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Preface

The natural history of ant-plant mutualisms has fascinated Western sci-
entists for roughly two centuries. During this time it has become clear
that the ways in which plants manipulate ants, and vice versa, can be so
complex and subtle as to severely stretch the credence of the observer.
The early natural historians described ant-plant relationships in superb
detail, but generally inferred that a given relationship was mutualistic
from anatomical, morphological, or behavioral data alone. Experimental
verification was the exception rather than the rule. Although the experi-
mental approach was tried by a few early workers, such as von Wettstein
(1889), its impact was not dramatic until the publication of Janzen's
seminal work on acacia ants about twenty years ago. This pioneering
research has since been followed by many excellent experimental field
studies embracing a variety of ant-plant mutualisms from many kinds of
environments. Our knowledge of the selective pressures that produce the
mutualistic response, the dynamics of the ant-plant interactions, the
benefits to the plants and the ants, and the ways that mutualisms evolve
has been vastly improved. At the same time, ant-plant mutualisms are
extremely numerous and varied, and so far only a very few cases have
been adequately analyzed. As a consequence, generalizations from limited
data often have to be made. Whether or not this is wise will be revealed
as new studies are published.

Ideas and syntheses generally enter the mind as a result of the stimulation
of colleagues. I have been fortunate in having been at the receiving end
of a great deal of stimulation, especially from Bob Abugov, Lin Chao,
David Culver, Fran Hanzawa, Carol Horvitz, Dennis O'Dowd, Doug
Schemske, Bob Taylor, and Christine Turnbull. Carol Horvitz, Doug
Schemske, Dennis O'Dowd, and Herbert and Irene Baker have kindly
allowed me to use some of their unpublished data. Comments and criti-
cisms by Lin Chao, David Culver, Carol Horvitz, and Dennis O'Dowd of
early drafts of various chapters have led to enormous improvements in
the manuscript. I thank them for all the time and effort they put into

IX
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their tasks, but urge the reader not to blame them for any errors that
remain.

Tracy Ramsey typed the manuscript with great skill and patience. My
wife, Christine Turnbull, made an excellent job of the illustrations and
was also a constant and crucial source of encouragement.



Introduction

Walk through the vegetation almost anywhere on earth and you will see
ants foraging on plants. The basic interaction has evolved into four ant-
plant mutualisms in which ants: (1) protect plants from herbivores and
other enemies, (2) feed plants essential nutrients, (3) disperse seeds and
fruits, and (4) pollinate. Rewards produced by the plants, chiefly nest
sites or food, are utilized by ants and the behavior patterns involved re-
sult in one or more of these services.

Much more is known about the benefits to the plants than the benefits
to the ants. For example, the anatomy and morphology or chemistry of
many of the rewards borne by the plants have been described. Critical
field experiments have been performed to test the impact of ant services
on plant growth, survivorship, and fecundity, and it is clear that ant ser-
vices can profoundly affect plant fitness. On the other hand, although
ants eagerly occupy plant-borne nest sites and harvest plant-borne food
rewards, almost nothing precise is known about how this affects ant fit-
ness. A major gap in our knowledge of ant-plant mutualisms is how the
food rewards affect the physiology, growth, and demography of ant col-
onies. As a consequence of this situation, this book is written primarily
from a "plant's point of view." It also should be noted that fundamentally
nonmutualistic ant-plant interactions, such as predation by seed-gather-
ing ants and herbivory by leaf-cutter ants, are referred to only in passing.

The origins and early evolution of ant-plant mutualisms are largely
matters for speculation, but this has not stopped me from writing most
of Chapter 2 on the subject. With the Cretaceous as a starting point, the
characteristics of ant organization are discussed in the context of the
kinds of selection pressure experienced by early angiosperms and other
Cretaceous vegetation.

The mere presence of ant foragers on plants sometimes deters plant
enemies such as herbivores. This theme is introduced in Chapter 2. In
Chapter 3 it is shown that many plant species bear various kinds of ant
attractants, most notably special cavities for nesting, small epidermal
food bodies, and extrafloral nectar. Chapter 3 focuses on a discussion of
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the hypothesis that these attractants increase the frequency with which
prey harmful to the plants is taken by ants. It is argued that selection for
protection against enemies such as herbivores and seed predators has re-
fined the attractants or rewards to the point where ant activity is some-
times sufficiently effective to reduce damage to plants and increase plant
fitness. Chapter 4 concerns another ant attractant, "honeydew," which is
secreted by a huge variety of homopterans and by some lepidopteran lar-
vae. Although it is true that homopterans in particular are sophisticated
plant parasites, the possibility has been raised that when ants collect
honeydew, their presence again constitutes a form of plant protection.
This is a classic example of a three-way interaction which, if the ants
and plants benefit, is an indirect mutualism mediated by the honeydew
producers. These interactions become even more convoluted when both
honeydew and extrafloral nectar are available on the same plant. Predict-
ing the results of two-way, three-way, and more complex interactions has
become an important aspect of evolutionary ecology. Ant-plant mutual-
isms provide some excellent examples of both simple and complex species
interactions for empirical studies.

The highly specialized nesting cavities of a few plant species from the
Far East and northern Australia are the focus of Chapter 5. Although the
ants that occupy them may constitute a weak defense system, it is the
nesting behavior itself that gives rise to the principal benefit to the plant.
Waste materials abandoned by the ants within the nest cavities contain
essential nutrients that the plants can absorb. In a real sense the ants feed
the plants. A wide variety of other plant species bearing structures that
encourage nesting by ants are included in the final discussion. Nests are
commonly associated with these plants, but the services provided by the
ants, if any, are frequently unknown.

Thousands of plant species produce fruits or seeds with special ant
attractants called elaiosomes or arils. Ants eagerly harvest them, carrying
the entire fruit or seed to the nest. There the attractants are removed and
the seeds discarded with other wastes either in the nest, or outside a nest
entrance. The ants feed the elaiosomes or arils principally to larvae. In
Chapter 6 it is shown that seeds treated in this way are at a selective ad-
vantage because they are removed from the influence of some predators
and, in fire-climax vegetation, from the effects of excessive heat. Seed-
lings that emerge from ant-manipulated seeds may suffer less competition
at these microsites than others. However, the primary advantage to these
seedlings is that they pass through the vulnerable establishment phase in
a microsite enriched with ant waste materials that contain crucial, and
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often limiting, nutrients such as nitrogen and phosphorus. In a sense,
ants relocate seeds from the point of release to private compost heaps.

Chapter 7 has a curious theme as ant pollination appears to be rare
and the discussion revolves around the question as to why this should be.
Only a few plant species are pollinated by ants, and in no case has a de-
pendency on ants for seed set been proven beyond doubt. The hypothesis
is introduced that ants secrete antibiotics inimical to pollen. The antibi-
otics have not evolved in response to the presence of pollen, but rather to
the attacks of microorganisms. Ants may be particularly vulnerable to
infection by bacteria and fungi as they commonly nest in cavities in the
soil or decaying material such as fallen logs and dead twigs. In addition,
unlike their relatives, the bees and the wasps, the juvenile stages are not
enclosed in protective wax or paper cells. Pollen may resemble some
microorganisms such as fungal spores in enough ways to suffer a similar
fate when attacked by antibiotics.

The chemistry of food rewards for ants is outlined in Chapter 8. The
quality, quantity, and timing of rewards are discussed in the context of
colony physiology and demography. Although they often contain a variety
of nutrients, the special importance of lipids is emphasized as this cate-
gory of substances includes some insect dietary requirements. Any essen-
tial nutrient in plant-borne rewards that ants cannot themselves synthe-
size, and must locate by foraging, is potentially a powerful means of
manipulating ant behavior.

In Chapter 9 variation in the ways ant-plant mutualisms function is
attributed to a conglomerate of genetic, demographic, and ecological
factors. These factors affect the outcome of interactions so that at any
given location and time an ant-plant mutualism (a) may not be function-
ing at all, (b) may function weakly or erratically, or (c) may be operating
to the advantage of some or all of the species involved. In this chapter the
conditions that generate this variability and the factors that mold the
outcome of ant-plant interactions are examined. In general, the majority
of ant-plant mutualisms are facultative and involve groups or guilds of
interacting species that vary in time and space, and that often affect each
other by diffuse or indirect pathways. This discussion shows that obligate
Acacia-Pseudomyrmex interactions, although well known, are unrepre-
sentative of ant-plant mutualisms as a whole. The relative contributions
of selection on ants and on plants become the basis of the final discussion
on the issue "Are ant-plant mutualisms coevolved?"

There are many reasons why ants might provide excellent services for
plants. Ants are abundant and diverse in most places where terrestrial
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plants grow. They are active twenty-four hours a day, either as individual
species or as overlapping guilds of species foraging for particular periods
during the day or night. Many fruit-, seed-, and pollen-dispersal agents
are active only during the day and there can be intense competition among
plants for their services. From this point of view it is perhaps particularly
curious that night-blooming, ant-pollinated plants have apparently never
evolved. Ants are commonly omnivorous, constantly switching between
plant and animal foods. Plants can offer rewards that encourage ants to
capture prey attacking their tissues and, as can be seen in Chapter 6, the
rewards themselves may mimic prey. Colonies often respond quickly to
high densities of food items, recruiting by means of pheromones or lay-
ing trails to major reso\ices. This type of density-dependent response
may be particularly beneficial to plants suffering infestations of enemies,
or plants in the process of releasing large numbers of seeds. Also, the
impact of ant foragers on plant enemies can be far greater than the actual
number of prey they capture. The aggressive movements of ant foragers
can dislodge some, frighten away others, and still more can be harassed
during feeding, egg laying, courtship, or molting so that their impact on
the plant is significantly reduced either directly or indirectly.

Ant colonies are often large and perennial so that plants at particular
patches or in given habitats may benefit from sustained services. Green-
slade and Halliday (1983) reported a colony of Iridomyrmex purpureus
in South Australia that consisted of 85 nests, over 1500 entrances, and a
territory of about 10 hectares. Perenniality in many kinds of colonies
results from buffers against adverse conditions such as mechanisms of
food storage. Some have adult castes known as repletes that sequester
food in their gasters, which can become enormously distended. The lar-
vae of others contain storage tissues and food may be obtained from
them by inducing regurgitation, or by cannibalism. With the return of
more favorable conditions starved colonies rapidly produce foragers,
which often have an urgent demand for the nutrients in plant rewards.
Many ant species nest in plants they service, and in addition to the advan-
tage of proximity of ant foragers for defense, ammonia from decompos-
ing nest wastes may be a valuable source of nitrogen for some plants or
plant tissues.

Other potentially favorable aspects of colony organization and ant be-
haviors are discussed at length in subsequent chapters, especially Chap-
ter 2. Among them, social organization itself, the liquid food require-
ments of ants, and differentiation into castes with specialized behavioral
repertoires are the most important.
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Figure 1. Size differences in ants: The head of Myrmecia nighscapa
bearing Tapinoma melanocephalum. Although these two species do not
naturally occur together, size differences of this magnitude can routinely
be found among ants foraging on a plant.

One aspect of the organization of ant communities produces more
equivocal results from the point of view of plants. Ant rewards tend to
attract a great variety of ants. In fact, plants themselves are popular for-
aging grounds for many kinds of ants irrespective of the presence of
rewards. Figure 1 illustrates size differences in ant species that may be
attracted to a single extrafloral-nectary-bearing plant species. This differ-
ence is the same order of magnitude as that between a deer mouse and a
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mountain lion, a human and a blue whale, or a sunflower and a spruce
tree. Variation in the ants visiting rewards has potential advantages and
disadvantages for the plants. On the positive side, an array of visitors is
more likely to buffer the mutualism against discontinuities in the presence
or activities of individual species. Furthermore, services such as defense
may be not merely more continuous, but also more effective as a variety
of ants will attack a variety of plant enemies. On the other hand, non-
mutualistic ant visitors could sabotage interactions. For example, tiny
ant species may not be able to move elaiosome-bearing seeds and simply
gnaw the reward, in effect stealing it. Similarly, tiny ants taking extra-
floral nectar may be quite unable to deter herbivores larger than them-
selves. At the other end of the scale, large aggressive and dominant ants
that take rewards but provide no services can actively exclude ants more
useful to the plants.

Evolutionary dilemmas and dialectics such as these are the stuff of
much of evolutionary ecology, and ant-plant mutualisms provide a focus
for the study of the ecological and evolutionary dynamics of simple and
complex species interactions. The results of selection are often difficult to
predict and present an array of interactions from those that appear hope-
lessly casual to others where the loss of one partner means the extinction
of the other. Amid the almost baffling variation in function and effect,
ant-plant mutualisms nevertheless reveal patterns if not laws, and proba-
bilities if not certainties.

Ant-plant mutualisms are important also for their effects on commu-
nity structure and organization. Ants protecting plants may affect the
fecundity of their host on one hand, and the fecundities of a variety of
animals on the other. Among these may be, for example, the larvae of
pollinators, seed predators or herbivores of other plant species, or the ju-
venile stages of predators and parasitoids. The effects thus ripple through
the community at various trophic levels. Other effects include the abiotic
aspects of community organization such as nutrient cycling. The spring
flora of many eastern U.S. forests, although spectacular while in flower,
appears insignificant in terms of biomass and its impact on forest dynam-
ics. However, these species take up nutrients such as potassium and nitro-
gen from the spring snowmelt - nutrients that would otherwise be lost to
streams and rivers. The retention of nutrients by the lowly herbaceous
layer is so important to forest nutrient cycling that it has been called the
"vernal dam" (Bormann & Likens 1979). The point is that up to 35% of
all herbaceous species, and up to 76% of all herbaceous stems, can be
ant-dispersed plants. The plants are often organized into guilds, usually
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consisting of about seven species, the number determined in part by the
availability of seed-dispersing ants. In fact, ant activity can be a good
predictor of the number of ant-dispersed plant species at any given site in
some forests, and a fair predictor of the number of all herbaceous species
(Beattie & Culver 1981). Ant dispersal of vernal dam species exemplifies
the potential influence of ant-plant mutualisms in community structure
and organization.

The ramifications or ripple effects of ant-plant mutualisms are not
always clear, but generally penetrate several trophic levels. A group of
trees in a forest may be cleared of a defoliating pest by an ant species
nesting among its roots. The ants may navigate according to the light
patterns produced by the canopy (Holldobler 1980), and some of the
plants forming the canopy may have grown from seeds planted by ants in
their nests. Ants are also important tillers of the soil in many habitats.
These diverse community effects begin with the dynamics of the ant-plant
interactions themselves, and this is what this book is all about.



Origins and early evolution of
ant-plant mutualisms

In this chapter I first examine fossil ants and plants and primitive living
ants and angiosperms to try to reconstruct the origin and early evolution
of ant-plant interactions. The fossil record is fragmentary and even
extant primitive species may be only remotely related to those that were
involved in the first interactions. This discussion is therefore speculative.

Ants and plants in the Cretaceous

It is now generally agreed that the flowering plants (angiosperms) had
spread across most of the land masses of the world and had diversified
dramatically during the early part of the Cretaceous period. By mid-
Cretaceous, about 100 million years before present, this plant group was
dominant among terrestrial vegetation (Raven 1977; Doyle 1978). The
many suggestions for the causes of this comparatively rapid ascent in-
clude changing physical, climatic, and geographical conditions (Axelrod
1970), the rise of major insect pollinator groups (Takhtajan 1969; Crepet
1979), the appearance of avian and mammalian seed-dispersal agents
(Regal 1977), the proliferation of herbivores (Ehrlich & Raven 1964;
Burger 1981), and the evolution of novel plant secondary compounds
(Swain 1977, 1978). In this chapter, I argue that another factor, the ants,
contributed significantly to the success and adaptive radiation of the
flowering plants.

Given that the fossil record places the angiosperm rise to dominance in
the early to mid-Cretaceous, it is appropriate to ask when the ants began
to flourish. The order Hymenoptera, to which the ants belong, first ap-
peared in the early Triassic, perhaps 100 million years before the angio-
sperm accession. However, although the mid-Cretaceous is thought to be
the period when the aculeate Hymenoptera underwent a first radiation
(Crowson et al. 1967), the first fossil ant, Sphecomyrma freyi, was dis-
covered in upper Cretaceous amber, and is therefore from a slightly later
period (Wilson, Carpenter, & Brown 1967). Extensive paleontological col-
lections from Siberia and Mongolia suggest that ants originated in the
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mid-Cretaceous, possibly in the Abian or Cenomanian periods, becom-
ing abundant in the late Cretaceous (Professor V. V. Zherichin, personal
communication). Brown (1973) summarized evidence that the Dolicho-
derinae dominated the early Tertiary, but was displaced from this posi-
tion by a variety of genera in the Myrmicinae by the late Tertiary. How-
ever, as both subfamilies contain genera that interact mutualistically with
plants, little can be made of this interesting change. The data permit us to
speculate with some justification that the ants had evolved and undergone
extensive adaptive radiation by the mid-Cretaceous, much as the angio-
sperms had done (Smart & Hughes 1972; Carpenter 1977; Doyle 1977).

