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Abstract In ant–plant symbioses, the behavior of ant
inhabitants affects the nature of the interaction, ranging
from mutualism to parasitism. Mutualistic species confer a
benefit to the plant, while parasites reap the benefits of the
interaction without reciprocating, potentially resulting in a
negative impact on the host plant. Using the ant–plant
symbiosis between Cordia alliodora and its ant inhabi-
tants as a model system, I examine the costs and benefits
of habitation by the four most common ant inhabitants at
La Selva Biological Station, Costa Rica. Costs are
measured by counting coccoids associated with each ant
species. Benefits include patrolling behavior, effectiveness
at locating resources, and recruitment response. I also
compare the diets of the four ant species using stable
isotope analysis of nitrogen (N) and carbon (C). Ants
varied in their rates of association with coccoids,
performance of beneficial behaviors, and diet. These
differences in cost, benefit, and diet among the ant species
suggest differences in the nature of the symbiotic
relationship between C. alliodora and its ants. Two of
the ant species behave in a mutualistic manner, while the
other two ant species appear to be parasites of the
mutualism. I determined that the mutualistic ants feed at a
higher trophic level than the parasitic ants. Behavioral and
dietary evidence indicate the protective role of the
mutualists, and suggest that the parasitic ants do not
protect the plant by consuming herbivores.
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Introduction

Symbiotic interactions can vary widely, ranging from truly
mutualistic in which both participants benefit (Janzen
1969; Letourneau 1983; Schupp 1986; Vasconcelos 1991;
Rocha and Bergallo 1992; Gaume et al. 1997; Gaume and
McKey 1998) to parasitic, in which one organism gains at
the expense of another (Janzen 1975; Yu and Pierce 1998;
Gaume and McKey 1999; Stanton et al. 1999). A major
issue in the study of symbioses is understanding how and
why these interactions vary between mutualism and
parasitism.

Symbioses between ants and plants have contributed
greatly to our understanding of mutualism as a trade-off
between the costs and benefits of an association between
two organisms (Bronstein 1998). Myrmecophytes (ant
plants) produce cavities called domatia that are inhabited
by ants. Ant plants also often provide food resources for
the ants directly in the form of extrafloral nectar or food
bodies (Müller 1876, O’Dowd 1982; Fiala and Maschwitz
1992; de la Fuente and Marquis 1999; Heil et al. 2000), or
indirectly via coccoid-exuded honeydew (Gullan et al.
1993; Cushman et al. 1998; Gaume et al. 1998). In return,
mutualistic ants can benefit their host plant by providing
protection against herbivores (Schupp 1986; Vasconcelos
1991; Madden and Young 1992; Rocha and Bergallo
1992; Fiala et al. 1994; Maschwitz and Fiala 1995; Del-
Claro et al. 1996; Gaume et al. 1997; Agrawal 1998;
Bronstein 1998; Gaume and McKey 1998; Moog et al.
1998), and pruning vines and encroaching vegetation
(Janzen 1969; Davidson et al. 1988; Federle et al. 2002).

Most ant plants can be colonized by more than one
species of ant, with one colony eventually controlling the
whole plant (Wheeler 1942; Longino 1989a, b; Davidson
et al. 1991; Davidson and McKey 1993; Longino 1996;
Alonso 1998; Gaume and McKey 1999; Yu et al. 2001;
Stanton et al. 2002). This provides a context in which the
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nature of the relationship between the host plant and the
various ant species can be investigated. The degree to
which protection against herbivores is provided may be
related to the rate at which ants patrol their host plant. Ants
that patrol more frequently, find herbivores faster and
recruit more vigorously, are more beneficial to their host
plant than ants that do not (Rocha and Bergallo 1992).

Ants might be costly to their host plants in several ways.
First, myrmecophytes often produce extrafloral nectar or
food bodies upon which the ants feed and these resources
can be metabolically costly (Dyer et al. 2001). Second,
ants often utilize honeydew from coccoids in addition to,
or in lieu of, plant-produced resources (Cushman et al.
1998; Gaume et al. 1998). Feeding by homopterans
represents a drain on the plant’s resources, and could
represent a cost to the host plant (Vranjic and Gullan 1990;
Vranjic and Ash 1997; Ozaki et al. 1999; Nava-Camberos
et al. 2001; Smith and Schowalter 2001). Finally, in a few
cases, the ants may actually castrate their host plant,
greatly reducing that plant’s sexual reproductive capability
(Yu and Pierce 1998; Stanton et al. 1999).

