pierce 1988). Indeed,
Fiedler & Holldobler (1992) found that Polyom-
matus icarus males benefited from ant associa-
tion through increased pupal mass, but ant tend-
ing appeared to be energetically costly for fe-
males. This species has a strongly protandrous
mating system with frequent male-male competi-
tion for access to females (Lundgren 1977), so it is
reasonable that male larvae would interact with
ants to optimize adult size as long as the costs to
development time were not too great. Similarly,
Baylis & Pierce (1992) found that male Jalmenus
evagoras lost less mass from secretions for ants
during the nonfeeding, prepupal instar. By con-
trast, studies on other lycaenid species have
found no sex-related differences in ant associa-
tion (e.g., Fraser et al. 2001). It is worth noting
that most experiments testing lycaenid larval
performance with and without ants have not rec-
ognized sex as a potentially important predictor
of the interaction and its effects. We found that
male and female Miami blue larvae differed in
some performance parameters, but the sex x ant
treatment term did not explain a significant
amount of variation in any of the analyses. As
such, our results suggest that Miami blue larvae
did not have sex-specific costs or benefits of inter-
acting with ants, at least under our experimental
conditions.

The state-mandated management plan for the
Miami blue butterfly identified examining the re-
lationship between larvae and ants as one of the
research goals to inform conservation efforts
(Florida Fish and Wildlife Conservation Commis-
sion 2003). Saarinen & Daniels (2006) generated
further interest in the implications of this rela-
tionship for protecting the Miami blue by suggest-
ing that some ant species, particularly the non-
native Solenopsis invicta and Pseudomyrmex gra-
cilis, could be predators of Miami blue larvae. In-
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deed, non-native ants can disrupt coevolved mu-
tualistic interactions through competition with
native ants or failure to provide the benefits to
partner species (Ness & Bronstein 2004). The ant
fauna of the Florida Keys contains numerous non-
native species, including some that are extremely
invasive and have been implicated as major pred-
ators of arthropods (Deyrup et al. 1988; Deyrup et
al. 2000). However, we found a universal tending
response toward Miami blue larvae and very little
antagonism across a wide range of ant species, in-
cluding those previously identified as potential
predators. This is a similar result to studies on
honeydew-producing Hemiptera that have gener-
ally mutualistic relationships with ants, includ-
ing non-native species (Helms & Vinson 2003;
Mondor & Addicott 2007). Different ant species
may not have equivalent effects on Miami blue
larvae but, based on our observations, we doubt
that many ant species regularly depredate larvae.
We suggest that ants may be important for pro-
tecting larvae from natural enemies, but the iden-
tity of the ant attendants may not be particularly
important for other measures of larval perfor-
mance. Furthermore, because the 2 ant species
that most commonly tend larvae in the wild and
show a strong defensive response, C. floridanus
and C. planatus, are common throughout south-
ern Florida, it is likely that at least 1 of these spe-
cies would be present at any potential reintroduc-
tion site. Our results suggest that the facultative
and diffuse interactions between ants and Miami
blue larvae are unlikely to be the most important
determinant of conservation success for the im-
periled butterfly.
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