Thanks to the work of many paleobotanists (summarized by Takhtajan
1969; Stebbins 1974; Doyle 1978) much is known about the anatomy and
morphology of Cretaceous plants and the level of complexity to which
they had evolved. In many early Cretaceous deposits angiosperms appear
with a mixture of more primitive forms such as cycads, ginkgos, coni-
fers, and ferns. Unfortunately there seems to be no fossil evidence for
adaptations to ants by plants of this antiquity. This may be primarily
because nobody has thought to look for it. There are, however, adapta-
tions to ants in living preangiosperm groups, especially the ferns. Extra-
floral nectaries are found in the fern genera Pteridium, Platycerium,
Poly podium, Drynaria, Angiopteris, Cyathea, and Hemitelia (Lloyd 1901;
Koptur, Smith, & Baker 1982), the last two being tree ferns with massive
structures reminiscent of those of the Cretaceous era. The rhizomes of
several other fern genera such as Lecanopteris, Solanopteris, Polypod-
ium, and Phymatodes are riddled with tunnels that function as domatia
for ants. Since plants may absorb nutrients from waste materials aban-
doned in the tunnels (Ridley 1910; Gomez 1974; Janzen 1974c; Huxley
1980), this is another example of mutualism between ferns and ants. In a
few cases, the sori or clusters of sporangia bear tissues attractive to ants
(elaiosomes) and are dispersed by them (Janzen 1974c). We can only
speculate as to when these adaptations arose, but it is possible that ant-
fern interactions are of Cretaceous age.

Two general statements can be made that lead to the conclusion that
early ant-plant interactions involved a variety of Cretaceous plant
groups and not just angiosperms. First, the characteristics of angiosperms
that most definitively set them apart from their predecessors are predom-
inantly associated with reproduction, notably the structure and antomy
of the flower (Stebbins 1974). The important corollary to this is that
most aspects of the vegetative structure of the angiosperms, although
greatly advanced and refined by them, were present as primitive versions
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in preangiosperm groups. Second, in reviewing the entire range of ant-
angiosperm interactions it is clear that the majority involved nonfloral
structures. Adaptations to ants are primarily vegetative, involving roots,
stems, and leaves (Wilson 1971; Beattie 1982). Consequently, it is these
structures, and the level to which they had developed by the Cretaceous
period, that may provide most insights into the beginnings of ant-plant
interactions.

Large leaves (megaphylls), vascular tissues, and large branching struc-
tures were all present in one preangiosperm group or another. Large
leaves with a net of veins are as old as the Permian Glossopterids and can
be seen in ferns such as Dipteris and the gymnosperm Gnetum (Melville
1969). However, the development and structure of the angiosperm leaf
are different from these, exhibiting for example, such advanced and novel
features as intercalary growth and a hierarchy of successively finer orders
of venation. These, in turn, have permitted the expansion of the leaf into
a large laminar structure, supported by veins of various diameters and
ramified throughout, from margin to midrib, by vascular tissue (Doyle &
Hickey 1974). The appearance of this structure initiated the diversifica-
tion of the angiosperm leaf into a host of new shapes, sizes, and types of
venation (Hickey & Wolf 1975). This was probably associated with changes
in overall size and height of plants. For example, taller species intercep-
ting direct sunlight were likely to evolve "multi-layer light-gathering strat-
egies" in which lobation, dissection, or pinnatification of leaves would
permit light to filter through to lower layers (Horn 1971).

A parallel story of origin and elaboration applies to vascular tissues.
Vessel elements are present in some ferns, horsetails, and gymnosperms
but absent in a few genera of primitive angiosperms. However, in the
angiosperms diversification and specialization of both xylem and phloem
elements are far greater than in any other group (Stebbins 1974; Dickison
1975). New developments in xylem structure probably fed back positively
to the evolution of laminar leaves (Takhtajan 1969).

Various other advances, especially in root anatomy, the protection
of buds, the form of the stele, and its branching at nodes, together with
leaf and vascular evolution produced a burst of vegetative diversification
(Delevoryas 1962). Takhtajan (1969) discussed the evolutionary potential
of the vegetative advances of the angiosperms. He pointed out that this
group exhibits such great plasticity and variety of growth form that many
niches can be simultaneously exploited in any given area to produce a
multilayered community. In this setting more primitive groups such as
gymnosperms and ferns were doomed to play only a minor role. This
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entire argument is best expressed by Doyle and Hickey (1974): "We sug-
gest that definitive replacement of the conifers by angiosperms as forest-
canopy dominants, made possible by the accumulation of sufficient vege-
tative advantages (e.g. vessels, leaf morphology) to outrival the conifers,
did not occur until well into the upper Cretaceous."

The appearance of increasingly complex vegetative structures and
communities was an essential ingredient in the evolution of insect-plant
and ant-plant interactions. Vascular tissues would have provided a liquid
food source for insects with sucking mouthparts. Laminar leaves with
broad surface areas would have provided a tissue food source for insects
with chewing mouthparts. The Hemiptera, especially Homoptera, with
their plant-sucking mouthparts, were clearly abundant by the end of the
Permian (Carpenter 1977). This method of feeding may have originated
in the preceding Carboniferous period in the extinct orders Palaeodic-
tyoptera and Megasecoptera (Scott 1977). By the Cretaceous the Hemip-
tera were very well established. Fossil evidence of herbivory by insects
turns up as leaves that show insect damage (Plumstead 1963; Kevan,
Chaloner, & Savile 1975; Scott 1977), coprolite containing leaf cuticle,
epidermis, and other leaf parts (Harris 1964; Baxendale 1979), and dam-
aged stems (Scott 1977). There seems to be a fairly clear distinction in the
fossil record between these remains and those left by animal groups that
fed on plant detritus. Many plant-chewing insect orders were abundant
by the late Cretaceous, especially the Orthoptera, Coleoptera, Phasma-
todea, Diptera, and Lepidoptera (Carpenter 1977). Some phytophagous
invertebrates may have been huge; for example, Arthropleura, a strange
primitive arthropod belonging to the extinct class Arthropleurides, grew
up to six feet. Fossil remains show that its gut was packed with vascular
tissue (Rolfe & Ingham 1967).

The impact of the ant's mode of feeding

This discussion of the fossil record leads to the following scenario: As the
ants evolved, becoming more numerous and diverse, they encountered
environments increasingly dominated by flowering plants. The vegetative
structures were larger, more complex, and with the evolution of woody
secondary thickening, more permanent. These vegetative structures were
a novel array of potential resources, and yet they were to some extent
already preempted by the more ancient groups of sucking and chewing
invertebrates, especially other insects. There are many possible explana-
tions as to how, in spite of this, the ants managed to join the crowd of
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herbivores exploiting the advanced Cretaceous plants and early angio-
sperm resources. One basic property of the ants, however, was probably
fundamental to the process, namely, their mode of nutrition: Ants re-
quire liquid food.

All of the most primitive ants are carnivorous (Haskins & Haskins
1950; Brown 1954; Brown & Taylor 1970; Wilson 1971). (I reserve the
term predaceous for the consumption of entire individuals, plants as well
as animals. For example, granivores are seed predators.) Prey is subdued
with powerful stings and large mandibles (Cavill, Robertson, & Whitfield
1964; Kugler 1980), and carried back to the nest where the integument is
breached and fluids, especially hemolymph, sucked out. The infrabuccal
chamber, located next to the mouth, filters out all but the minutest solid
particles. For example, Solenopsis invicta filters out particles down to
0.88/i (Glancey et al. 1979). Furthermore, in some ant species, regurgita-
tive feeding among workers results in the filtration of more and smaller
particles. Eisner and Happ (1962) found that honey containing corundum
particles of only 10 microns, when passed among Camponotus pennsyl-
vanicus workers, was progressively diluted so that recipients at the end of
a five-ant food chain had crops free of any particles. Following filtration,
fluids are fully ingested and transferred to the crop via a long and narrow
esophagus that passes through the slender pedicel to the gaster (Eisner
1957; Gotwald 1969).

Typically, in the primitive subfamilies Nothomyrmeciinae, Myrmeci-
inae, and Ponerinae, capture of prey involves some crushing with the
mandibles together with vigorous stinging. Back at the nest gnawing and
chewing with the mandibles (malaxation) often can be observed but
serves only to gain access to the body fluids of the prey, and the frag-
ments created by this crude mastication are not ingested. This mode of
nutrition is apparently shared by both adults and larvae (Wigglesworth
1974). Indeed, larvae may be the principal individuals involved with
digestion in some ant species, especially seed eaters. Even then, malaxa-
tion appears to be followed by larval extracellular digestion with the seed
contents being liquefied prior to ingestion (Went, Wheeler, & Wheeler
1972; Abbott 1978; Davison 1982).

The carnivorous habit, although most obvious among primitive ants,
has never been completely lost. The advanced subfamilies Myrmicinae
and Formicinae exhibit a huge array of omnivorous genera that consume
animal fluids when they are available. Even among leaf-cutting and gra-
nivorous ants insect prey constitutes a small part of the diet (Sheata &
Kaschef 1971; Wilson 1971; Levieux & Diomande 1978). Occasional car-
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nivory has been proposed as an adaptive mechanism to counteract low
nitrogen availability in many plant tissues (Mattson 1980).

There are both morphological and physiological correlates to the car-
nivorous, liquid-food nutrition of ants. Chief among them are the ab-
sence of chewing mouthparts and cellulose-digesting enzymes. The
mouthparts differ from those of typical plant-chewing insects in the fol-
lowing respects: The upper lip or labrum, which is a primary incisor in
chewing insects, is poorly developed and concealed by the clypeus. The
lacinia of the maxilla, which is strongly chitinized and armed with teeth
in chewing insects, is soft and membranous in ants. The labium, also
large and well developed in chewing insects, is small and less developed in
ants (Wheeler 1910; Borror, Delong, & Triplehorn 1976).

There are many problems associated with the digestion of plant tis-
sues, not least of which is the low protein and high cellulose content of
many plant parts (Southwood 1972; Wigglesworth 1974). These problems
are often exacerbated by the presence of toxic secondary compounds
(Feeny 1976; Harborne 1978). The vast majority of cellulose ingested by
herbivores is broken down by intestinal microorganisms whether the
herbivores are invertebrates such as termites or vertebrates such as cattle.
In fact, plant tissues often survive the alimentary canal almost intact,
save where the chewing or grinding mechanisms have actually severed the
cellulose cell wall and released the protoplasmic contents (Friend 1958).
Very few animals secrete their own cellulose-splitting enzymes, and ants
are not among this select group (Wigglesworth 1974).

Primitive carnivorous ants confined to a liquid diet would suffer some
disadvantages but also would experience some advantages with respect to
other invertebrate groups exploiting Cretaceous plants. On one hand,
they would be unable to exploit the plant tissues directly, having neither
masticatory mouthparts nor cellulose-digesting enzymes. On the other
hand, if plant liquids were somehow available, they would not have to
deal with the formidable cellulose barrier or, possibly, with defensive
plant toxins discussed later. Most likely, plant liquids were available in
two forms, highly processed to be sure, but in abundant supply. The first
form was provided by the hemolymph of plant chewers falling prey to
the ants. The fossil record shows that they would have included katydids,
crickets, grasshoppers, cockroaches, beetles, stick insects, and butterfly,
moth, and fly larvae (Carpenter 1977). The second form came from
secretions from homopteran insects, especially families such as the Mem-
bracidae, Cicadellidae, Aphididae, and Coccidae. Today, these secretions
(collectively called "honeydew") are often remarkably complete foods
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containing sugars, free amino acids, proteins, minerals, and some vita-
mins (Way 1963; Kennedy & Fosbrooke 1972). Some homopterans con-
tain gut symbionts (microorganisms) that perform at least two functions
of benefit to their hosts and consequently of potential benefit to the ants.
First, they sometimes supply sterols, a major dietary requirement of
many insects, including ants (Dadd & Krieger 1967). Second, although
toxic secondary compounds such as alkaloids are frequently present in
vascular tissue, both xylem and phloem (James 1950; Mothes 1960), gut
floras may be capable of degrading them to harmless forms (Janzen 1979;
and references therein). In addition, secondary compounds are often
selectively distributed among plant tissues and aphids are adept at avoid-
ing areas where they are concentrated (Mothes 1960; Janzen 1979). Per-
haps Southwood (1972) best summarized the situation by calling the mix-
ture of ingested fluids and microorganismal products in the gut a "brew"
that "seems.. .well able to meet the nutritional requirements of the
archaic terrestrial arthropod." This being so, ants would have found a
very rich source of liquid food, comparatively free of the problems of
digesting cellulose, nitrogen limitation, and toxic defensive compounds.

The transfer from carnivory to herbivory appears to be a very minor
step. Ants are notoriously omnivorous. Even carnivores such as Odonto-
machus and Paraponera, with the most spectacular scythelike jaws, large
stings, and aggressive behavior, harvest plant food (Horvitz & Beattie
1980; Young 1980, 1982). Very primitive carnivores such as the bull ants
of Australia (genus Myrmecia) will gather immobile animals such as
pupae, mobile animals such as caterpillars, and free-flowing plant exu-
dates such as extrafloral nectar (Gray 1971; and personal observations).
Unlike many invertebrate carnivores, ants do not require movement of
the prey to trigger prey-capture behavior, so that animal and plant fluids
are collected in many different forms, from living or moribund prey,
fruits, nectaries, wounds in plants, and so on. Even the leaf-cutting ant,
Atta, which was previously thought to feed exclusively on fungi, is now
known to imbibe plant sap while preparing leaves for its "gardens"
(Stradling 1978; Quinlan & Cherrett 1979). Thus, there seems no reason
to postulate complex physiological, anatomical, or morphological changes
in the transition to herbivory.

As the angiosperm evolved, new tissues and structures appeared.
These were simply new surfaces to be explored by foraging workers.
Much to the advantage of the ants they were already populated by herbi-
vores converting cellulose-laden plant material of variable digestibility,
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nutritional value, and toxicity into more useful fluids. Perhaps at first the
earliest carnivorous ants used the Cretaceous plants merely as expanded
hunting grounds. We do not know how soon the secretions of plant
suckers were exploited. Wheeler (1914) recorded aphids trapped with
ants in Baltic amber, but these remains are from a much later period.
However, an ability to occupy a variety of trophic levels at once - as car-
nivores, as herbivores taking nectar or sap, as secondary herbivores uti-
lizing homopterans - appears to have been one of the keys to success.

Were the ants welcome on the Cretaceous plants and early angiosperms?
Overall, the preponderance of adaptations to ants on vegetative struc-
tures are attractants, suggesting ants were of benefit. On the other hand,
many features of reproductive parts (flowers and inflorescences) are in-
terpreted as ant barriers and repellents. These range from physical bar-
riers such as mucilaginous tissues and glandular hairs (Kerner 1878;
Kevan & Baker 1983), repellent floral nectar or flower parts (Stager 1931;
van der Pijl, 1954; Janzen 1977; Baker & Baker 1978; Stephenson 1981),
or ant baits in the form of extrafloral nectaries (Bentley 1977a). Although
these mechanisms are patently of limited success in many plant species,
the ability to evolve ant repellents is clear. Therefore, it is reasonable to
suggest that ants were not discouraged from foraging on vegetative parts.

Foraging of workers on plant structures probably reduced the numbers
of some herbivores. Indeed, their very presence most likely diminished
herbivore damage, at least on a local scale. Sap oozing from wounds
caused by herbivores may have lured ants to the very places where their
predatory behavior was most needed (Scott 1980). Through time some
angiosperms evolved a variety of attractants and lures that had the effect
of maintaining a cadre of ants on their structures; this in turn resulted in
the attrition of herbivores. Vegetative structures were becoming larger,
more complex, and more vulnerable to herbivores. If ants could obtain
food from the plants, it would be advantageous to protect them in return.

The impact of social organization

What part did the social organization of the ants play in this process?
The fossil record tells us little about the origins of sociality. There are two
known fossils of Cretaceous age from true eusocial groups: Sphecomyr-
ma, an ant discussed earlier, and Cretatermes, a termite. There is no infor-
mation on the stage of development of their sociality, but Cretatermes
is thought to have been fairly advanced (Wilson 1971; Carpenter 1977).
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Assuming some degree of sociality among early ants it is possible to
identify a few characters of social organization and angiosperm resources
that might have generated positive feedback. The principal resource of-
fered by angiosperms was probably food. However, most reviews on the
subject do not place food high on the list of "prime movers" of social
evolution (Wilson 1963, 1975; Hamilton 1972; Lin & Michener 1972;
Alexander 1974). Food resources becoming available with angiosperms
were most likely small individual items such as nectaries, herbivore prey
items, and sucking insects secreting honeydew. In a large herb, shrub, or
tree many hundreds or even thousands of such food items may be scat-
tered among the roots, stems, branches, and foliage. Each item may be
sufficient to fulfill, at least temporarily, the food requirements of an indi-
vidual, or group of workers. However, back at the nest there are other
adults and larvae to be fed, often in huge numbers. A colony consisting
of many individual foragers is a solution to the problem of harvesting
diffuse spatial and temporal patterns of small food items. One special
feature of social organization in the ants appears to be of major selective
advantage and that is differentiation into castes. A second feature, re-
gurgitative feeding or trophallaxis, may have enhanced this advantage.

Caste differentiation in ants is accompanied by division of labor (poly-
ethism) with the result that each one exhibits a limited repertoire of be-
haviors. Among the worker caste behaviors tend to be influenced either
by physical or by age characteristics (Oster & Wilson 1978; Herbers 1979).
Consequently, either by virtue of a particular size, morphology, or age,
some workers become foragers, leaving the nest to locate and bring home
food. Although foragers may exhibit a variety of behaviors ranging from
following chemical trails to killing prey, the task is comparatively spe-
cialized, for example, being free of all reproductive and brood-tending
chores. Oster and Wilson (1978) argue that three characteristics of food
resources were major determinants of caste evolution: (1) the distribu-
tion of food items in space and time, (2) the size distribution of the items,
and (3) the defenses of the food items. Among those ants considered to
be phylogenetically the most primitive there is often little physical differ-
entiation among workers (monomorphism) and castes are apparent only
as some degree of behavioral specialization, which in turn may be only
temporary. In the genus Myrmecia, for example, workers forage individ-
ually, usually taking prey items about the same size as themselves and
often imbibing plant secretions on the way. This kind of foraging, in
which there is little or no cooperation among the workers, is called "dif-
fuse" foraging by Oster and Wilson (1978) and may have been the method
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exhibited by the first ants on angiosperms. Although little is known about
the foraging of the most primitive living ants of the genus Nothomyr-
mecia it appears that it also is diffuse (R. W. Taylor, personal communi-
cation).