The relationship between Cordia alliodora (Ruiz and
Pavon) and its ant inhabitants offers the opportunity to
compare the costs and benefits of habitation by different
ant species to the host plant. Unlike most ant plants
(Wheeler 1942; Longino 1989a, b; Davidson et al. 1991;
Davidson and McKey 1993; Longino 1996; Alonso 1998;
Gaume and McKey 1999; Yu et al. 2001; Stanton et al.
2002), C. alliodora is commonly inhabited by multiple ant
species simultaneously; I focus on four common inhabi-
tants at La Selva biological station—Azteca pittieri
(Forel), Cephalotes setulifer (Emery), Cephalotes multi-
spinosus (Norton), and Crematogaster curvispinosa
(Mayr). The first two ant species are Cordia specialists,
while the latter two species are more generalized stem-
nesters. Each of these ant species exhibits different levels
of association with coccoids, and vary in patrolling
behavior, bait location, and recruitment behavior. This
allows comparisons of the costs and benefits to the host
plant of habitation by these ant species.

Furthermore, I use stable isotope analysis of nitrogen
(N) and carbon (C) to check for differences in diet among
the four ant species from which I collected behavioral
data. Stable isotope analysis is a powerful tool to track the
flow of nutrients through a food web (DeNiro and Epstein
1978, 1981; Gannes et al. 1997). Biologically relevant
elements, such as N and C, exist in multiple stable
isotopes; the ratio of heavy to light isotope for an element
can be traced from prey to consumers. Carbon values of
animals reflect the C values of the plant or prey on which
they feed, with only small enrichment of the heavier
isotope (Michener and Schell 1994; Post 2002). Carbon is
useful in determining which plant(s) is(are) the basis of a
particular food web. In contrast to C, the heavier isotope of
N tends to accumulate more rapidly with each trophic
exchange; thus, consumers with higher N values represent
higher trophic levels (DeNiro and Epstein 1981; Minaga-
wa and Wada 1984; Peterson and Fry 1987; Cabana and
Rasmussen 1996; Post 2002).

Stable isotope analysis has been previously used in
explorations of ant plants to investigate the contribution of
plant- or animal-based resources to ant diet (Sagers et al.
2000; Fischer et al. 2002). There is also evidence for
uptake of N (Sagers et al. 2000) or both C and N (Treseder
et al. 1995) by the host plant from its ant inhabitants. I
focus on interspecific differences in diet among four ant
inhabitants of C. alliodora, using stable isotope analysis to
infer relative trophic position of the ant species.

In this system, I expect ants with more active plant
patrolling, bait finding, and recruitment behavior to have
isotopic values that reflect feeding at a higher trophic level
than ants with lower rates of plant protective behavior. To
estimate baseline isotopic values of ant dietary items, I
used leaves from C. alliodora to represent plant-derived
nutrition such as honeydew, and insect herbivores
collected on C. alliodora represent the leaf-feeding
herbivorous prey. Ants might occasionally kill and
consume their trophobiotic coccoids; I was unable to
directly measure N and C values for honeydew and
coccoids. However, several recent studies suggest that
isotopic fractionation of N in phloem feeders is greatly
reduced or absent (Ostrom et al. 1997; Yoneyama et al.
1997; Oelbermann and Scheu 2002; Blüthgen et al. 2003;
Davidson et al. 2003; McCutchan et al. 2003).

Materials and methods

Field site

All fieldwork was conducted in the Huertos plots at La Selva
Biological Station (10°26′N, 84°00′W), Sarapiqui Canton, Heredia
Province, Costa Rica. La Selva is situated in lowland tropical wet
forest (mean annual precipitation: 4 m) and is administered by the
Organization for Tropical Studies. Huertos is a long-term agrofor-
estry research project and C. alliodora is one of the focal tree
species. The trees used in this study were located in the 4-year
rotation plots; at the time of this study they were about 2 years old
and ranged in height from 4–9 m. I performed behavioral
experiments and collections in three separate monoculture plots of
C. alliodora.

Measuring costs

Cordia alliodora does not produce extra floral nectar or food bodies;
instead, ants receive nutrition indirectly from the plant in the form of
honeydew excreted by coccids and pseudococcids that cohabit the
domatia. A number of different coccids and pseudococcids have
been documented to live in domatia of Cordia alliodora with ants
(Appendix). Two common inhabitants were Cyclolecanium hyper-
baterum (Morrison) (Coccidae) and Cataenococcus larai (Williams)
(Pseudococcidae) (P. Gullan and D. Kondo, personal communica-
tion). It is possible that other species of coccid and pseudococcid
were present in the study plots, so I refer to the coccoids broadly as
either coccids or pseudococcids.
Feeding by homopterous insects has been demonstrated to be

costly to host plants in other systems, including sycamore (Dixon
1971a), lime (Dixon 1971b), Colliguaya odorifera (Molina) (Mills
1984), Eucalyptus blakelyi, (Maiden) (Vranjic and Gullan 1990;
Vranjic and Ash 1997), mangroves (Ozaki et al. 1999), Douglas fir
(Smith and Schowalter 2001), and cantaloupe (Nava-Camberos et al.
2001). Coccoids compete with their host plant for resources by
removing sap, which can have negative fitness consequences for the

507



plant. Furthermore, Vranjic and Ash (1997) and Smith and
Schowalter (2001) found an increase in plant damage associated
with escalation of attack by scales and aphids, respectively. I use the
number of coccoids associated with growing colonies (i.e., domatia
with brood) of each ant species as the common currency for
measuring cost to the plant. Ants that cohabit with many coccoids
are more costly than ants that cohabit with few coccoids.
The coccids and pseudococcids associated with the ants reside

inside the domatia where they access the plant’s phloem. As domatia
are discrete habitable units in this plant, I considered a comparison
of coccoids per domatium among the ants to be the best relative
comparison of cost. To assess the relationship between each ant
species and the coccoids, I collected and dissected all domatia from
nine entire Cordia alliodora trees. Before dissection, I froze the
domatia to incapacitate any ant inhabitants. During dissection, I
recorded the ant species and counted the number of coccids and
pseudococcids inside every domatium.
I used non-parametric Kruskal-Wallis tests to check for differ-

ences among the ant species in the number of coccoids per
domatium. Unequal sample sizes for each ant species necessitated
the use of this non-parametric test. For the four ant species, I
eliminated domatia without brood from the analysis because this
typically meant that there was only a foundress queen in the
domatium. At this immature stage in colony development, it is not
appropriate to infer the nature of the relationship between the ant
species and the coccoids; colonies that lack coccoids during their
founding stages might acquire them later. I also checked for a
difference in the type of coccoid (coccids or pseudococcids) with
which each ant species cohabited. Due to unequal sample sizes, I
used a non-parametric Mann-Whitney U-test to compare the ranks
of the number of coccids and pseudococcids inside domatia
inhabited by each species of ant.

Measuring benefits

I use three different measures of ant behavior to determine each
species’ potential beneficial effect on Cordia alliodora. These were
duration (seconds) of patrolling trips performed by individual
workers, bait-finding efficacy, and recruitment response. Other
studies by Rocha and Bergallo (1992) and Dejean et al. (2001a, b)
demonstrate the utility of measuring these behaviors in order to
quantify the beneficial effect of the ants on the host plant.
In my study, all behavioral observations were made in the

mornings and afternoons when it was not raining. Repeated checks
yielded no observations of activity of these ant species during rain
storms or at night. Due to the destructive nature of measuring costs
by collecting entire colonies, I performed all behavioral observations
on colonies in 12 trees of similar size other than those included in
the collections.

Patrolling

I observed domatia inhabited by each of the four ant species. When
an ant left the domatium and walked on the surface of the plant, I
recorded the total time that ant spent outside until she returned to her
domatium. During her trip, I also recorded the amount of time the
ant spent either on the stem or on the surface of a leaf; ants that
frequently patrol leaves are likely to encounter leaf-eating
herbivores that ants that mainly patrol the stems might miss.
I log-normalized the data for total time spent foraging outside of

the domatia (due to inequality of variance) and compared the mean
ranks using a Kruskal-Wallis test. I also used the Kruskal-Wallis test
to compare the time each ant species spent on the stems or on the
leaves. Cephalotes setulifer was never observed to forage during
these observational periods, and as such, this species is not
considered in the analyses for patrolling behavior.