This basic form of foraging has been modified in at least two ways with
the result that larger resources or more difficult prey items can be in-
cluded in the range of accessible foods. First, a forager finding an item
she cannot handle herself signals this to her nestmates, who then come to
her aid. This is recruitment. Second, workers utilizing the same route to
and from the nest produce a conspicuous and persistent trail, which may
be kept clear of objects that impede the passage of foragers (Oster &
Wilson 1978).

All three types of foraging can be observed on plants, for example,
Myrmecia foragers combing shrubs individually, Solenopsis recruiting to
a damaged fruit, or Formica clearing a "highway" to a favored tree full
of aphids. The form, number, and degree of polyethism of foragers are
determined by a wide range of constraints, not least of which is the
resource-distribution function R(t,a,s,y), which is the number of food
items per unit of area at time t, of age a, size s, and nutritional value y,
where age is the period elapsed since a food item became available to the
nest, size refers to the dimensions and therefore the difficulty of harvest-
ing, and the nutritional value is determined by the particular mix of
nutritional, nonnutritional, and defensive compounds in the item (Oster
& Wilson 1978).

Overall it is clear that given a scatter of food items that vary according
to spatial and temporal distribution, recalcitrance, and nutritional con-
tent, the possession of a subset of individuals in a colony that specializes
in their location and harvesting is of great selective advantage. This be-
havioral specialization, free of other essential (and potentially distract-
ing) nest functions, is a major characteristic and consequence of the
social organization of ants (Heinrich 1978). Caste differentiation would
seem to be a basic requirement for a society with a resource distribution
exemplified by the scatter of plant exudates, herbivore secretions, and
herbivore prey that became available at the time of the appearance of the
angiosperms. Suppose, for example, that the first ant-plant interactions
involved ants similar to the extant genus, Myrmecia. This genus exhibits
a variety of primitive anatomical, morphological, and behavioral charac-
ters, including some aspects of its social organization. For example, for-
agers do not cooperate or recruit. My own observations show that the
food items they seek are scattered among the branches and foliage of
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plants. The activities of a single forager I watched will illustrate this. She
ascended the trunk of a shrub until, at a height of about six feet, she ran
along an almost horizontal branch to its tip. Once there she tried to ob-
tain nectar from some flowers but they seemed too old. She turned back
and reconnoitered several branchlets, found two active extrafloral nec-
taries, and paused to sip from each one. For the next twenty minues she
rambled throughout the other branches of the shrub, pausing often but
apparently finding nothing more to eat. Finally, at another aging inflo-
rescence, she found a small caterpillar and quickly grabbed it with her
mandibles. Within another five minutes she had returned via a maze of
branches to the nest. This type of foraging, carried out by a large number
of individuals, transforms a highly dispersed resource into a steady, nest-
ward flow of food.

In addition to the advantage of foraging, caste differentiation also fa-
cilitates the defense of plant resources. It is commonplace for ants to de-
fend territories against competitors and intruders with aggressive worker
or soldier castes. The perenniality of the colonies of many ant species
might have been an advantage to plants, creating a stable defensive sys-
tem for long periods. Territories may coincide with discrete vegetative
units such as trees, groups of trees, or tree species. In fact, trees, with
their wealth of food items, are fairly defensible, although battles against
intruders attempting to ascend the trunk or gain access from adjacent
foliage may be frequent and the territorial boundaires constantly chang-
ing, at least in detail (Wheeler 1910; Bequaert 1922; Greenslade 1971;
Majer 1976a; Holldobler & Wilson 1977; Leston 1978). Holldobler and
Lumsden (1980) have embodied this in the concept of economic defensi-
bility and have analyzed the defense of territories by Oecophylla, the
weaver ant, which fiercely defends groups of adjacent trees. The food
resources (nectar, homopterans, and prey) are renewable and scattered
in trees that are fixed in place for many years. This relatively stable
resource base is defended by distributing workers at the boundaries. It
would appear that a three-dimensional territory would require large num-
bers of individuals to cover this area. However, the colony weaves leaves
together all over the trees so that the nest is diffuse, and the food har-
vesters can also be boundary patrollers. Although this is probably a
highly evolved strategy it illustrates the defensibility of plant structures
by ants. Other defended vegetative units range from clusters of epiphytes
or "ant gardens" (Wheeler 1921) to individual herbs or patches of vege-
tation (Brian 1956; Brian, Hibble, & Kelly 1966; Inouye & Taylor 1979).
A small defensive effort may be all that is required to protect a large re-
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source because of some aspects of plant form. A tree in an open forest,
for example, may require only a defensive patrol on the lower part of the
trunk and a few others where branches interlace with adjacent trees to
minimize invasion by other ants and wingless herbivores. This would
apply equally on the smaller scale of shrubs and herbs. Aggressive castes
on one hand and plant form on the other may result in comparatively de-
fensible, secure territories for the harvesting of food items. Early angio-
sperms may have been favored hunting grounds for this reason.

In ants the advantages of social organization and caste to the harvesting
of plant-borne food items may have been enhanced by the mechanisms
for handling and distributing liquid foods, i.e., trophallaxis. Unlike bees,
ants do not store food in external structures such as comb cells or honey
pots. Food is stored in the crop and, in many genera, distributed among
other adults and larvae by regurgitation. Consequently, the crop has a
social as well as an individual function. In fact, regurgitative feeding is a
fundamental bonding process among the individuals of a colony. One
often sees columns of slender foragers ascending a tree to feed on homop-
teran secretions or extrafloral nectar. The descent may be considerably
less dignified, the gait reduced to a waddle, so distended is the gaster with
fluids. In the nest, the ingluvial fluid is shared with other individuals.

Among the most primitive living ants nectar feeding is extremely com-
mon but trophallaxis is not. It has been observed in a few species of Myr-
mecia, for example, but it is not yet clear whether its absence is only
apparent, being the result of insufficient detailed observations (Haskins
& Haskins 1950; Haskins & Wheldon 1954; Freeland 1958; R. W. Tay-
lor, personal communication). Trophallaxis becomes so important among
some advanced ant genera that it is a part of the very fabric of society,
and glandular secretions are discharged with the nutritive ingluvial fluid.
It can only be hypothesized that fluids of plant origin, collected by spe-
cialized foragers and stored in their crops, were a positive selective force
in the evolution of trophallaxis. With the ant system of foragers return-
ing to the nest with individual loads, food sharing must have been essen-
tial for larval feeding. If a proportion of the food was already ingested as
fluid, then trophallaxis among all ant colony members may have been a
particularly easy step to take.

Early ant-plant habitats

Is there any evidence on the type of habitats in which ant-plant interac-
tions would have been favored? Again this is a highly speculative subject
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and an intense debate continues, particularly on the origin of angiosperms.
The prevailing view is that the angiosperms evolved in the tropics and
subtropics, but there is much disagreement as to whether the first habi-
tats were moist and equable or semiarid and seasonal. There is also deep
disagreement on the growth form and structure of the first angiosperms,
especially in relation to the flower (Stebbins 1974; Doyle 1978).

The classical theory of angiosperm origins proposes that the first angio-
sperms were large trees, similar to the extant Magnoliaceae, which evolved
in warm, moist, equable tropical forests (Arber & Parkin 1907; Takhtajan
1969). An alternative hypothesis, championed by Stebbins (1974) and
cautiously supported by others (e.g., Doyle 1978), suggests that the first
angiosperms were more likely to have been shrubs growing in semiarid
environments with limited and seasonal rainfall. This hypothesis has the
strong, plausible argument that seasonal drought would constitute the
most powerful selection pressure for the evolution of the distinctive struc-
tures characteristic of the angiosperms, especially the closed carpel, the
extreme reduction of the gametophytes, and double fertilization (Steb-
bins 1974, Chap. 10). Whether or not this hypothesis survives the scrutiny
brought about by fresh fossil evidence, it is interesting to note that al-
though ants are diverse and abundant in modern tropical rain forests,
their greatest diversity and abundance may be attained in semiarid envi-
ronments dominated by shrubs that might well be considered the con-
temporary counterparts of Stebbins's early angiosperms (Bernard 1968;
Brown & Taylor 1970; Pisarski 1978; Andersen 1982). For example,
Anderson (1983) recorded eighty-six species from twenty-seven genera in
two 50-by-25-m plots in the semiarid shrublands of northwestern Vic-
toria. In fact, semiarid habitats are well known for the abundance of
ant-plant interactions, a large number of the shrub species being ant dis-
persed, including the genus Hibbertia in the Dilleniaceae, which is con-
sidered to be very primitive (Berg 1975; Stebbins & Hoogland 1976;
Milewski & Bond 1982; Westoby et al. 1982). Others bear extrafloral nec-
taries that are visited by ants (Hocking 1970; Janzen 1973b), and on a
more subjective level one cannot help being impressed by the vast, almost
incredible variety of ants foraging on and around the vegetation in these
areas today. Stebbins (1974) pointed out that they also harbor a large
proportion of the known examples of rapid speciation in plants. It is
tempting to attribute this in part to ant-plant interactions since ants are
such a major component of the plant environment.



Plant protection by direct interaction

Ants foraging on plants take a great variety of prey items including in-
sects and other invertebrates that are either herbivores or seed predators.
Therefore, the mere presence of hunting foragers can provide some de-
fense against plant enemies. With few exceptions plants are hospitable
foraging areas, and once ants have gained access, they will hunt and re-
move prey irrespective of the size, architecture, or morphology of the
plant. Ants remove a great variety of animals that do damage even, as in
the case of Monomorium floricola, entering the tunnels of leaf-mining
beetles to kill the tiny occupants (Taylor 1937).

The protective character of ants foraging on plants has been recognized
for hundreds of years. In various parts of China nests of the weaver ant
Oecophylla smaragdina were taken from the forest around citrus and
litchi groves and placed on branches of orchard trees. Branches close to
the nest were smeared with wax to prevent the ants from leaving the trees,
and until they established their food-gathering territory their diet was
augmented with dog intestines or silkworm larvae. After several weeks
the ants established territories and patrolled the trees aggressively for
food. Bamboo poles were used to create bridges from trees with nests to
those without, and the groves were soon a mosaic of Oecophylla terri-
tories. As long ago as the eleventh century A.D., the Chinese observed
the ants removing a considerable variety of insect herbivores and seed
predators in large numbers, including stinkbugs of the hemipteran family
Pentatomidae, many of which feed on plant sap, and the larvae of the
butterfly Papilio demoleus, which were killed by workers stretching the
unfortunate victim in several different directions simultaneously and
holding it in that position until it died. Other insects including stem
borers were harvested, and it was apparently well known that trees with-
out ants produced fewer fruits than those with ants and that the few that
did form generally aborted before ripening (McCook 1882; Groff &
Howard 1925). Ants continue to be used as biological control agents in
pine plantations in various parts of China. For example, a single nest of
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Polyrhachis dives is estimated to harvest about 2000 caterpillars of the
pine defoliator Dendrolimus punctatus per day (Hsiao 1980).

In Europe various species of Formica have been utilized for biological
control in "forest hygiene" programs for several centuries. For example,
F. polyctena, which is a major predator of the green oak leaf roller (Tor-
trix viridana), reduces defoliation by this moth so successfully that it is
used to control it (Gosswald 1951; Gosswald & Horstmann 1966). It has
been estimated that a medium-sized nest of this ant with a territory of
0.27 hectares harvests approximately six million prey items in a year,
many of them herbivores and seed predators (Horstmann 1972, 1974).
Skinner and Whittaker (1981) showed that F. rufa significantly reduced
the populations of lepidopteran larvae living in sycamore and oak trees
in English woodlands.

A review of the feeding habits of F. rufa by Adlung (1966) presents
many details of the massive numbers of insects harvested by this ant in
European forests. An average nest appears to provide a high degree of
protection against lepidopteran and hymenopteran (sawfly) larvae over
an area of 1000-1900 m2. Estimates of the numbers of insects harmful to
plants brought back to nests averaged around four hundred thousand per
year. Detailed studies of foraging by ants of the F. rufa group in the
USSR have revealed that they remove a great variety of herbivores and
seed predators from hawthorne (Cretaegus sp.) and oak (Quercus sp.),
including snails, beetles, the larvae of flies, moths, butterflies and saw-
flies, and many pupae. Furthermore, more formidable or better pro-
tected prey such as weevils are driven off aggressively before doing any
damage (Inozemtsev 1974). Some herbivore defenses are of little help
against ants as shown, for example, by Apostolov and Likhovidov (1973),
who watched ants tear open the silk cocoons of Tortrix moth pupae and
imbibe the fluid contents on the spot. The prey was consequently carried
back to the nest in liquid form in the crops of the foragers.

Inozemtsev (1974) estimated that four nests whose foragers covered an
area of approximately 200 m2 removed a minimum of 100,800 inverte-
brates from surrounding trees in twelve days. However, he also pointed
out that the activities of these nests were modest compared to one studied
by Strokov (1956), which captured 4500 sawfly larvae, 3500 pine beauty
moth caterpillars, 7200 Tortrix caterpillars, and 6500 pupae in one twenty-
four-hour period. Claims of even greater levels of slaughter and pillage
can be found in several excellent reviews of research into biological con-
trol by ants in the USSR (Grimalsky 1960; Khalifman 1961; B. A. Smir-
nov 1962; V. I. Smirnov 1966).
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F. aquilonia colonies are so effective against plagues of the geometric!
moth Oporinia autumnata that "green islands" of intact trees, 40 m across,
remain around the nests when the rest of the forest is badly defoliated
(Figure 2; Laine & Niemela 1980). It is possible to reduce defoliation fur-
ther by increasing the density of ant nests (Adlung 1966), although the
most abundant tree species, the birch (Betula sp.), bears no special lures
for ants.

Transplantation of ant nests demonstrates the willingness of ants to
ascend and hunt in vegetation that is novel to them. These experiments
serve to emphasize both the versatility of their predaceous behavior and
the resulting protective nature of their activity, whether or not the plant
species involved possess any adaptations to attract ants. For example,
F. lugubris nests were transplanted from their native forests in northern
Italy where the trees were chiefly spruce (Picea) with some larch (Larix)
and beech (Fagus), to a region of Quebec dominated by red and white
pines (Pinus resinosa and P. strobus) with a few spruce, balsam fir
{Abies), and paper birch (Betula). Within a year the ants had settled in
and were removing a wide variety of herbivores from the trees, especially
Lepidoptera, Coleoptera, Diptera, and Hemiptera. During a single two-
week period the ants were carrying an average of 2175 spruce budworm
(Choristoneura) larvae back to their nests each day. In addition, the
predatory activity of the ants significantly reduced defoliation in some of
the tree species (Finnegan 1975; McNeil, Delisle, & Finnegan, 1977,1978).
A variety of other transplanted ant species, most notably F. obscuripes
and Dolichoderus taschenbergi, have also successfully exploited unfamil-
iar vegetation as hunting grounds in northern forests (Bradley & Hinks
1968; Bradley 1972; Finnegan 1977).

In tropical forests many arboreal ant species are well known for the
aggressiveness with which they hunt and remove herbivores. This behav-
ior has been explored as a means of biological control in various crop
species, especially cocoa and coconuts. Ants such as Oecophylla longi-
noda, Tetramorium aculeatus, and several species of Crematogaster ef-
fectively remove large numbers of orthopterans and hemipterans that
damage host plants (Way 1953; Vanderplank 1960; Room 1971, 1973;
Leston 1973; Majer 1976a, b; Taylor 1977). Soysa (1940), growing orchids
commercially in Sri Lanka, placed specimens containing herbivorous lar-
vae on trees occupied by O. smaragdina. Within twenty-four hours his
plants were free of pests.

Protection by ants is extended to other smaller plants and vines. Risch
and Carroll (1982) showed that Solenopsis geminata reduced herbivores
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on corn and squash in Tabasco, eastern Mexico. The lepidopteran larvae
Melittia and Diaphania, which are particularly damaging herbivores,
were reduced in numbers by as much as 82% and 73%, respectively, com-
pared to plots where Solenopsis was excluded. The weevil Sitophilus,
which attacks the seeds of corn, was reduced by 98% in the presence of
this ant. A close relative Solenopsis invicta, which was accidentally intro-
duced into the southern United States, has become a major predator of
the boll weevil. Its impact on this seed predator has been sufficiently large
to be characterized as "fortuitous biological insect suppression" by Ster-
ling (1978), who suggested that ongoing investigations into biological
control of the boll weevil may well have led to the deliberate introduc-
tion of the ant, had it not already spread to cotton-growing areas. That
specialized adaptations are not required for ant protection is underlined
by the studies of Pimentel (1955) and Pimentel and Uhler (1969), who
recorded the wholesale destruction of dipteran eggs, larvae, and pupae
by ants on garbage cans in Puerto Rico and chicken coops in the Philip-
pines.