Bait finding

I placed insect prey (termites) (Oliveira et al. 1987; Dejean et al.
2001a, b; Apple and Feener 2001; Cogni and Freitas 2002; Cogni et
al. 2003) on the surface of leaves and recorded whether the bait was
found in 20 min or less, and by which ant species. If the bait was not
found in 20 min, the trial was terminated. A ‘find’ consisted of an
ant approaching the bait and making contact either with her
mandibles or antennae. A chi-square test checked for differences
among the four ant species in the frequency with which they found
bait.

Recruitment

After bait was found by a foraging ant, I reset the timer and recorded
how long the ants recruited nestmates to the bait. I continued until
the entire bait was consumed, the ants ceased recruitment, or 20 min
had elapsed. I compared mean ranks of the amount of time a bait had
recruits (more than one ant present) after it was found using a
Kruskal-Wallis test. All analyses in the costs and benefits portion of
this study were conducted using Statview (SAS Institute).

Stable isotope analysis

For stable isotope analysis, I collected ants, herbivores, and leaves
from Cordia alliodora. Individual ants were placed in vials and
dried, generating the following sample sizes: A. pittieri—17;
Cephalotes multispinosus—4; Cephalotes setulifer—18; Cr. curvis-
pinosa—10. The herbivores consisted of the tortoise beetles
Ischnocodia annulus (Fabricius) (Chrysomelidae) and Coptocycla
leprosa (Boheman) (Chrysomelidae); both are known Cordia
feeders (Noguera 1988; Windsor et al. 1992; Flowers and Janzen
1997), and are very common at this site. A total of eight herbivores
were collected for analysis from the same trees as the ants when
possible, or from adjacent Cordia alliodora trees when necessary.
Leaves, ants, and herbivores dried in ovens at 70°C until completely
dry and were subsequently stored in airtight containers with
desiccant until processing.
Stable isotope analysis measures the ratio of heavy to light

isotopes of biologically relevant elements, such as C and N. Sample
ratios are compared to an element-specific standard and reported as
‘δX’ where δX=[(Rsample/Rstandard)−1]×1,000. Rsample and Rstandard
refer to the ratio of heavy to light isotopes of the sample and
standard, respectively. Delta values are referred to as “per mil” or
“‰”. I report “per mil” δ values for the 13C/12C and 15N/14N
isotopic ratios of plant material, ants, and herbivorous insects. The
standard for C analysis was PeeDee belemnite carbonate; atmo-
spheric air was the standard for N analysis.
Dried specimens were lyophilized, finely ground, and weighed

into tin capsules. The University of Arkansas Stable Isotope
Laboratory performed the analysis using a CE Instruments
NC2500 elemental analyzer coupled with a Finnigan MAT delta
plus isotope ratio mass spectrometer. I used the K nearest-neighbors
randomization test (Rosing et al. 1998) with P values of pairwise
comparisons adjusted by using the sequential Bonferroni method
(Rice 1989) to test for differences in the isotopic ratios among the
plant, the ant species and the herbivores.

Results

Costs

Azteca pittieri cohabited domatia with the most coccoids,
followed by Cephalotes setulifer, Cephalotes multispino-
sus, Crematogaster curvispinosa, and nodes with no ants
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also occasionally contained coccoids (Fig. 1; Kruskal-
Wallis test: df=4, Hcorrected for ties=3016.96, Pcorrected for

ties<0.0001). Azteca pittieri hosted significantly more
coccids than pseudococcids, C. setulifer hosted more
pseudococcids than coccids, domatia with no ants had
significantly more pseudococcids than coccids, and C.
multispinosus and C. curvispinosa showed no difference
in association with coccids or pseudococcids (Table 1).

Benefits

Patrolling

Individual Crematogaster curvispinosa workers had the
longest patrolling trips, followed by Cephalotes multi-
spinosus, and A. pittieri had the shortest total patrolling
trip (Fig. 2; df=2, Hcorrected for ties=10.93, Pcorrected for

ties<0.01). However, when the time spent out of the
domatia was divided between time spent on the surface of
a leaf, and time spent on the stem, A. pittieri and C.
curvispinosa did not differ, while C. multispinosus tended
to spend less of its time on the leaves than the other two
ant species (Fig. 3; df=2, Hcorrected for ties=6.20, Pcorrected for

ties<0.05). Crematogaster curvispinosa spent significantly
more of its patrolling time on the stem than A. pittieri and
C. multispinosus (Fig. 3; df=2, Hcorrected for ties=8.75,
Pcorrected for ties<0.05).

Bait finding

Azteca pittieri was the most effective species at finding
baits (df=3, X2=52.722, P<0.0001), successfully locating
23 of 56 baits within 20 min. In the trials I staged, the
other three ant species rarely found the baits within the 20-
min observation period; Crematogaster curvispinosa
found 3 of 56, Cephalotes setulifer found 2 of 56, and
Cephalotes multispinosus found 1 of 56.

Fig. 1 Mean number of coc-
coids per domatium for each ant
species ±SE. Letters indicate
significant differences (P<0.05)

Table 1 Association of differ-
ent ant species with coccids or
pseudococcids. Mean ranks and
significant values are deter-
mined by a Mann-Whitney U-
test performed for each species

* Statistically significant at
given P value

Ant sp. Mean Ranks U U1 Z P

Coccid Pseudococcid

Azteca pittieri 556.6 346.4 54313 149088 −12.28 <0.0001*
Cephalotes setulifer 102.7 155.1 4884 11627 −6.19 <0.0001*
Cephalotes multispinosus 11.6 11.4 59 62 −0.12 0.91
Crematogaster curvispinosa 142.0 141.0 9869 10011 −0.34 0.73
None 2214.0 2254.0 2449629 2538892 −3.70 0.0002*

Fig. 2 Log time spent patrolling surface of the plant ±SE
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Recruitment

Azteca pittieri had a more sustained recruitment response
than the other three ant species (df=3, Hcorrected for

ties=10.44, Pcorrected for ties<0.05). After A. pittieri found a
bait, it recruited workers to the bait for 7.7±1.6 min, while
Crematogaster curvispinosa recruited for 1.7±1.0 min;
Cephalotes setulifer and Cephalotes multispinosus never
recruited.

Stable isotope analysis

Stable isotope ratios of Cordia alliodora, the four ant
species, and herbivores were significantly different (K
nearest neighbors test; P<0.01; Fig. 4). Among the ants,
both Cephalotes species showed no enrichment compared
to C. alliodora. Azteca pittieri was significantly different
from the Cephalotes species, with a δ15N value enriched
by 2.6‰. Crematogaster curvispinosa was significantly
different from all ants, with a δ15N value enriched by
1.5‰ above A. pittieri, and 4.1‰ above the Cephalotes
species.

Discussion

The results of this study show that the nature of the
relationship between Cordia alliodora and its ant
inhabitants varies depending on the identity of the ant.
Ants differ in their association with costly coccoids and in
their beneficial protective behaviors. Stable isotopic data
also suggest that there are differences in trophic level
among these ant species.

The ants varied in their rate of association with
coccoids, and even in the type of coccoid with which
they most frequently associated. Azteca pittieri associated
with the most coccoids, followed by Cephalotes setulifer,
Cephalotes multispinosus, and Crematogaster curvispino-

sa (Fig. 1). If association with phloem-sucking tropho-
bionts indicates relative cost to the plant for hosting each
ant species, Crematogaster curvispinosa is the least
expensive to host, and A. pittieri is the most expensive.

In this study, it was not feasible to directly measure the
fitness consequences of coccoids on the host plant.
However, numerous studies have demonstrated negative
fitness consequences of feeding by homopterous insects
on the host plant in a broad diversity of plant species
(Dixon 1971a, b; Mills 1984; Vranjic and Gullan 1990;
Vranjic and Ash 1997; Ozaki et al. 1999; Smith and
Schowalter 2001). Based on these studies, it seems
reasonable to propose that infestation by homopterous
insects represents a cost to Cordia alliodora as well. It
would be worthwhile to attempt to measure the fitness
consequences of the coccids and pseudococcids on C.
alliodora by conducting long-term (5–10 years) exclusion
experiments. Such a study could account for the cumu-
lative effect of coccoid feeding on C. alliodora, for the
tree’s large size, and for stochastic events, such as
branchfall, leading to leaf loss.