All of these studies illustrate that the mere presence of foraging ants on
plants may reduce losses to herbivores and seedeaters. However, there
may be a cost involved in this kind of protection that results from the
omnivory of many ant species. Besides killing herbivores, they may culti-
vate homopterans for honey dew. This has been shown to decrease pro-
duction in citrus groves (Sweetman 1958; DeBach & Huffaker 1971), co-
conut plantations (Way 1954), cornfields (Risch & Carroll 1982), and
other agricultural settings where commercial criteria are applied. Indis-
criminate predation by ants on insects beneficial to plants and plant ene-
mies may result in a Volterra effect; that is, the ants reduce the numbers
of the natural predators and parasites of plant enemies as well as the ene-
mies themselves. Under these circumstances the population sizes of her-
bivores or seed predators can recover faster than those of their predators
and parasites. Thus, indiscriminate predation by ants can lead eventually
to serious damage to plants. This appears to apply particularly to agri-
cultural and various man-made monocultural settings. Some workers in-

Figure 2 {facing page). Top: The percentage of undamaged birch trees
at different distances from five wood ant (Formica aquilonia) mounds
during an outbreak of the caterpillar Oporinia autumnata in northern
Finland. The nests are labeled a-e (r = 0.599; P = 0.001). Bottom: The
percentage of intact leaves on birch trees at increasing distances from
the mound "a" during a year with normal herbivore density (r = 0.92;
P = 0.01). (From Laine and Niemela 1980.)
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vestigating the use of ants as biological control agents have concluded
that they rarely protect plants because of the "homopteran problem."
Although it may be true that ants make poor or erratic protectors in
man-made vegetation, their impact in undisturbed environments may be
more beneficial to plants. There have been very few studies of protection
by ants in plant species that exhibit no obvious ant attractants and that
are growing in pristine habitats. In these plant communities homopterans
may not reach destructive densities, and costs to the plants may be either
negligible or imperative in the interests of reducing herbivory. Evolution-
ary fitness, not bushels per acre, is the criterion of ant effectiveness in
these circumstances. The ant-plant-homopteran interaction is complex
and the outcome is variable (see Chapters 4 and 9). A second weakness of
ant protection is that it may not be reliable. Many of the references cited
present data showing that protection varies according to many factors
such as availability of nest sites, shading, the appearance of alternative
food sources, the health of the plant, and the outcome of battles with
competing ant species. Some of the biological details are fascinating. For
example, O. longinoda, which makes nests of leaves sewn together with
silk exuded from larvae, may gradually abandon a favored territory as
a result of infestation by pseudoscorpions and ant-mimicking spiders
(Vanderplank 1960). As Bequaert (1922) noted, the notorious invasions
of army or driver ants benefit plants: "Whoever has seen the almost fabu-
lous numbers of individuals in the ant armies of the tropics can have no
doubts as to the benefit they afford the vegetation by destroying caterpil-
lars and other noxious insects." However, although many army ants such
as Eciton sp. periodically bivouac for as long as three weeks (Schneirla
1971), what Spruce (1908) wrote is essentially correct as far as plants are
concerned: "Eciton or foraging ants seem to be true wandering hordes,
without a settled habitation." In other words, any plant protection they
might provide is short lived and patchy.

There are four ways in which this basic ant-plant interaction has been
modified with the result that foraging on plants has been intensified and
protection rendered more effective. (1) Ants nest in a wide variety of plant
structures most of which are abundant but fortuitous, such as dead twigs
and abandoned insect galls. However, some structures are specialized
and appear to have evolved specifically as nest sites for ants. (2) A few
plant species produce specialized food bodies for ants on the leaves, peti-
oles, or stems. (3) Extrafloral nectaries are present on many plant species.
(4) Relationships with homopterans and lepidopterans may have evolved
to such a degree that the losses of plant fluids may be outweighed by gains
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in ant protection. In general, these features localize ant activity on partic-
ular tissues and maintain it through periods of particular vulnerability.

Ant nests and domatia

Bequaert (1922) and Wheeler (1942) extensively reviewed the enormous
variety of plant cavities utilized by ants as nest sites. Plant structures that
could be reasonably interpreted as adaptations to facilitate nesting were
called "domatia" by Wheeler. Hollow stems and twigs typically occur in
many plant species, the cambium being active only at the periphery. Ants
commonly nest in the hollow internodes and Wheeler (1942) listed many
examples including Bambusa (Graminae), Coccoloba (Polygonaceae),
Terminalia (Combretaceae), and Xanthoxylon (Rutaceae). In Clibadium
microcephalum (Compositae) growing in Ecuador, the internodes are first
hollowed out by the scolytid beetle Scolytodes elongatus. Several ant spe-
cies are capable of taking over these cavities, especially Pachycondyla
unidentata and Pseudomyrmex spp. (Nesom & Stuessy 1982). Ants com-
monly use cavities excavated by other animals. Stem and twig nesting
becomes rare at higher latitudes and altitudes most likely because pro-
longed periods of cold either kill above ground plant structures or expose
them to temperatures ants cannot tolerate.

The disused tunnels of tissue-boring insects and their larvae are uti-
lized by many ant species. The tunnels may be in green living tissue such
as those left by leaf miners, or in dead lignified tissues such as those left
by wood-boring beetles and termites. Carpenter ants of the genus Cam-
ponotus may greatly extend the original nest cavity by gnawing away both
living and lignified tissues. Many ants occupy galls, which are induced in
plants by a host of organisms ranging from viruses to parasitic wasps.
The hollow places resulting from the death and decay of trunks, stumps,
branches, twigs, fruits, and seeds plus the irregularities of bark and
wounds all provide nest sites. The natural cavities are often altered in
shape and size by the addition of walls or plugs of soil particles, debris,
or carton (chewed vegetable material, especially wood), which resembles
coarse paper.

Many arboricolous ants of the tropics fiercely defend their nests. The
weaver ant (Oecophylla) is a particularly well-known case because of its
nests of freshly woven leaves and its ability to infiltrate a dozen angry
workers inside your collar while you are preoccupied with the columns
attacking your ankles. The enormous impact of such ants has been de-
scribed by Carroll (1979), who compared the communities of stem-nesting
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Table 1. A selection of plant structures that bear ant domatia

Plant structure

Leaf pouch or bladder

Swollen petiole

Hollow stems

Hollow thorns

Hollow root

Tubers derived
from hypocotyl

Example

Cola
Cordia
Tococa

Tachiga/ia
Piper

Mocaranga
Vitex
Barteha
Plectronia
Cuviera
Thplahs
Cecropia

Acacia

Pachycentria

Myrmecodia
Hydnophytum

Family

Sterculiaceae
Boraginaceae
Melastomaceae

Leguminosae
Piperaceae

Euphorbiaceae
Verbenaceae
Passifloraceae
Rubiaceae
Rubiaceae
Polygonaceae
Moraceae

Leguminosae

Melastomaceae

Rubiaceae
Rubiaceae

Source: Bequaert (1922), Bailey (1924), Wheeler (1942), van der Pijl (1955).

ants in Liberia with those inhabiting comparable forests in Costa Rica.
The Liberian communities were dramatically depauperate compared to
the neotropical ones. Carroll attributed this in large part to the bellicosity
of a handful of West African arboricolous species that dominated the
vegetation to the exclusion of other more docile ones.

Plant species that bear domatia are known as myrmecophytes or ant
plants because of their intimate relationships with ants. Domatia are
structures that encourage nest building by a subset of the ant species in
the habitat. Table 1 gives examples of the structures and some genera that
bear them.

The most famous domatia are the stipular thorns of some Central
American and northern South American species in the genus Acacia,
These have been the focus of a brilliant study by Janzen (1966, 1967,
1974a). The thorns are expanded and hollow (Figure 3). Ants of the
genus Pseudomyrmex gnaw out a small entrance hole at the tip of one
thorn of each pair, clear out the hypertrophying cavity, and move in. In
addition to providing specialized nesting sites for ants, the acacias secrete
nectar from large foliar nectaries and produce nutritive organs called Bel-
tian bodies on the leaf pinnules. The Beltian bodies are rich in proteins,



Figure 3. Stipular thorns of a species of Acacia with domatia. The top
thorn is cut away to show the cavity (in black) where the ants nest. An
entrance hole is shown in the lower left thorn.
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lipids, and carbohydrates and are eagerly harvested by foragers and fed
to larvae. The nectar and Beltian bodies appear to provide a balanced
diet for the ants. Janzen has shown that Pseudomyrmex colonies that
take advantage of the food and housing provided by the tree exhibit ex-
tremely aggressive behavior toward almost any intruder. Although the
ants are small they attack and repel large mammalian herbivores, destroy
or drive off insect herbivores, and destructively gnaw invading vines and
competing vegetation. In another genus Cecropia (family Moraceae), the
domatia are hollow stems, the food bodies (known in this genus as Miil-
lerian bodies) develop at the base of the petiole, and the ants belong to
the genus Azteca, but their response to herbivores and vines is equally
fierce (Janzen 1969a, b).

By growing myrmecophytes in greenhouses and gardens it has been
shown that domatia are genetically determined and always develop, even
in the absence of ants (Ridley 1910; Bequaert 1922). Careful anatomical
and histological studies of domatia in petioles, stems, tubers, and thorns
have shown that developmental hypertrophies of selected tissues give rise
to the cavities in which the ants nest (Treub 1883; Bailey 1922a, b, 1923,
1924). There is no doubt that ants routinely accelerate the formation of
the cavity by gnawing and removing the dying tissues, and may even ex-
tend it beyond its original boundaries. Ants gain access to the cavity by
gnawing an entrance hole. This is of particular interest because ease of
access is a fundamental characteristic of domatia and distinguishes them
from a host of other types of plant cavities that remain inaccessible until
breached by decay, herbivore damage, wounding, or fire. A section of
the wall of the domatium is invariably thinner or less lignified than the
rest, and soft enough to be tunneled by the ants. This accessibility may be
short lived, appearing only when the structure bearing the domatium is
young and unlignified. In Cecropia and Macaranga the points of access
are depressions, just above the stem nodes, left by the axillary buds. The
young tissues are sufficiently soft and compressed for the ants to chew
their way through. Frequently the response of the plant to the creation of
entrance holes is a lining of callus or sclerenchyma generated by the cam-
bium, and if this response persists the ants are forced to maintain the
holes periodically.

Perhaps the domatia best adapted to ant nesting may be defined, in
part, by the quality of the entrance hole. A superior hole, for example,
prohibits access by enemies but permits an internal circulation of air at
the optimal temperature and humidity. Janzen (1974a) suggests that the
holes on Acacia thorns do indeed accomplish this.



Plant protection by direct interaction 31

The quality of the protection afforded by ants inhabiting domatia and
related structures is enormously variable. The most complete protection
appears to accrue to the plant species that provides the greatest rewards.
Thus, Pseudomyrmex on Acacia that is provided with year-round hous-
ing, nectar, and food bodies is an extremely aggressive ant that, in at-
tacking invertebrate and vertebrate herbivores and competing plants, sets
the standard for ant protection. Other Pseudomyrmex species on Tri-
plaris and Tachigalia and Azteca species on Cecropia and Cordia appear
to provide similar protection. Pachysima (Tetraponera) on Barteria chews
invading vegetation and clears leaves of debris. Janzen (1972) identified
several behavioral traits that suggest that Pachysima is especially effec-
tive against large mammalian herbivores, especially forest antelope and
elephants. Most notably there is a "slow rain" of ants dropping off the
tree so that a large mammal in its vicinity will probably be stung before it
reaches the trunk. Second, the stinging behavior of the ants begins with a
search for a vulnerable spot and climaxes with a prolonged sting that, in
a human, produces deep-seated pain for one or two days. Third, Pachy-
sima workers exude a noxious odor that is not an alarm reaction but may
serve as a warning to large herbivores browsing at night. All of these
traits contrast to some degree with those of Pseudomyrmex, which attack
any foreign object as soon as it is encountered and quickly assemble a
mass of workers that sting repeatedly no matter how small the invaders.
Most insect herbivores on Acacia are quickly found and dispatched by
Pseudomyrmex, but Pachysima may take several hours to perform the
same service on Barteria.

About fifteen species of Acacia in East Africa bear swollen thorns.
However, some individuals in any given population do not have any,
which led Bequaert (1922) and Wheeler (1942) to postulate that the swell-
ings were galls formed by dipteran or hymenopteran larvae and that once
abandoned they made convenient nest sites for ants, especially of the
genus Crematogaster. Hocking (1970, 1975) concluded that the galls
were in fact ontogenetically determined and that the few individual trees
without them were usually quickly destroyed by insect or ungulate herbi-
vores. Hocking provided evidence that the ants residing in the galls af-
forded the plants some protection.

Thomas Belt (1874) was among the first to suspect the protective role
of ants associated with domatia and he described how, whenever he
touched the leaf pouches of various melastomaceous plants, "small black
ants would rush out and scour the leaf in search of the aggressor." And
yet protection by ants living in domatia is sometimes ineffective either
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because the herbivores have evolved defenses against them or because the
"correct" ants are not in residence. An example of the first case is the
Acacia-Pseudomyrmex interaction in which Janzen (1966) describes a
beetle (Pelidnota) with an integument impenetrable to ants, a moth
caterpillar (Coxina) that successfully fights back, and another moth larva
(Syssphinx) that the ants simply ignore. In addition, the ants provide
little protection for Acacia seed crops, most of which are destroyed by
bruchid beetles (Janzen 1974a). Wheeler (1942) reported that Azteca on
Cecropia did not deter sloths from consuming the foliage and that sev-
eral lepidopteran larvae ate the plant, one of which (Heliothis) occa-
sionally even resided with the ants in the domatia, at least while the colo-
nies were young. Various beetle larvae bored into the stems and leaves,
and one species of Coclomera was ignored by the ants although it caused
heavy damage to the leaves. Beetles even consume the terminal meristem
of new shoots (O. Taylor, personal communication). Bailey (1924) repro-
duced a photograph of a representative branch taken from a Cordia plant
inhabited by the ant Allomerus in which the leaves had been shredded by
the leaf-cutting ants (Atta). Perhaps the most extreme statement came
from Wheeler (1942), who studied Cordia alliodora, which has inter-
nodal stem domatia, from Mexico through Central America, to Peru and
Bolivia. He documented forty-four different ant species occupying do-
matia in this geographical area and yet declared, "No evidence was found
to indicate that any of the ants attacked any of the leaf-eating arthro-
pods." Needless to say, Wheeler was not a great believer in ant protection.

This quotation serves to emphasize a second reason why the protective
system may break down: Either the ant species that exhibit the most pro-
tective behavior are not present, or they are present but in insufficient
numbers to control the populations of herbivores and seed predators.
Bailey (1923) described how the petiolar domatia of Tachigalia paniculata
were generally occupied by beetles of the genera Coccidotrophus and
Eunausibius while the plant was in its juvenile stages. The beetles drove
away and even killed Azteca queens seeking domatia to start colonies.
Sooner or later a queen succeeded in becoming established and the first
generation began a war on the beetles, which invariably suffered defeat.
It is interesting that this species of Tachigalia does not bear extrafloral
nectaries or food bodies and that the protection appears to be of low
quality. Protection also seems to be of low quality in species where the
domatia themselves offer little protection to the ants, as in the case of leaf
pouches (Bequaert 1922). This point will be taken up again in Chapter 5
as defense may not be the principal plant benefit derived from some do-
matia inhabitants.
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As we have seen, variation in the degree of protection is evident even in
obligate ant-plant interactions. For example, A. melanocerus is occu-
pied by P. satanica, which is restricted to this plant species. It is particu-
larly aggressive, as its name suggests, and occupied plants tend to be kept
free of pests and vines. However, trees not colonized by this ant are colo-
nized by other species of Pseudomyrmex, Crematogaster, Azteca, Cam-
ponotus, and Par aeryptocerus, which perform very poorly in comparison
to P. satanica. If the Pseudomyrmex is removed from A. comigera, the
tree invariably becomes so badly defoliated and overgrown by the sur-
rounding vegetation that it dies within two years. A similar fate awaits
trees not naturally colonized by the correct ant species, and it should be
emphasized at this point that domatia can be occupied by a great variety
of ants. For example, Wheeler (1942) listed thirty ant species inhabiting
eight species of Cecropia (although many of them were only occasional),
twelve ant species living in one species of Triplaris, and nine ant species
in one species of Tachigalia. These data were augmented by similar lists
from other domatia-bearing plants and by many observations on the vari-
able effectiveness of different ant species with respect to plant protection.
For example, among the six species of Azteca commonly inhabiting Ce-
cropia, A. alfari was described as "the Cecropia ant par excellence." The
occupation of domatia by spiders, dipteran larvae, beetles, and a variety
of other nonmutualist invertebrates may eliminate protection by ants.

On reflection, the behavior of ants that results in the removal of vines,
the clearing of competing vegetation rooted under the canopy and foliage
overhanging it is remarkable. Acacia, Cecropia, Barteria, and other plant
species with high-quality domatia and food rewards all benefit from this
activity. Janzen (1969a, b) has called it "allelopathic" behavior since it
can suppress competing plants with the same effectiveness as some allelo-
pathic chemicals. Where this behavior originates is uncertain. Attacks on
invertebrates, especially insects, are likely to be routine hunting behavior.
Attacks on large vertebrates that cannot be food items can be interpreted
as an extension of hunting behavior or protection of nest sites. It is prob-
ably elicited by similar stimuli, especially chemical signals, which excite
the olfactory receptors of the ants. Attacks on plants might fit into this
scheme if the ants obtain food such as sap from the damaged tissues.
Otherwise their behavior may be nest cleaning similar to that exhibited
by Pogonomyrmex and some Formica, which cut or gnaw vegetation
encroaching on the nest.