The two Cordia specialists, A. pittieri and Cephalotes
setulifer, showed marked differences in association with
coccids and pseudococcids. It is not clear from the present
study what effect, if any, the type of coccoid has on the
nature of the symbiosis. Gaume et al. (1998) found that the
identity of the coccoid symbiont could have significant
effects on the costs and benefits to the plant in an ant-plant
system. They reported that it is more costly for
Leonardoxa africana T3 to host Aphomomyrmex afer
associated with coccids than with pseudococcids, and ants
associated with pseudococcids had larger, and therefore
more protective, colonies of ant inhabitants (Gaume et al.
1998).

Fig. 3 Time spent on leaves or stems during patrols ±SE. N for A.
pittieri, Cephalotes multispinosus and Crematogaster curvispinosa
on leaf or stem = 33:60; 109:82; 49:39, respectively

Fig. 4 Graph of δ13C by δ15N shows clear differentiation in diet
between mutualistic A. pittieri and Crematogaster curvispinosa and
the parasitic ants Cephalotes setulifer and Cephalotes multispinosus.
Significant pairwise differences from K nearest-neighbors test are
indicated by different letters
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Domatia without a resident colony rarely had coccoids;
of those that did, significantly more had pseudococcids
than coccids. This might be due to the more motile nature
of the pseudococcids, which retain their legs in the adult
stage. These domatia had entrance holes through which the
coccoids could enter, implying that at some time, ants
chewed into these cavities and subsequently abandoned
them.

Of the four ant species examined, A. pittieri exhibited
the most beneficial behaviors on Cordia alliodora,
including the most efficient bait-finding ability and the
most vigorous recruitment response. Both Crematogaster
curvispinosa and Cephalotes multispinosus had longer
individual patrolling trips (Fig. 2), and C. curvispinosa
had similar rates of leaf patrolling as A. pittieri (Fig. 3),
but this did not translate into a similar success rate for
finding baits. This result is not surprising for two reasons;
first, A. pittieri colonies are much larger than the other
three ant species, which means more A. pittieri workers are
available to forage on the plant. Second, A. pittieri spent a
larger proportion of its patrolling time on the surface of
leaves compared to either C. curvispinosa or C. multi-
spinosus. Ants are more likely to encounter herbivores on
leaves, which is also where I positioned the bait.
Cephalotes setulifer did not perform any foraging trips
during observations of its nests. However, during baiting
trials, C. setulifer did encounter a bait twice. It did not
attempt to recruit to the baits.

Stable isotope analysis

Stable isotope data indicate that there are considerable
dietary differences among the four ant species. Azteca
pittieri and Crematogaster curvispinosa appear to feed at a
higher trophic level than Cephalotes setulifer and
Cephalotes multispinosus. This result shows that in
addition to more vigorous patrolling and recruitment
behavior, A. pittieri and C. curvispinosa have a more
carnivorous diet; the isotopic values of the leaf-feeding
herbivores suggest that these insects might account for a
portion of these two ant species’ diets. Conversely, neither
Cephalotes species is enriched in δ15N compared to the
host plant, indicating these two ants feed at a lower trophic
level than A. pittieri and C. curvispinosa.

I was unable to analyze scale insects and honeydew
from these collections. Thus, it is not possible to determine
the proportion of dietary contributions from the plant via
honeydew and from the leaf-feeding herbivores to the
biomass of the ants. Recent work on isotopic fractionation
in phloem-feeding insects (Ostrom et al. 1997; Yoneyama
et al. 1997; Oelbermann and Scheu 2002; Blüthgen et al.
2003; Davidson et al. 2003; McCutchan et al. 2003)
suggests that phloem-feeders and their honeydew are not
enriched compared to the host plant. If this pattern holds
for the coccoids on Cordia alliodora, the fact that both
Cephalotes species are well below the δ15N of the leaf-
feeding herbivores suggests a heavier reliance on either
honeydew or phloem-feeding prey. If the ants do consume

some coccoids, they do so at a rate that is low enough that
they do not deplete the populations of their trophobionts.

General

These four ant species exhibit varying levels of specificity
in their nesting requirements. Azteca pittieri and Cepha-
lotes setulifer are considered Cordia alliodora obligates
(but see Tillberg 2004). Cephalotes multispinosus is a live-
stem generalist (J.T. Longino, personal communication),
and Crematogaster curvispinosa nests in both dead,
hollow sticks, or opportunistically in live stems of ant
plants (Longino 2003). Based on these behavioral
observations, A. pittieri is an obligate mutualist, C.
setulifer is an obligate parasite, C. curvispinosa is a
facultative mutualist, and C. multispinosus is a facultative
parasite.

The stable isotope data are consistent with behavioral
observations on the patrolling, bait finding, and recruit-
ment behavior of these ants. Based on the dietary analyses,
A. pittieri and Crematogaster curvispinosa emerge as
mutualists for the plant; their diet is more carnivorous than
either Cephalotes species, suggesting a heavier reliance on
leaf-feeding herbivore prey. By removing insect herbi-
vores, the ants protect the plant’s leaves (Schupp 1986;
Vasconcelos 1991; Rocha and Bergallo 1992; Gaume et al.
1997; Moog et al. 1998). The diet of Cephalotes setulifer
and Cephalotes multispinosus suggests they are cheaters in
this mutualism. Neither incorporates a detectable amount
of leaf-feeding insect prey into their diet. These two
species are all cost and no benefit from the plant’s
perspective.

In other cases where unprotective ants parasitize ant–
plant mutualisms, the parasitic ants are the sole inhabitants
of the host plant. For example, in the case of swollen-thorn
Acacia inhabited by Pseudomyrmex nigropilosa, Acacia
trees housing only these ants are not protected against
herbivores or encroaching vines (Janzen 1975). These ants
persist until they are either evicted by a more competitive
species of Pseudomyrmex, or until their host plant finally
dies. In the African myrmecophyte Leonardoxa africana
(Leguminosae) (Gaume and McKey 1999), the plants
suffer increased rates of herbivory when inhabited by non-
protective Cataulacus mckeyi rather than the protective
species Petalomyrmex phylax.

The symbiosis between Cordia alliodora and its ants is
different from these previous examples in an important
way; in the system I describe here, the parasitic species do
not tend to be the dominant inhabitant of the plant. Rather,
at La Selva, A. pittieri was the most abundant inhabitant,
followed by Crematogaster curvispinosa, with both
Cephalotes species inhabiting fewer domatia than A.
pittieri and C. curvispinosa (Tillberg, unpublished work).
While the Cephalotes species might represent a total loss
of investment in defense for the plant, the loss may be
compensated by the foraging behavior of a beneficial ant
such as A. pittieri or C. curvispinosa. Thus, C. alliodora
does not bear the full brunt of complete habitation by non-
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protective ants. Longino (1996) has aptly referred to
Cephalotes setulifer as an obligate inquiline, which
emphasizes its negative impact on other ant inhabitants,
such as A. pittieri, by occupying domatia that these ants
could otherwise inhabit. Perhaps this system remains
stable because the host plant can tolerate a certain level of
parasitism as long as it maintains its positive association
with mutualistic ants. This proposition could be tested by
comparing the health of trees artificially induced to host
only parasitic ant species to unmanipulated controls.

In this study, I quantified the cost of ant habitation
among potential ant inhabitants by using the common
currency of coccoid association. Additionally, I compared
the relative benefits of each ant species with regard to each
species’ patrolling behavior, bait finding success, and
recruitment response. The positive or negative effect of
each ant species is corroborated by stable isotope data,
indicating that mutualistic A. pittieri and Crematogaster
Curvispinosa feed at a higher trophic level than the
parasitic Cephalotes species. The combination of two
different techniques produces a compelling case for the
variable relationship between these ants and their host
plant. Future studies should address how the differences in
costs and benefits among these ant species translate to
long-term health and reproduction of Cordia alliodora.
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Appendix