It is of interest to note that even protection against encroaching vege-
tation may fluctuate in intensity. Keeler (1981b) showed that P. belti on
A. collinsii will forage on the extrafloral nectaries of Ipomoea carnea
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vines that touch the tree. She did not report the outcome of this "infidel-
ity" by the ants but suggested that it resulted from aging trees having in-
sufficient food rewards for young and vigorous ant colonies. Perhaps for
a while the vine augments the Acacia food supply and the nests continue
to protect the tree. Alternatively, this may be the first step in the disso-
lution of the ant-plant interaction.

Food bodies

The term food body includes a wide variety of small epidermal structures
that have been interpreted as adaptations to attract ant foragers. A diffi-
culty with this interpretation is that epidermal structures in higher plants
are so diverse in form and function that the subset to which food bodies
belong is neither discrete nor uniform. Consequently, other interpreta-
tions are both possible and plausible. This difficulty is compounded by
the fact that collection of food bodies by ants has been seen in relatively
few plant species, and their actual consumption by adults or larvae is a
still rarer observation.

Having said this, a few cases of food body production (Table 2) appear
to be associated with ant protection or myrmecotrophy (see Chapter 5).
The most complex food bodies are those of some of the same Central
American Acacia species that bear domatia and are formed by additional
meristematic growth at the tip of each rachis and pinnule of the com-
pound leaf. It is differentiated anatomically into several tissues including
a vascular bundle and a parenchymatous cortex of cells containing pro-
tein stored as tubules and lipids stored as droplets. Ants have been re-
peatedly observed harvesting these bodies and their larvae are known to
eat them (Janzen 1966; Rickson 1969, 1975). Most species of the neo-
tropical genus Cecropia produce food bodies that are avidly collected
and eaten by ants. It is remarkable that the principle storage product is
identical to animal glycogen, a molecule that is extremely rare in plants
(Rickson 1971, 1973, 1976).

The Beccarian bodies of Macaranga belong to a very large category of
structures called pearl bodies in which the predominant metabolite is
lipid. They are generally distinguished from other epidermal structures
such as trichomes and glands by a pearl-like luster, a small size (up to
3 mm), and the basal constriction, which makes them easily detached. In
addition, as O'Dowd (1982) has shown, they are often associated with
other ant attractants such as domatia and extrafloral nectaries. O'Dowd
(1980) made a close study of the pearl bodies of Ochroma pyramidale,
the balsa, a neotropical tree in the Bombacaceae. They are usually club-



Table 2. Food body-ant associations in five plant genera

Major ant associates

Type of food body

Principle nutrient
offered

Anatomy

Extrafloral nectaries
present?

Domatia present?

Plant provides
complete diet
for ants?

Do ants protect
plants?

Acacia sp.
(Leguminosae)

Pseudomyrmex

Beltian, tip of
pinnule and
rachis

Protein, lipid

Multicellular, tissues
differentiated

Yes

Yes

Yes

Yes

Cecropia sp.
(Moraceae)

Azteca

Miillerian, pro-
duced in large
numbers on tri-
chilium (a pad of
tissue at base of
petiole)

Glycogen, protein

Multicellular

No

Yes

Together with
coccid honeydew,
probably yes

Probably

Macaranga sp.
(Euphorbiaceae)

Crematogaster

Beccarian, on
stipules or
young leaves

Lipid, starch, some
protein

Multicellular

Yes

Yes

Together with
coccid honeydew,
probably yes

Probably

Ochroma
(Bombacaceae)

Solenopsis, Azteca

Pearl body, on
leaves and stems
of saplings

Lipid, perhaps
some starch and
protein

Multicellular

Yes

No

No

Probably

Piper sp.
(Piperaceae)

Pheidole

On petiole margins

Lipid, protein

Single celled

Yes

Yes?

No

Probably



36 Evolutionary ecology of ant-plant mutualisms

shaped, 0.5-3-mm long, and scattered on the leaf veins, petioles, and
stems in such numbers that first-year seedlings bear a mean of 3157 ±974
bodies. They average 74% (dry weight) lipid, in energetic terms about
0.2% of the energy devoted to leaf tissues. In assays of ant response to
pearl bodies workers of Iridomyrmex, Rhytidoponera, and Chelaner col-
lected pearl bodies and returned them to their nests. Although pearl
bodies are reported to occur in fifty genera scattered in nineteen families,
collection by ants has been observed in only six cases. Much work needs
to be done on them, especially their role, if any, in ant-guard systems.

Risch and Rickson (1981) showed that the unicellular food bodies of
Piper cenocladum are induced by the presence of the ant Pheidole bi-
cornis. The curled margins of the leaf petiole produce a nest site that,
when occupied by ants, produces about 1500 food cells, but when empty
manages only about 50. Because the Pheidole remove small herbivores
and invading vines the interaction is clearly mutualistic. Rewards, espe-
cially in the form of food, are commonplace in mutualistic interactions
and are frequently vulnerable to theft by nonmutualists. The Piper-Phei-
dole case is the first in which the theft of rewards is minimized by their
production only when both mutualists are present.

When food bodies occur in association either with domatia or extra-
floral nectaries, or both, ant protection appears to be relatively effective.
Most of the plants in Table 1 are more frequent in secondary growth,
light gaps, creek banks, tree falls, landslides, human clearances, and the
like, where both herbivore activity and competition from neighboring
vegetation are especially fierce. Yet most of the studies of food-body-
bearing species discussed earlier produce evidence that their presence in-
duces sufficient ant protection to keep herbivore damage low and invad-
ing vines and other plant competitors at bay. Being relatively free of such
burdens these species may rapidly overgrow their neighbors so that they
are unshaded. Downhower (1975), for example, showed that ant guards
of Cecropia are most abundant on leaves in the upper parts of the tree.
Thus, young leaves are kept especially free of herbivores and encroach-
ing plants. Downhower believed that this contributed significantly to the
rate of vertical growth and hence to the success of the tree in maintaining
its canopy in full sun, above its competitors.

One factor contributing to the effectiveness of food bodies is that when
they are present with other ant attractants the ants may receive a more
nutritionally complete diet from the host plant. A high quality of ant
protection is correlated with this. Carbohydrates are often supplied by
extrafloral nectaries or by homopteran honeydew, and the food bodies
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usually contain significant quantities of proteins and/or lipids. The lipids
are probably a second major factor rendering the food bodies so potent
in attracting and maintaining ant guards. Lipids play many essential roles
in insect metabolism, behavior, and reproduction as attractants, arrest-
ants, pheromones, and oviposition cues (Dethier 1947; Gilbert 1967).
Others, notably sterols, are structural components of insect membranes
and precursors of juvenile hormones and ecdysones (Chippendale 1972).
Consequently, lipids are much sought after by insects, especially when
they are dietary requirements (Dadd 1973). Several plant-feeding insect
species are known to convert plant sterol into cholesterol, which is then
metabolized into compounds indispensable to normal growth and repro-
duction. When placed in this context it comes as no surprise that ants
eagerly gather lipid-containing food bodies. Certainly lipids are potent
ant attractants and this will be discussed at length in Chapter 8. One indi-
cation of the importance of food bodies is the observation by Janzen
(1965) that P. fulvescens, which is an obligate mutualist with A. corni-
gera, does not lay eggs in the absence of food bodies.

Extrafloral nectaries

The term extrafloral in fact refers to nectaries that are uninvolved in
the pollination mechanism and is a misnomer since they can occur on
the flower. A good rule of thumb is that nectaries occurring within the
perianth are most likely to be pollinator attractants, whereas those out-
side the perianth, including its abaxial surfaces, are usually not (Baker,
Opler, & Baker 1978). Extrafloral nectaries have been reviewed by Bent-
ley (1977a) and Elias (1983) and are commonly found on leaves, stems,
petioles, stipules, and the stalks and bracts of inflorescences or flowers;
they are less commonly found on the abaxial surfaces of sepals and
petals.

Extrafloral nectaries are very much more abundant than food bodies,
being found in at least sixty-eight families (Elias 1983). They vary greatly
in anatomy and morphology. The simplest are small groups of cells that
appear indistinguishable from their neighbors except that they secrete
nectar. Macroscopically they are often revealed only by the presence of
nectar droplets or a cluster of ants feeding at a particular spot. On the
other hand, complex extrafloral nectaries are cavities opening to the ex-
terior by a slot or pore, and filled with glandular trichomes. At this level
of organization the nectary may be vascularized by xylem and phloem
and large enough to be conspicuous to the naked eye (Figure 4).
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Figure 4. Extrafloral nectaries on the young phyllodes of a new shoot of
Acacia pycnantha. Note the large size of the nectary on the youngest
phyllode at the top. The insects shown represent a common situation in
nature with the nectaries being visited by an ant {Myrmecia sp.) and an
ichneumonid wasp, while a small beetle continues to feed.

The adaptive significance of extrafloral nectaries has been a bone of
contention for decades. On one hand it has been argued that they are ex-
cretory sites where, for physiological reasons, fluids exude at the surface.
Frey-Wyssling (1955), for example, envisaged the nectary as a site where
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unwanted components of phloem strands were eliminated. On the other
hand, a huge variety of animals have been observed feeding on extra-
floral nectar, and it has been hypothesized that some of them protect the
plant from harmful forms of herbivory and seed predation. Ants com-
monly feed at extrafloral nectaries, treating them as integral parts of their
territories, and behaving aggressively toward other visitors including her-
bivores (Bentley 1977a). Supporters of the physiological view ("exploita-
tionists") claim that the plants do not benefit from the attraction of feed-
ing animals to the nectaries, but that this form of herbivory is benign as
only waste exudates are imbibed. By contrast, "protectionists" claim that
the benefits that accrue to the plant secreting extrafloral nectar are of
adaptive significance in reducing herbivore and predator damage. Plant
fitness is increased by selection for traits that favor ant visitation to extra-
floral nectaries.

Some extrafloral nectaries may well have started as epidermal sites that
were physiologically superactive. The simpler ones may be little more
than this. Others may have evolved following the expression of muta-
tions subject to selection that gave rise to sites of exudation or secretion.
Because the fluid balance of plants is critical to several fundamental
physiological processes, a "leak" of this nature would at first appear to
be a serious disadvantage. However, ants may have been sufficiently
ubiquitous and abundant to counter such deleterious effects and act as a
very powerful selection pressure.

For many years the rivalry between the hypotheses went unresolved
largely because there was little evidence to provide a link between ants
feeding at the extrafloral nectaries and ants actually reducing herbivory
and predation. Indeed, several authors lamented that they never actually
saw ants visit extrafloral nectaries or witnessed ants attacking herbivores.
However, as long ago as 1889 von Wettstein had shown that the flower-
ing heads of two species in the Compositae that bear extrafloral nectaries,
Jurinea moll is and Serratula lycopifolia, were tended by ants. His exclu-
sion experiments showed that the presence of ants reduced the damage to
seeds caused by beetles and hemipteran bugs. In recent years several
studies have greatly expanded von Wettstein's early evidence for the pro-
tectionist hypothesis, some of which are summarized in Table 3. The
plants in Table 3 include a temperate vine (Ipomoea), a high-altitude her-
baceous perennial (Helianthella), a tropical shrub (Costus), and warm-
temperate trees (Catalpa and Acacia). Additional data can be found in
Bentley (1977b), Tilman (1978), Pickett and Clark (1979), and O'Dowd
(1979). Many studies have shown that the secretion of extrafloral nectar
is greatest during periods of rapid vegetative growth such as the expansion



Table 3. Some effects of ants on plants bearing extrafloral nectaries

Type of damage to plant

Destruction of stigmas by
grasshoppers

Seed destruction by bruchid beetles

Mean number of seeds per plant

Number of sitings of parasitic flies
on inflorescences (wet season)

Mean number of seeds per
inflorescence (wet season)

Mean number of insect predators
per capitulum

Percent seed predation

Number of mature fruits per branch

Average number of psyllid nymphs
per shoot

Shoot tips destroyed by psyllid
nymphs

Plant species

Ipomoea leptophylla

Ipomoea leptophylla

Ipomoea leptophylla

Costus woodsonii

Costus woodsonii

Helianthella
quinquenervis

Helianthella
quinquenervis

Catalpa speciosa

Acacia pycnantha

Acacia pycnantha

Plants without ants

74% (A? = 138)

34% (A? = 149)

45.2 (/? = 271)

872

183

7.6

43.5

0.85 ±0.81

351 (/f = 69)

34% (A? = 67)

Plants with ants

48% (A? = 380)

24% (/7 = 35O9)

403.2 (A? = 2419)

128

612

2.9

27.6

l. l l±0.81*

145 (A? = 72)

7% (A? = 69)

Source

Keeler (1980)

Keeler (1980)

Keeler (1980)

Schemske(1980)

Schemske (1980)

Inouye & Taylor (1979)

Inouye & Taylor, 1979

Stephenson (1982b)

O'Dowd (pers. comm.)

O'Dowd (pers. comm.)

* P = 0.025. All others are significantly different at P = 0.001.
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of leaves and that the presence of ants is highly correlated with these
peaks of nectar flow (e.g., O'Dowd 1979; Pickett & Clark 1979). This has
suggested that ants reduce the losses of new shoots to herbivores and that
a major benefit to the plant is continued vegetative expansion, especially
vertically, so that a competitive advantage over neighbors is maintained.

Other benefits may also result from the reduction in losses of metabo-
lites to herbivores and from concomitant gains in metabolites allocated
to reproduction. Several authors have suggested that reduced seed set in
the absence of ants may result in part from increased herbivory of leaves,
rather than direct predation of seeds. Stephenson (1982b) found signifi-
cantly fewer fruits maturing on unpatrolled branches of Catalpa trees
and showed that mean leaf area on branches with ants was 817.3 ±294.5
cm2 compared to 563.9 ±212.9 cm2 on branches without ants - a statistic-
ally significant difference. O'Dowd (1979) showed that leaf damage in
Ochroma saplings was 0.1%-5.45% of total leaf area when ants were
present and 0.1%-23.07% when they were absent. This was also a signifi-
cant difference although seed set could not be measured on trees this
young.

The direct protection of flowers and fruits by ants attracted to extra-
floral nectaries associated with these structures has also been reported
(see Figure 5; Inouye & Taylor 1979). Keeler (1977) attributed reduced
levels in the theft of floral nectar in Ipomoea carnea to the activities
of ants visiting extrafloral nectaries on the flower stalks. Von Wettstein
(1889) and Kerner and Oliver (1894) reported that ants protected the ca-
pitula of several genera in the Compositae with nectaries on the involu-
cral bracts, spraying intruders with streams of formic acid. Heads of Cir-
sium discolor produce a very sticky secretion that traps harmful insects,
and Willson, Anderson, and Thomas (1983) have produced some evidence
that seed set can be enhanced through this phenomenon alone. Mentzelia
nuda postfloral nectar is secreted at the top of the ovary for about ten
days after the completion of anthesis. Ants visit the developing fruit (a
capsule) during this period and their activities increase seed set signifi-
cantly (Keeler 1981a).

Some authors have actually observed ants taking herbivores or seed
predators. Stephenson (1982b), for example, observed 3858 ants descend-
ing the trunks of Catalpa, a tree with extrafloral nectaries, on the return
journey to their nests. Twenty-nine of them carried an egg or larva of the
principle herbivore, the sphinx moth Ceratomia catalpae. Tilman (1978)
observed ants attacking and removing tent caterpillars on cherry trees.
This predatory behavior was confined to the period, shortly after bud-



42 Evolutionary ecology of ant-plant mutualisms

80-

60-

0

CD

i 4°
<D
Q)

C/)

20

2 3 4 5

Mean number of ants / flower stalk

Figure 5. Relationship between the mean number of ants observed per
flower stalk of Helianthella quinquenervis during the day and the degree
of seed damage by dipteran and lepidopteran predators. The open circles
(b) represent terminal flowers (r= -0.923; P = 0.01); the closed circles
(a) represent axillary and terminal flowers together (r= —0.976; P =
0.01). Ants appear to be very effective at deterring seed predators. (From
Inouye and Taylor 1979.)

break, when the availability of extrafloral nectar was at its peak. He also
noticed that when ants attacked beetles, the victims would simply let go
and fall to the ground. Bentley (1977a) pointed out that damage to plants
would be reduced not only when ants carried herbivores back to the nest,
but also when they dislodged them from their feeding positions. This in-
cludes many kinds of small herbivores that can eat vast amounts if left
undisturbed but that may perish once dislodged, either because they can-
not find their way back to the food, or because they are picked up by
cursorial predators, including other ant species.

Aside from the foregoing examples, relatively little is known about
precisely which plant enemies ants actually deter. The standard for ant
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protection has been Pseudomyrmex, the highly visible, aggressive, and
numerous guard of Acacia that is capable of deterring enemies as diverse
as vines, lepidopteran larvae, cattle, and field ecologists. Several inverte-
brate enemies have in fact breached this system, and even ant-guarded
Acacia trees suffer herbivore damage and great losses of seeds. Clearly
protection does not necessarily involve easily observable, nasty ants whose
multiple stings linger vividly in the memory of the observer. Protec-
tion may more usually result from diffuse or even cryptic ant behaviors.
Examples of diffuse behaviors include the general patrolling of plants,
which results in the occasional capture of prey items, dislodging herbi-
vores such as beetles, which fall to the ground, or frightening ovipositing
lepidopterans and dipterans, which are forced to fly away. Observations
of Myrmecia pilosula, an Australian bull ant that leaps at its prey, re-
vealed its ability to inhibit an unknown dipteran's oviposition on Acacia
by running energetically after the fly and jumping at it whenever it at-
tempted to land. More cryptic behavior has been investigated by Letour-
neau (1983), who placed termite eggs on the leaves of species of Piper
that provide domatia for the ant Pheidole. Although termites do not eat
living plant tissue, their eggs are similar in size and shape to those of
many herbivores. In a series of experiments the ants located and removed
approximately 75% of all eggs, always within an hour. Curiously, few
were eaten, the majority simply being dropped to the ground. This study
highlighted the probability that the removal of insect eggs or early larval
stages, which involves unspectacular or cryptic behavior, is as crucial to
plant defense as a mass attack on a passing vertebrate herbivore.