Appendix 1 The Coccidae associated with Cordia alliodora

Genus Species Host-
plant
specifici-
ty

Geo-
graphic
distribu-
tion

Notes Taxo-
nomic
authority

Akermes Cordiae Cordia
alliodora

Neotrop-
ical

Attended by
Cryptocerus
Cephalotes) in
domatia

Morrison
(1929)

Coccus Hesperi-
dum (he-
speri-
dum)

General-
ist, 123
families

Pantropi-
cal, Pa-
laearctic

Most wisely
distributed soft
scale species

Linnaeus
(1758)

Coccus Hesperi-
dum (ja-
vanensis)

Rubia-
ceae

Oriental News-
tead
(1908)

Coccus Viridis General-
ist, 57
families

Pantropi-
cal, Pa-
laearctic,
Nearctic

Coffee, citrus
pest

Green
(1889)

Genus Species Host-
plant
specifici-
ty

Geo-
graphic
distribu-
tion

Notes Taxo-
nomic
authority

Cryptos-
tigma

Biorbi-
culus

Cordia
alliodora

Neotrop-
ical

Attended by
Pseudomyrma
serica and Az-
teca longiceps
(aka pittieri)

Morrison
(1929)

Cryptos-
tigma

Inquilina Cordia
allio-
dora,
Inga
laurina,
Psidium
sp.

Neotrop-
ical

Regularly asso-
ciated with ant
nests

News-
tead
(1920)

Cryptos-
tigma

Reticulo-
laminae

Cordia
alliodora

Neotrop-
ical

Attended by
Azteca longi-
ceps (aka pit-
tieri)

Morrison
(1929)

Cyclole-
canium

Hyper-
baterum

Cordia
alliodora

Neotrop-
ical

Attended by
Azteca longi-
ceps (aka pit-
tieri), Pseudo-
myrma sericea,
Camponotus
sp, Crematoga-
ster sp.

Morrison
(1929)

Prococ-
cus

Acutissi-
mus

General-
ist, 29
families

Pantropi-
cal, Pa-
laearctic,
Nearctic

Generally in-
fests leaves of
the plant

Green
(1896)

Pulvi-
naria

Psidii General-
ist, 62
families

Pantropi-
cal, Pa-
laearctic,
Nearctic

Maskell
(1893)

Saissetia Neglecta General-
ist, 33
families

Australa-
sian,
Nearctic,
Neotrop-
ical

De Lotto
(1969)

Appendix 2 Pseudococcidae associated with Cordia alliodora

Genus Species Host-
plant
specifici-
ty

Geo-
graphic
distribu-
tion

Notes Taxo-
nomic
authority

Cataeno-
coccus

Larai Cordia
allio-
dora,
Agava-
ceae,
Musa-
ceae

Neotrop-
ical,
Nearctic

First record on
C. alliodora

Williams
(1969)

Dysmi-
coccus

Brevipes General-
ist, 55
families

Pantropi-
cal, Pa-
laearctic,
Nearctic

Infests roots,
leaves, and cav-
ities of host
plant, major
pineapple pest

Cocker-
all
(1893)

Dysmi-
coccus

Neobre-
vipes

General-
ist, 33
families

Australa-
sian, Or-
iental,
Palaearc-
tic,
Nearctic,
Neotrop-
ical

Beards-
ley
(1959)
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Genus Species Host-
plant
specifici-
ty

Geo-
graphic
distribu-
tion

Notes Taxo-
nomic
authority

Dysmi-
coccus

Probre-
vipes

Cordia
allio-
dora,
Cordia
geras-
canthus,
Triplaris
cumingi-
ana

Neotrop-
ical

In swellings of
host plant, at-
tended by Azteca
longiceps (aka
pittieri), Pseu-
domyrma seri-
cea, P, christo-
pherseni, Allo-
merus 8-articu-
latus, and Cre-
matogaster sp.

Morrison
(1929)

Plano-
coccus

Minor General-
ist, 66
families

Pantropi-
cal,
Nearctic

Attended by ants
Iridomyrmex ni-
tidus (Dolicho-
derinae) in
Papua New
Guinea (Buckley
and Gullan
1991)

Maskell
(1897)
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