Bentley (1977a) presented a series of ant characteristics that would con-
tribute to effective protection of plants bearing extrafloral nectaries: (1)
aggressive predatory behavior whereby any other animal is investigated
and/or attacked; (2) twenty-four-hour activity as much herbivory occurs
at night; (3) ability to nest in plant cavities as the predatory behavior
would be reinforced by territorial defense; and (4) large numbers of for-
agers. In turn, the plant should provide a reliable flow of nutritious nec-
tar, particularly during periods when its organs are most vulnerable, and
in the immediate vicinity of those organs.

Extrafloral nectaries generally attract a variety of ant species as can
be seen in Table 4 and Figure 6. Little specialization on the part of either
the ants or the plants is evident from the data, although a single ant spe-
cies may predominate in a particular habitat or on an individual plant
(O'Dowd 1979). Schemske (1982) has shown that among species of Costus
in Panama the array of ants on extrafloral nectaries varied according to



Figure 6. Two ants feeding at an extrafloral nectary on a phyllode of Acacia. The large ant is Myrmecia pilo-
sula and the small ant is a species of Ihdomyrmex. The outcome of encounters between these two ants is not
easy to predict as sometimes the larger will drive away the smaller, but on other occasions a Myrmecia will re-
treat from an Ihdomyrmex.
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Table 4. Ant assemblages at plants with extrafloral nectar

Plant

Helianthella
quinquenervis

Ipomoea pandurata

Pteridium
aquilinwn

Mentzelia nuda

Costus woodsonii

C. pulverulentus

C. scaber

C. allenii

C. laevis

I. carnea

Calathea
ovandensis

Bixa orellana

Aphelandra
deppeana

Ferocactus gracilis

Acacia pycnantha

Helichrysum
viscosum

Ants

No.
genera

3

7

7

4

4

9

9

11

12

6

9

8

ND

10

13

9

No.
species

5

10

8

5

7

12

13

17

24

10

16

12

8

11

24

13

Locality

Colorado

N. Carolina

New Jersey

Nebraska

Panama

Panama

Panama

Panama

Panama

Costa Rica

Mexico

Costa Rica

Costa Rica

Mexico

S. Australia

S. Australia

Source

Inouye & Taylor
(1979)

Beckman & Stucky
(1981)

Tempel (pers.
comm.)

Keeler (1981a)

Schemske (1980a)

Schemske (1982)

Schemske (1982)

Schemske (1982)

Schemske (1982)

Keeler (1977)

Horvitz (pers.
comm.)

Bentley (1977a)

Deuth (1977)

Blom & Clark
(1980)

O'Dowd (pers.
comm.)

O'Dowd &
Catchpole (1983)

Source: Adapted from Schemske (1983).

plant species and according to the height of the inflorescence above the
ground. The latter effect was due to the addition of arboreal ant species
in the taller plants. The behavior of different species of ant visitors varies
greatly as Horvitz and Schemske (1984) have shown (Table 5). This study
has clearly demonstrated the consequence that ant species differ in their
effectiveness as protectors against herbivores and seed predators.



Table 5. Quality of defense by particular ant species

Ant species

Wasmannia auropunctata (Roger)
Crematogaster sumichrasti Mayr
Solenopsis geminata (Fabr.)
Brachymyrmex musculus Forel
Monads bispinosus (Oliv.)
Paratrechina spp.
Pachycondyla unidentata Mayr
Pheidole gouldi Forel

Body size
(mm)

1.0
3.5
3.5
1.5
5.0
2.0
7.0
4.0

Number of
inflorescences

35
21
14

127
11
15
17
16

Seed production/inflorescence*

Mean**

28.0A
19.2AB
16.0BC
15.8BC
15.5BC
15.1BC
12.1BC
10.2C

SD

18.69
8.33
9.24

12.98
12.96
10.31
10.21
9.43

Ant activity/
inflorescence
(mean)***

0.67
0.65
0.70
0.66
0.51
0.58
0.43
0.57

* Untransformed means and SD are reported, but significance testing was performed on transformed data.
** Means followed by the same letter are not significantly different (P<0.05, Tukey's Test).

*** Ant activity is defined as the proportion of census dates for which ants were observed on a given inflorescence.
Source: Horvitz and Schemski (1984).
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Several studies of extrafloral nectaries have differed from most of those
cited so far in that the authors have found (1) evidence of protection in
some habitats but not others (Barton 1983); (2) equivocal evidence of ant
protection (Longino 1983); and (3) no evidence at all of protection (Boeck-
len 1983; O'Dowd & Catchpole 1983; Tempel 1983). In two Australian
Helichrysum species that bear extrafloral nectaries on the floral capitula,
the exclusion of ants led to an increase in the number of other insects
visiting the flowers and the fruits. However, it did not lead to an increase
in the number of adult or immature seed predators on or in the capitula,
and no significant differences in seed set were found between ant-excluded
and control capitula (O'Dowd & Catchpole 1983). Studies such as these
that do not support the protectionist hypothesis need not send us scurry-
ing back to the exploitationists' fold. Variation in the function and effects
of interactions such as these is to be expected, and an examination of
their dynamics is likely to be as fruitful in discovering the role of extra-
floral nectaries in plant protection as searching for alternative hypotheses
(see Chapter 9). However, in reviewing the literature it has been clear that
some claims for ant protection have been made on excessively slender
evidence. Careful experimental design is necessary for the demonstration
of ant protection that results in an increase in some component of plant
fitness. Also there is evidence for other functions for extrafloral nec-
taries, as the remainder of this section shows.

Extrafloral nectaries may be the basis for another form of plant pro-
tection whose importance probably has been greatly underestimated. In
addition to ants, many of the organisms that feed on extrafloral nectar
are predators or parasites of herbivores. More than a century ago Trelease
(1879) proposed that by attracting predators and parasites to extrafloral
nectaries, plants might reduce levels of herbivory and seed predation. It
is not clear which group predominates among these visitors since few sys-
tematic studies have been done, but wasps, including both predators and
parasites of herbivores, are clearly of major importance. Larval nutrition
in the majority of wasps is carnivorous. The larvae of predatory wasps
are fed freshly killed and malaxated prey. In the huge group of parasitoid
wasps, larvae generally emerge from an egg laid on a host that they gradu-
ally consume. Most adult predatory or parasitoid wasps feed on floral or
extrafloral nectar, and the plants to which they are attracted are often their
principal hunting grounds (Evans & Eberhard 1970; Spradbery 1973).

Wasps are abundant and diverse and their attraction to extrafloral nec-
taries may constitute a danger to herbivores as great as ants, to which they
are closely related. The problem of observing an ant actually disturbing
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or killing a herbivore, discussed earlier, is often compounded when ob-
serving predatory or parasitic wasps by their fast, agile flight, small size,
or cryptic habits. However, some data support the idea that wasp guards
are important in reducing herbivory. In his study of extrafloral nectaries
of Catalpa speciosa, Stephenson (1982b) noticed the pupae of the para-
sitoid wasp Apanteles congregatus "on the exteriors of hundreds of Ca-
talpa sphinx moth larvae." Bequaert (1922) listed various wasps as visi-
tors to extrafloral nectar, and Hetschko (1908) listed three species of
predatory vespid wasps, ten species of parasitic ichneumonids, and two
coccinellid beetle species visiting the extrafloral nectaries of a single plant
species, Vicia sativa, in central Europe. Another legume, Calpurnia in-
trusa, attracts a great variety of wasps in South Africa including seven-
teen species of Mutillidae, and Jacot-Guillarmod (1951) especially noted
various ichneumonids, evaniids, and braconids attracted to the foliage
and combing the leaves and stems for victims. In extensive studies of
neotropical rain-forest butterflies, Gilbert (1975, 1980) and Gilbert and
Smiley (1978) have emphasized the combined impact of ants and para-
sitoid wasps, which, having been attracted to extrafloral nectaries on the
larval food plants of the butterfly Heliconius, significantly reduce the
numbers of caterpillars.

Putman (1963), observing the extrafloral nectaries on peach trees, re-
corded that they were attractive to several species of parasitoid wasps.
These observations were made in an orchard and wasps have been inves-
tigated, and utilized, for the biological control of crop herbivores and seed
predators for a very long time (Sweetman 1958; Swan 1964). Several
thousand parasitoid wasp species have been described and many more
await discovery. The array of those potentially available for biological
control is staggering (Huffaker 1971). In the protection of both wild and
domesticated plants the specialization of many genera and even subfami-
lies plays an important role. For example, various genera of the Braconi-
dae and Ichneumonidae specialize on foliage or wood borers such as moth
larvae, beetle larvae, or sawfly larvae. Other genera in the Chalcidae and
Encyrtidae specialize on particular groups of Homoptera. It is probable
that all invertebrate herbivores are subject to attack by one kind of wasp
or another (Borror et al. 1976).

The role of wasps, especially the Vespidae, as predators of herbivores
is well established. Many other kinds of predators may also be involved
and although this discussion is straying from the central theme of protec-
tion by ants, the research into the effects of extrafloral nectaries in cotton
is worth mentioning. These glands attract a variety of insects, including
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the ants that attack major predators such as the boll weevil (Bentley
1983). Yokoyama (1978) also showed that predaceous anthocorids and
lygaeids feed on both extrafloral nectar and phytophagous thrips. The
bugs do not control the thrips but apparently eat them in large numbers.
The role of other predators in extrafloral nectary defense systems is largely
unknown.

The problems of demonstrating wasp-guard extrafloral nectary sys-
tems in the field are great. Individual predatory events are often ex-
tremely difficult to witness, or to predict. The cues utilized by parasitoid
wasps to locate their prey are often extremely subtle. For example, some
braconids home in on compounds volatizing from the leaves of the food
plants upon which their prey is feeding, whereas others respond to com-
pounds emanating from the dung of the victim (Vinson 1976). Exclusion
experiments that demonstrate the effects of ant guards are difficult to de-
vise when flying insects of varying sizes and seeking such subtle visual or
olfactory cues are involved. This is undoubtedly why this aspect of extra-
floral nectary ecology has been neglected to date. There are additional
complicating factors. First, many other types of predators are attracted
to extrafloral nectaries that might constitute a significant part of plant
defense. For example, Putman (1963) and Stephenson (1982b) observed
coccinellid beetles visiting the nectaries and then feeding on homopter-
ans. Second, both extrafloral and floral nectar may be involved in defense
against herbivores. Many parasitoid and predatory wasps feed at flowers
but are unlikely to carry out pollination (Muller 1883; Knuth 1906-9;
Proctor & Yeo 1973). Their visits may be adaptive, nevertheless, in en-
couraging them to hunt in the vicinity of the nectar source. Visitors that
take floral rewards but do not pollinate are widely regarded as "thieves,"
but in cases such as these the plant may benefit from a reduction in herbi-
vory. Third, the reverse may be true; that is, extrafloral nectaries are part
of the pollination system. Nectar-seeking pollinators may be initially at-
tracted to them but then move on to the flower.

An example of extrafloral nectar serving as a pollinator attractant is
Acacia terminal is. Floral nectaries are absent but large extrafloral nec-
taries (2 mm-12 mm in length) are present on the petiole of each leaf and
secrete large quantities of nectar during flowering. The extrafloral nec-
taries attract ants, bees, many other kinds of insects including parasitoid
wasps, and several kinds of birds. Knox et al. (in press) have shown that
the nectar is rich in hexoses and contains as many as eighteen amino acids.
This mix of sugars and amino acids is generally considered to be particu-
larly attractive to birds (Baker & Baker 1975). The nectaries themselves
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are frequently a red or red brown - colors attractive to birds (Faegri &
van der Pijl 1966). When birds such as the grey-breasted silvereyes (Zos-
terops lateralis) and the eastern spinebill (Acanthorhynchus tenuirostris)
feed on the nectar, their heads and shoulders are dusted with pollen from
the globular inflorescences strategically positioned close to the nectary.

In summary, extrafloral nectaries may play various roles according to
the species and location of the plants that produce them. They may form
the basis of a relatively simple ant-guard system in some situations, or
the core of a complex ant-guard, wasp-guard, pollinator-attractant sys-
tem in others. Much work remains to be done in this field.

A closer look at ant guards and extrafloral nectaries

Given the wide range of plant growth forms that bear extrafloral nec-
taries, and the variety of habitats in which they occur, it seems likely that
the particular properties of ant protection are of selective advantage to
certain plant structures and tissues, rather than particular species in par-
ticular habitats. Thus, all plant species must expand new meristems and
leaves at intervals that vary according to life history, intensity of compe-
tition, seasonality, and so on. These tissues are generally the most vulner-
able to enemies, being soft and chewable, highly palatable, generally rich
in the limiting nutrient nitrogen, and sometimes low in toxins (Orians &
Janzen 1974; Rosenthal & Janzen 1979; Mattson 1980). However, their
maturation leads to important changes defensively. As meristems and
leaves cease to expand they become tougher, more fibrous, or lignified,
and they may acquire prickles or secondary toxic compounds (Feeny
1976). Therefore, during periods of growth a potentially large number of
maturing structures are exposed to short periods of acute vulnerability.
This situation may be exacerbated by growing in disturbed habitats
where the rapid and continuous production of new shoots is at a pre-
mium to outcompete vigorous, neighboring secondary growth.

Bentley (1977a) suggested that many species that produced extrafloral
nectar are plants of disturbed habitats and secondary growth. This seems
to be true of some of the ant-guarded trees, for example, Acacia (in
Central America and Australia), Cecropia, Triplaris, Macaranga, and
Ochroma (Spruce 1908; Holttum 1954a, b; Willis 1966; Janzen 1974b)
and various shrubby and herbaceous species. However, the same review
by Bentley lists many species that are not characteristic of these envi-
ronments and that occupy more stable habitats either in the tropics or
the temperate regions. Therefore, the claim that ant-guard systems are
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characteristic of early successional, fast-growing, often weedy species of
ephemeral habitats is only partially true. In fact, any growth form, from
annual to herbaceous perennial or climax forest tree, faces the same basic
problem of shoot production at some time or another. Furthermore, some
types of defenses are inappropriate for expanding leaves and meristems;
for example, they cannot become lignified or they would cease to expand.
Toxic secondary compounds, which would appear to be an appropriate
defense for these tissues, vary widely in concentration according to spe-
cies (Feeny 1976; Coley 1983), although high concentrations of defenses
such as simple and condensed phenols have been found in the young
leaves of a variety of tropical trees (Milton 1979; Oates, Waterman, &
Choo 1980; Coley 1983). Even when toxins are present in young structures
the question remains as to the particular selective advantage of extrafloral
nectaries.

The answer appears to be found in the characteristics of both the de-
fended tissues and the properties of ant defense. Expanding shoots are
not only vulnerable, but they are also particularly nutritious. Coley's
(1983) analysis of the young leaves of tropical trees has shown that they
are higher in nitrogen and protein than older leaves. This seems to be
fairly general (Mattson 1980), and hence young shoots are the focus of
attack for a great variety of herbivores, both invertebrate and vertebrate
(e.g., Milton 1979; McClure 1980). The combination of high vulnera-
bility and high nutritive content of young shoots is a crucial weakness in
the vegetative demography of plant populations. Thus, it is reasonable to
suppose that selection may result in the evolution of a variety of defense
mechanisms, one of which is geared specifically to young growing shoots.

The importance of ant protection of young shoots and leaves may be
related to the disadvantages of other kinds of defenses. To begin with,
expanding organs cannot be "ossified" by the addition of fiber, cellulose,
or lignin - common defensive compounds that render tissues too tough or
unpalatable to eat. Second, the defensive strategy of unpredictability, or
escape in time and space, can be relatively ineffective, at least for young
plant parts (Coley 1980). This is probably because large numbers of vul-
nerable parts appear all at the same time, thus offering a bonanza to her-
bivores even if the plant is somewhat isolated. In other words, new
growth can be both predictable and apparent (Feeny 1976). Third, there
seem to be severe limits on the type and concentration of chemical de-
fenses that can be sequestered in young shoots and leaves (Coley 1983,
and references therein). These limits may result from the energetic expense
and adverse physiological consequences of loading them with repellent
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toxins. Such "costs" as these are poorly understood. However, the ener-
getic and metabolic costs of ant defense may be low; O'Dowd (1979), for
example, showed that extrafloral nectar production in Ochroma was
only 1% of the energy invested in leaves. Also, there may be further "sav-
ings" as the nectaries themselves are often anatomically and morpholog-
ically simple, requiring little differentiation or additional structure in
order to function. Coupled with this is the intimate association of many
kinds of extrafloral nectaries with vascular tissue. Nectar production does
not involve the synthesis of secondary metabolites and so proximity to
vascular strands containing primary metabolites under pressure may ren-
der its secretion relatively cheap. On the other hand, some evidence sug-
gests that ant defense may be too expensive, too inefficient, or both to
maintain over the long term. Studies have repeatedly shown that extra-
floral nectar production is limited to periods of shoot and leaf expansion.
As soon as expansion has ceased and the organs reach mature size, other
more permanent defenses such as lignification or digestibility-reducing
substances take over. Janzen (1973a) suggested that food-body produc-
tion is expensive in Cecropia as it is lost when herbivore pressure is re-
duced (Chapter 9).

Ant defense has some particular strengths and weaknesses relative to
other kinds. Chemical defenses are generally most effective against either
specialists or generalists, not both, and their success may be limited to a
particular group of enemies (Rhoades & Cates 1976). Ants, on the other
hand, attack without regard to the chemical susceptibilities of their ene-
mies. Specialists who have breached ant defenses do occur, but a chemi-
cal specialist remains a prey item to an ant and is likely to be removed re-
gardless. In this context, the attraction of a variety of ants to extrafloral
nectaries appears to be of great advantage. It has been shown in this
chapter that this is generally true and that "assemblages" (Schemske
1982) are the norm. Obsevations of assemblages on Australian acacia
bushes showed they may consist of only a few ant species, but the service
they provide may be fairly comprehensive: A tiny but very numerous spe-
cies of Iridomyrmex combs even the smallest cavities for prey, removing
eggs and early instar larvae. A species of Camponotus or Polyrhachis
patrols the bush for larger prey, while a handful of very large bull ants
(Myrmecia) move nimbly from branch to branch taking large insects and
threatening vertebrate intruders. Curiously, this mix of ant species rarely
led to antagonism; a Myrmecia readily yielded extrafloral nectaries to
Iridomyrmex, possibly because the latter exudes chemical repellents.
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Since an array of ants hunts an array of prey, selection for a variety of
ants offering protection may be expected.

Extrafloral nectaries also attract many other insects, especially other
Hymenoptera such as parasitoid and predatory wasps. As some of these
may constitute a form of plant protection, it seems likely that selection
should favor freely available nectar, which contains a variety of rewards.
In contrast to ants, wasps have the disadvantage of foraging only during
the day. Although the species composition of ant assemblages on plants
may change through the twenty-four-hour period, predator ants are pres-
ent both day and night. In fact, the foraging of ants on plants at night is
so routine that extrafloral nectaries may be an important mechanism to
attract ants into the vegetation during the day when they are vulnerable
to predation and dessication. Be this as it may, the importance of noc-
turnal defense by ants cannot be exaggerated as much herbivory and seed
predation takes place under the cover of darkness. This alone suggests
that extrafloral nectar is primarily a general ant reward, capable of main-
taining foragers on the plant around the clock.
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Homopterans

Ants are notorious for the habit of maintaining colonies of homopterans
on plants (Figure 7). The principal families involved are the Membraci-
dae or treehoppers, the Cicadellidae (Jassidae) or leafhoppers, the Psyl-
lidae or "lerps," the Fulgoridae or planthoppers, the Aphididae or plant
lice, the Coccidae or soft scales, and the Pseudococcidae or mealybugs.
Together they represent thousands of different interactions with ants, the
majority still undescribed and unstudied. Interactions between homop-
terans and ants have been reviewed by Way (1963) and many are funda-
mentally mutualistic. The Homoptera secrete honeydew on which the
ants feed. In return, the ants provide a number of vital services to the
homopterans.

Homopterans take sap directly from the phloem through the slender
mouthparts. Phloem contents are under several atmospheres of hydro-
static pressure and little effort is required for ingestion. However, the
animals are capable of regulating their intake (Kennedy & Fosbrooke
1972). Changes in the chemical constitution of the sap occur during its
passage through the homopteran gut so that when it becomes available to
ants as honeydew it contains a variety of sugars, organic acids, alcohols,
plant hormones, salts, vitamins, amino acids, and amides (Brian 1977).
The main nitrogenous components of honeydew are amino acids, but
these fluctuate widely according to the condition of the host plant (Mittler
1958; Llewellyn, Rashid, & Leckstein, 1974). However, a low nitrogen
content in the sap stimulates the homopterans to increase the rate of feed-
ing. The presence of ants elevates feeding rates so that they, in turn, may
receive a volume sufficient for their own nitrogen demand (Way 1963;
Kennedy & Fosbrooke 1972).

Homopterans mutualistically associated with ants produce a drop of
honeydew at the anus when palpated by an attending worker. The ant
then imbibes the drop in a process called trophobiosis. Some aphids pos-
sess a ring of setae around the anus that hold the drop in place while the

54
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Figure 7. Two ants of the genus Polyrachis tending a cicadellid homop-
teran on a twig of Eucalyptus. The ants have been stroking the leaf-
hopper with their antennae and the lower one is turning toward the anus
anticipating a drop of honeydew.

ant feeds. In the absence of ants the honeydew is ejected from the anus in
various ways. When the homopterans are at low densities the honeydew
is merely scattered around adjacent stems and leaves, forming a sticky,
sugary deposit. Fungi that develop on this substrate can reduce photo-
synthetic activity in leaves and may even stimulate abscission. However,
this rarely appears to be a major problem for the plant (Banks 1962; Bor-
ror, Delong, & Triplehorn 1976). On the other hand, if the homopterans
reach high densities in the absence of ants the slow rain of honeydew and
its accumulation on their bodies result in potentially harmful fungal in-
fections (Strickland 1947, 1951; Way 1954). Consequently, in some situa-
tions and for some homopteran species, the ants perform an important
service in maintaining the hygiene of the homopteran colony (Beyer 1924;
Majer 1982).

Most authors agree that the main service ants provide for homopterans
is protection, both from enemies and the weather. Ants drive away or kill
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predators especially larval coccinellid beetles and syrphid flies, which can
drastically reduce the numbers in unattended colonies (Banks 1962; Way
1963; Burns & Donley 1969; Bristow 1982). Also homopterans are hosts
to a myriad of parasitoid wasps, but ants can reduce their activities dra-
matically, often by preventing gravid females from landing and oviposit-
ing on the victim (Bartlett 1961). Ants also protect their homopteran
colonies from enemies and rain by building shelters over them. These
may be constructed out of soil particles, pieces of vegetation, or carton
and can be quite elaborate (Andrews 1929; Levieux 1967; Duviard 1969;
Duviard & Segeren 1974). Some ant species even build covered runways
between the nest and the homopteran shelters (Way 1963). Several studies
have shown that wind, rain, or hail may dislodge exposed homopterans,
but ants may harvest honeydew from sheltered colonies, even during in-
clement weather. Some homopterans, especially coccids, inhabit domatia
and other nest cavities side by side with ants. Honeydew is often the prin-
cipal food of species that inhabit domatia (Carroll & Janzen 1973). Per-
haps the most protected colonies are the aphid and coccid species, which
feed on roots penetrating subterranean nest chambers (Weber 1944). In
this closed environment the homopterans are closely guarded, carried to
the most succulent roots, and may even have their eggs tended along with
those of their ant hosts (Andrews 1929; Landis 1967). On the other hand,
Pontin (1978) presented evidence that when root aphids reach high den-
sities, ants such as Lasius flavus kill both early instars and adults for
food. However, the amount of predation is regulated so as not to inter-
rupt the flow of honeydew to the colony. In one spectacular case studied
by Flanders (1957) in central Colombia, the colony size of a root-feeding
coccid, possibly of the genus Eumyrmoccus, is carefully regulated by the
ant Acropyga (Rhizomyrma) fuhrmanni, which determines which indi-
viduals have access to the roots. The coccid and ant are obligate mutual -
ists and each queen leaving the nest on her mating flight carries a coccid
in her mandibles.

Ants transport homoptera into their shelters or their nests where eggs
and juveniles are cared for. They also facilitate feeding by placing them
in areas that provide greater access to the phloem of the host (Banks
1962; Way 1963). Some pseudococcids are able to cling to attendant ants
and ride to safety when threatened (Reyne 1954). The frequency of this
kind of transport is unknown.

The degree of specialization in the relationships between ants and
homopterans varies greatly. Jones (1929) presented a mass of data on the
relationships between ants and aphids in Colorado. He showed that the
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average number of aphid species tended per ant subspecies was 7.38, the
range being 1-42. The average number of ant attendant species per aphid
species was 4.5 with a range of 1-32. Similar arrays or assemblages tend-
ing other homopterans have been reported from Scotland (Muir 1959),
Iraq (Stary 1969), Ohio (Burns 1964), northern Minnesota (Edinger 1983),
and West Africa (Strickland 1947). There is a tendency for homopterans
to be tended by only one ant species on any given individual plant, but
this is not always so. Furthermore, different ant species have different ef-
fects on the homopteran population dynamics, for example, in the degree
of protection from predation (Addicott 1979). Finally, many homopter-
ans are able to establish colonies on a variety of plant species (Jones 1929;
Muir 1959), although it has been shown that among the Aphidinae of
temperate Europe 91 % are confined to a single host genus (Eastop 1973).

The services the ants provide - protection, sanitation, and transpor-
tation - decrease the development time of individuals and increase the
growth rate of the colony, survivorship, and fecundity (Kennedy & Stro-
yan 1959; El-Ziady 1960; Banks 1962; Way 1963; Banks & Macauley 1967;
Bristow 1982). These profound contributions to homopteran fitness, re-
ciprocated by the delivery of honeydew to the ant attendants, form the
basis of a vast number of mutualisms, from facultative to obligate, all
over the world.

While the homopterans and ants live it up, what is happening to the
plants on which they depend? Suckers of plant sap affect host plants in
a great variety of ways, disrupting both developmental and metabolic
pathways (Osborne 1972). Some either recycle imbibed plant hormones
or synthesize them from endogenous metabolites, the net effect being
deformation of stems or leaves (Miles & Lloyd 1967). Although abnor-
malities such as these alter the shape of organs or the form of the plant,
the simple extraction of photosynthate from the phloem takes its toll in re-
ducing the size of leaves or the amount of wood formation (Dixon 1971).
The former may in turn slow down photosynthesis (Kloft & Ehrhardt
1959) and trigger other subtle but damaging effects such as the loss of
abnormal amounts of nitrogenous compounds during seasonal leaf fall
(Dixon 1971). Homopterans are frequently the vectors of disease, espe-
cially those caused by viruses, which can debilitate or kill the host plants
(Weber 1944; Orlob 1963; Maramorosch 1963). The often catastrophic re-
duction or cessation of flowering and seed set due to homopteran infesta-
tions is well known to gardeners, horticulturists, foresters, and farmers.

The damage done to plants by homopterans is very familiar. Anyone
who has grown houseplants or tended a vegetable garden speaks only evil
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of the homopteran. Those who grow plants commercially are even more
vituperative and go to great lengths and much expense to eliminate the
enemy. With all this folk knowledge and commercial data it seems incon-
ceivable to suggest that homopterans benefit plants in any way. And yet
we know that the mere presence of ants can reduce herbivory. Is it pos-
sible that so long as homopteran colonies do not grow too large, the pro-
tective behavior of the ants may reduce other forms of herbivory and so
benefit the plant?

The crux of the matter may be that the overwhelming majority of data
on homopteran damage to plants is derived from very artificial situa-
tions, most often the monocultures of commercial greenhouses, farmers'
fields, or plantations. Population explosions and pest outbreaks are to be
expected. The standard response has been to apply pesticides, most of
which eliminate any natural predators or parasites and obviate any hope
of understanding the natural regulation of homopteran numbers. What
really happens in virgin, natural habitats with a full complement of
plant, ant, homopteran, herbivore, predator, and parasite species re-
mains virtually unknown.

There are a few tantalizing data. Laine and Niemela (1980) noted that
ants tended homopterans on birch (Betula) trees in Finland but rapidly
turned to active predation during an outbreak of the caterpillar Oporinia
autumnata. They concluded that the presence of the ants on the trees, in
part a result of the homopteran colonies, greatly reduced damage by the
leaf-eating caterpillar. Skinner and Whittaker (1981) showed that Formica
rufa tended aphids on sycamores in England and noted that the trees also
supported species of untended aphids and various defoliators, especially
lepidopteran larvae. They were unable to assess the balance, if any, be-
tween losses due to tended aphids and gains through the removal of other
insect herbivores. However, trees with ants lost approximately 1% of the
leaf area whereas trees without ants lost as much as 8% of their leaf area.
In a very different setting Nickerson et al. (1977) compared the number
of eggs of the pestiferous soybean looper {Pseudoplusia includens) dis-
covered by ants on soybean plants with and without the membracid Spis-
sistilusfestinus. Two ant species were tending the membracid, Solenopsis
geminata and Conomyrma (Dorymyrmexl) insana, both of which were
known to eat the looper. The amount of predation on the eggs varied ac-
cording to time of day, position of plants in the field especially in relation
to the principal ant nests, and the position of the eggs on the plants them-
selves. In one area, dominated by Solenopsis, a significantly greater per-
centage of eggs was taken from plants with membracids. In Conomyrma-



Plant protection by indirect interaction 59

Table 6. Plant characteristics of twenty-six marked stems bearing
Formica ants throughout the season and their nearest unattended
neighbors (JC±SE)

Plant characteristic

Initial height at June 30
or July 14 (cm)

Seasonal height
increment (cm)

Number of seeds/stem

Marked stem
with ants

91.0±2.8

16.5±2.0

3585 ±671

Neighbor
without ants

69.8 ±2.7

7.0±2.2

536 ±147

P

< 0.001*

< 0.001*

< 0.001**

* / test.
** Wilcoxon signed-ranks test, due to unequal variances.

dominated areas large numbers of eggs disappeared from both membra-
cid-bearing plants and controls. In all experiments eggs disappeared most
rapidly from the lower parts of plants. The data strongly suggested that
the membracids attracted ants and that as a result looper eggs were more
likely to be found and destroyed, at least on the individual plants that
bore the membracids.

In a pioneering study of ant-membracid association on goldenrod (So-
lidago) in New York State, Messina (1981) studied the effects of the ants
on the principal herbivores, the chrysomelid beetles Trirhabda virgata and
T. boreal is. The ants, chiefly F. fusca, tended the membracid Publilia
concava and would attack the beetles, adults or larvae, whenever they
encountered them. The adult beetles would withdraw their legs and drop
to the ground to avoid the ants. In order to examine the possible conse-
quences for the plants, two groups of twenty-six plants were marked; the
first bore ants and membracids, the second bore membracids only. The
stems with ants grew taller and produced a far larger number of seeds
(Table 6). In a random sample of stems from the goldenrod population,
plants with ants were again taller and maintained a greater leaf area. Sur-
prisingly, plants with ants had almost as many beetle larvae as those with-
out ants. Messina produced evidence and observations suggesting that al-
though ants did bite and even remove larvae, the principal deterrence was
to pester the larvae so frequently that feeding was seriously disrupted.
Overall, the intensity of ant attendance affected plant growth, the tallest
stems being those with the most assiduous ants. Messina concluded that
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in some circumstances the ant-homopteran interaction did protect the
host plant against herbivory.

Messina cautioned that the dynamics were complicated and that a large
number of factors could intervene to render the outcome of any given
ant-homopteran association uncertain for the plants. Among the factors
is density. Banks and Macaulay (1967) found that the presence of low
numbers of ant-tended aphids on field beans had little effect on repro-
ductive output. Another factor is the possibility that ants, in protecting
homopterans, also deter the predators and parasites of other plant ene-
mies. This is undoubtedly the case sometimes, but Fritz (1982) showed
that occasionally predators such as salticid spiders and nabid bugs can
successfully avoid ant guards. A further complication is the presence of
extrafloral nectaries on plants with ant-tended homopterans. In a study
of Acacia decurrens, Buckley (1983) evaluated the interactions between a
membracid, ants, the extrafloral nectaries, and seed set. In the absence
of ants, the membracids are damaging to the plant, decreasing both its
growth and seed set. In the presence of ants that guarded the membracids
negative effects on the plant were amplified. As the ants constituted effec-
tive plant guards in the absence of membracids, it seemed likely that the
homopterans disrupted the ant-extrafloral nectary interaction. Buckley
proposed that in this system the honeydew was more attractive and re-
warding and that the ants abandoned the nectaries to guard the homop-
terans. In a short time this led either to an increase in the number of
membracids sufficient to damage the plant, or to a reduction in the effi-
ciency of defense as the ants clustered exclusively around the homopter-
ans. Interestingly, this did not invariably occur as under some circum-
stances the ant apparently did not switch to honeydew until so late in the
season that seed set was unaffected.

In the previous section on extrafloral nectaries (Chapter 3) I discussed
the possibility of wasp guards associated with these glands. Although
there are few data on wasp guards associated with homopteran honey-
dew, they may well turn out to be common. Krombein (1951) spent thir-
teen afternoons collecting wasps attracted to the large coccid Toumeyella
liriodendri on tulip trees in Virginia. Incredibly, he collected ninety-three
species including three tiphiids, twelve mutillids, seventeen vespids, nine-
teen pompilids, and forty-two spechids. Among these wasps were many
known predators and parasitoids of insect herbivores. Similarly, Zoebe-
lein (1956a, b) reported parasitoids such as ichneumonid wasps and tach-
inid flies and predators such as coccinellid beetles and syrphid flies feed-
ing on honeydew. The same study showed an increase in the fecundity of
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some insect species following meals of honeydew. Other authors (Evans
& Eberhard [1970]; Vinson [1976]; Price et al. [1980]) have also noted
that honeydew attracts a great variety of insects including predatory
beetles and wasps and parasitoids. In common with extrafloral nectaries,
honeydew-secreting homopterans provide liquid food for a great variety
of insects, many of which damage plants either as adults or larvae.
Among them are predators and parasites that may provide indirect plant
protection.

Lepidopterans

Ants tend the larvae and pupae of a few families of Lepidoptera in much
the same fashion as they do their homopteran wards. Larval adaptation
to ant tending varies, but there is often an attractive papillalike organ on
the dorsal part of the seventh larval segment. This seems to appease ants
and inhibit predaceous behavior. The eighth segment usually bears a pair
of glands that secrete "nectar" or honeydew when stimulated by the ants.
Stimulation generally involves stroking the larvae with the antennae, and
the secretions are eagerly consumed by the attendants. The glands are
eversible in many species, being retracted when the ant attendant leaves.

The principal Lepidopteran families involved are the Lycaenidae and
the Riodinidae comprising a total of perhaps 5000 ant-tended species
worldwide (Hinton 1951). Some recent studies have shown that the rela-
tionships between caterpillars, pupae, and ants are complex; however,
the majority are known only on the basis of caterpillar morphology and
the dynamics of the interactions are largely unknown. The chief benefit
to the larvae is almost certainly protection from enemies, and the atten-
tions of the ants can be assiduous, maintaining constant and aggressive
guard over their caterpillar "cows" (Hinton 1951; Ross 1966; Malicky
1970; Maschwitz, Wust, & Schurian 1975; Atsatt 1981a; Pierce & Mead
1981). Protection from predators and parasitoids may be sufficiently ef-
fective to create what Atsatt (1981b) calls "enemy-free space."

The feeding habits of ant-tended larvae are extremely variable and some-
times complex. Caterpillars of the Lycaenidae genus Lachnocnema feed
on honeydew produced by cicadellid and membracid homopterans. Other
genera actually eat the homopterans, and in several cases such as Laetilia
(Pyralidae), the caterpillar defies ant guards by regurgitating repellent
fluids at them (Eisner et al. 1972). A large number of genera are purely
phytophagous but Maculinea eats plant material only during the first
three instars. Larval development is completed in an ant nest where it



62 Evolutionary ecology of ant-plant mutualisms

feeds on the brood. In an ironic twist to this saga, it is the ants themselves
that carry the caterpillar into their own nurseries (Hinton 1951).

As with homopterans, ants may build shelters for caterpillars, and the
two kinds of honeydew producers are often found within the same shelter
(Ross 1966). Adult ant-tended lepidopterans complicate the insect-plant
dynamics by feeding on floral nectar, extrafloral nectar, homopteran
honeydew, or lepidopteran honeydew, according to availability (Atsatt
1981b).

Again the question arises as to whether the plants benefit from the
presence of lepidopterans and ants, and again the data are tantalizing
and suggestive. Ross (1966) studied the riodinid larva Anatole rossi and
showed that ant protection against predators, especially other ants, was
so effective that the host plants, Croton repens, were occasionally defoli-
ated. Unfortunately the habitat in which the study was carried out was
disturbed by frequent man-made fires set to encourage the growth of for-
age plants for horses and mules.

Another riodinid larva was studied by Horvitz and Schemske (1984) in
a less disturbed habitat where species relationships were not subjected to
drastic and frequent perturbations. In this case the caterpillar of Eurybia
elvina ate the flowers of the herbaceous species Calathea ovandensis
(Marantaceae) and was tended by ants. The ants also visited extrafloral
nectaries on the inflorescence. In a series of carefully designed exclusion
experiments Horvitz and Schemske found that the plants with no larvae
or ants yielded a mean seed set of 17.5 ±1.2 per inflorescence. By con-
trast, plants without larvae but with ants yielded a mean of 20.8 ±1.3
seeds per inflorescence. Although this difference was not statistically sig-
nificant, it suggested that the ants provided some basic protection against
seed predators. The exciting question as to what happened to seed set
when the larvae and ants were present was clearly answered. Plants with
larvae and ants showed a mean seed set of 13.6±1.1 per inflorescence,
which was significantly lower than when the larvae were absent. How-
ever, plants with larvae but without ants exhibited the lowest seed set of
all, 6.2 ±0.7 per inflorescence, which was in turn significantly lower than
any other. Put another way, Eurybia larvae reduced seed set by 33% in
the presence of ants, but reduced seed set by 66% in the absence of ants.
Clearly the plants set more seed in the presence of ants. The attacks by
Eurybia may have been ameliorated by the ants in spite of the fact that
they tended the larvae. This is because the relationship between the ants
and the larvae was somewhat ambivalent. For example, ants would some-
times prevent larvae from settling on an inflorescence, and on other



Plant protection by indirect interaction 63

occasions the very attentions of the ants prompted more frequent move-
ments of larvae, apparently reducing their feeding rates. Both of these
factors explained in part the higher seed set when both the ants and the
predators were present. Other insects such as dipteran larvae also fed on
the plants. Ants tending larvae may have also benefited the plants by har-
rassing all the other plant enemies. In other words, if attacks by seed
predators and herbivores were inevitable, it was advantageous to the
plant if one type possessed ant attendants that would reduce the dele-
terious effects of the others. This study provided very important insights
into the possible mechanisms for protection of plants by means of ant-
tending behavior.

Summary and conclusions

The great preponderance of homopteran literature tells us that they are
generally extremely destructive to plants. As a starting point in question-
ing this general assumption I would like to quote Janzen (1979):

In at least two complex and well-developed ant-plant mutualisms, African Bar-
teria trees (Janzen 1972) and neotropical Cecropia trees (Janzen 1973a), the ants
maintain a standing crop of scale insects or other homopterans inside the hollow
stems. These animals feed on the plant and provide a major food source for the
ants with their bodies or their honeydew exudates. The ants are obligate occupiers
of the trees and protect the trees from herbivores and vines. The homopterans are
zoological devices used by the plants to maintain an ant colony, the ants being
directly analogous to the chemical defenses maintained (and paid for) by more
ordinary plants. I would not expect there to be selection for traits that reduce the
"damage" done by the Homoptera to the level that would debilitate the ant colony
and its protection of the tree.

A number of arguments suggest that Janzen was correct.
1. Almost all homopteran studies have been carried out in man-made

monocultures or low-diversity systems, that is, greenhouses, crop fields,
orchards, and plantations. In such situations where plant, predator, and
parasite diversity is low, invaders with appropriate biological attributes
(i.e., weeds and pests) become established. In fact, a few field biologists
have concluded that homopterans are not particularly common under
natural conditions and do not reach the high densities found in man-
made situations (Holttum 1954a, b; Way 1968; Eastop 1973; personal
observations). If this proves to be the case, some of the costs of homop-
teran-ant plant defense may be eliminated. Low to moderate densities of
homopterans remove concomitantly modest quantities of plant biomass,
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the plants appear to be able to withstand some losses of foliage or metab-
olites before reductions in fitness are detectable (Harris 1973; Mattson &
Addy 1975), and in some cases light herbivory may stimulate productivity
(McNaughton 1979). If ant-tended homopterans do not reach high densi-
ties in natural habitats, then the costs of ant defense may be balanced by
the benefits.

2. A few studies have shown that ants may eat the homopterans they
tend, whether larvae or adults (Way 1963; Janzen 1972; Carroll & Janzen
1973; Hinton 1977). This behavior may be more frequent when the ho-
mopterans reach high densities and is a form of density-dependent regu-
lation (Pontin 1978). Dependence on predation of tended homopterans as
a source of protein may be the rule for many ant colonies (Janzen 1972).

3. Southwood (1972) pointed out that Homoptera are highly evolved
parasites of plants. In reviewing both the models and experimental work
on the evolution of host-parasite interactions, Levin (1983) showed that
it usually proceeds toward reduced virulence of the parasite, which leads
to minimal harm to the host. In view of this, similar trends are to be
expected among homopterans, most of which would mean reduced costs
to the plant both in terms of biomass lost, and the burden of maintaining
ants for defense. Way and Banks (1967), Way (1968), and van Emden and
Way (1972) have demonstrated intraspecific mechanisms for the regula-
tion of numbers of homopterans. Regulation involves slowed reproduc-
tion as density increases, increased frequency of emigration, reduction in
the size and fecundity of individuals, and sometimes a net decrease in
population size, although this is probably associated with the imminent
collapse of the host. Mechanisms such as these have probably evolved for
the efficient utilization of host plants, but their effects might well lower
the impact of homopterans on host plants. If intraspecific mechanisms
such as these function in tandem with interspecific mechanisms such as
the culling of populations by ants, then homopteran densities may re-
main low enough for the costs to the plants to be balanced by the benefits
of retaining ant guards. If the ant guards remove a significant proportion
of the nonhomopteran herbivores, then the benefits may, in fact, greatly
outweigh the costs.

4. A few studies such as those of Nickerson et al. (1977), Messina
(1981), and Horvitz and Schemske (1984) have demonstrated protection
by homopteran/lepidopteran-ant defense systems. It appears that a num-
ber of criteria may have to be fulfilled before protection arises from the
interaction: (a) The ant-tended partner should not be the primary herbi-
vore; (b) the ants do not allow excessive feeding rates or high densities in
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the homopteran/lepidopteran populations; and (c) the ants are very ef-
fective in removing nonhomopteran herbivores and seed predators. Vari-
ation in these conditions results in variation in the degree of protection.
The same studies show that ant species vary with respect to ability to at-
tack and remove nontended herbivores and that there is a strong spatial
effect, since proximity to the nest of an effective ant-guard species im-
proves the level of protection. Messina (1981) made the point that the
protection of the plant is important to the homopterans or lepidopterans
simply because the removal of other plant enemies by ants maintains a
relatively healthy host for themselves. Consequently, once the complex
conditions of the ant-homopteran-plant interaction are met, all three
parties can benefit. Although there is no doubt that the presence of ho-
mopterans and lepidopterans have a negative impact on the plant, the
presence of ants can have two enormous advantages for the plant: They
can regulate the activities and numbers of their charges to some extent,
and they can attack and remove the plant enemies that do not secrete
honeydew.



Myrmecotrophy

When van der Pijl (1955) reviewed the relationships between ants and
plants he perpetuated a number of terms, most of which were first pro-
posed by Warburg (1892). These included myrmecophily for ant pollina-
tion, myrmecochory for ant dispersal of seeds, and myrmecotrophy for
the feeding of ants by plants, principally by means of extrafloral nec-
taries. Because myrmecotrophy involves much more than the feeding of
ants and has largely been replaced by the concept of ant protection of
plants, I intend to put the term to another use. If the subject-object rela-
tionship of these terms remains consistent, then myrmecophily denotes
the relationship in which ants benefit plants by acting as pollen vectors,
myrmecochory describes the benefit to the plant conferred by ants dis-
persing seeds, and myrmecotrophy implies a relationship in which ants
benefit plants by feeding them. As far as I can tell most biologists were
unaware of this possibility at the time of van der Fiji's review. Since then,
however, the existence of ant-fed plants has been documented.

The nutritional benefit to the plants has been clarified for two Rubia-
ceous genera from Southeast Asia and northern Queensland that house
ants in large tubers derived from the embryonic hypocotyl (see Table 7).
Janzen (1974b) observed that the ant Iridomyrmex myrmecodiae aban-
dons the remains of prey in some of the cavities that ramify the tubers of
Hydnophytum formicarium and Myrmecodia tuberosa (Figure 8). These
cavities are lined with absorptive tissues. By contrast, the cavities in which
the ants keep their juvenile stages are lined with tough, nonabsorptive
suberized cells. Janzen suggested that the chambers served two entirely
different functions, the nonabsorptive ones being living quarters while
the absorptive chambers are refuse dumps from which the plants absorb
the products of decomposition. The latter idea was pursued by Huxley
(1978) and Rickson (1979), who performed radioactive tracer experiments
to determine the fate of ant refuse in the absorptive chambers. It was
immediately apparent that the tuber can absorb (32P) phosphate, (35S)
sulphate, and (35S) methionine from materials defecated by the ants, and
various (14C) breakdown products of decaying Drosophila larvae. These
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A
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Figure 8. (A) Myrmecodia tuberosa Jack, an entire young plant. (B)
Whole young tuber cut away to show interior; e, entrance hole; sc,
smooth chamber; wt, warted tunnel. (Redrawn from Huxley 1980.)

data demonstrated that ant wastes were incorporated into the tissues of
the host plants and, therefore, that the ants fed the plants.

The ecological significance of this was first suggested by Janzen (1974b)
and elaborated by Thompson (1981). The proven myrmecotrophic plants



68 Evolutionary ecology of ant-plant mutualisms

Table 7. Some plant structures generally associated with
ant nests

Plant structure

Leaf pouch or bladder

Swollen petiole

Leaf sheath

Pitcher leaf

Swollen stipule

Inflated leaf bases

Hollow stems*

Hollow pseudobulb

Hollow root

Rhizome

Tubers derived from
hypocotyl

Root clusters

Example

Scaphopetalwn * *
Duroia**
Remijia**
Ossaea
Maieta * *

Nepenthes

Korthalsia

Dischidia

Uragoga**
{— Cephaelis)

Tillandsia
Wittmackia
Aechmea

Randia**
Uncaria**
Sarocephalus**
Cordia**
Duroia**
Patima**
Clerodendon**

Schomburgkia *
Diachum *
Caulathron
Epidendrum
Gongora
Vanda

Marckea

Poly podium/
Phymatodes/
Microcorium

Lecanopteris
Solanopteris

Myrmecodia *
Hydnophytum *

Philodendron
Anthurium
Nidularium
Streptocalyx
Aechmea
Marckea

Family

Sterculiaceae
Rubiaceae
Rubiaceae
Melastomaceae
Melastomaceae

Nepenthaceae

Palmae

Asclepiodaceae

Rubiaceae

Bromeliaceae
Bromeliaceae
Bromeliaceae

Rubiaceae
Rubiaceae
Rubiaceae
Boraginaceae
Rubiaceae
Rubiaceae
Verbenaceae

Orchidaceae
Orchidaceae
Orchidaceae
Orchidaceae
Orchidaceae
Orchidaceae

Solanaceae

Polypodiaceae

Polypodiaceae
Polypodiaceae

Rubiaceae
Rubiaceae

Araceae
Araceae
Bromeliaceae
Bromeliaceae
Bromeliaceae
Solanaceae
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Table 7 (cont.)

Plant structure

Root clusters

Example

Ectozoma
Peperomia
Codonanthe

Phyllocactus/
Epiphyllum

69

Family

Piperaceae
Solanaceae
Gesneriaceae

Cactaceae

Note: Not all species in a given genus necessarily bear the structure.
* Bailey (1924) also lists Myristica, Kibara, Anthobembix, Pleurothyrium,

Humboldtia, Scholia, Platymisciwn, Chiscocheton, Endospermum, and Ger-
trudia.
** Domatia.

are all tropical epiphytes in open forests and savannas growing on nu-
trient-deficient soils. It is likely that the most limiting nutrient is nitrogen
and that its acquisition from the ant waste is the major benefit the plants
derive from the ants.

The number of myrmecotrophic species is at present unknown but
Thompson (1981) listed 201, of which 94 were species of Hydnophytum
and 42 were species of Myrmecodia. Thirteen species of Lecanopteris
were included. This Malayan fern develops huge rhizomes that envelop
the branches they rest on and are invariably a substrate for the establish-
ment of a mass of other epiphytes. Holttum (1954a) surmised that the huge
rhizomes contained a harvest of minerals and nitrogenous materials.

A low-level nutritional benefit may accrue to any plant that has ants
nesting in a cavity with an absorptive lining. Decomposing ant waste
such as discarded parts of prey are likely to give off ammonia. Hutchin-
son, Millington, and Peters (1972) found that some plants can absorb
significant quantities of ammonia from the air. Porter, Viets, and Hutch-
inson (1972) showed that labeled ammonia (15NH3) appears in various
free amino acids that may be translocated to different parts of the plant.
Thus, some ambient ammonia can be metabolized. Janzen (1974b) was
the first to suspect that plants benefited from ant nests in this way and
went on to speculate that some types of domatia that house unaggressive
ants in flimsy structures such as leaf pouches are primarily absorptive
surfaces, taking up nutrients from decomposing wastes and nest mate-
rials. This general nutritional benefit requires much more investigation
especially at the physiological level. As Porter et al. (1972) pointed out,
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Table 8. Effect of presence or absence of ant Crematogaster
longispina on growth of Codonanthe crassifolia in a two-
month period

Number

Number

Note: x
Source:

of shoots elongating

of shoots not elongating

2 = 5.98; P = 0.025.
Kleinfeldt (1978).

Ants present

50

12

Ants absent

35

23

there is a large gap between merely absorbing nutrients and being able to
metabolize them. At the same time, the absorption of ammonium ions
incurs less metabolic cost than many other nitrogen sources, provided
they do not build up to inhibitory concentrations (Gutschick 1981). Al-
though ammonium ions may be less mobile than, for example, nitrate in
the soil, this obstacle may be minimal when ant wastes are packed against
absorptive plant surfaces inside moist tubers, leaf pouches, and other
domatia. The possibility of low-level myrmecotrophy in a broad variety
of ant-inhabited plants is an intriguing but unexplored problem.

A variety of plant structures encourage nesting by ants. Some can be
called domatia with certainty, but others appear to be more fortuitous
(Table 7). The services provided by ants nesting on or in these plants (if
any) are probably varied, including myrmecotrophy, protection, or dis-
persal, but comparatively little is known about them.

One category of nest site not usually referred to as a domatium is the
Ameisengarten or ant garden, first described by Ule (1902, 1905, 1906)
and later reviewed by Wheeler (1921). (See Table 7 under "root clusters.")
These are epiphytic plants of neotropical rain forests dispersed by wind,
birds, or ants so that the juvenile plants appear on tree trunks or branches.
The young developing roots probe the bark but are mostly exposed to the
air. Certain ant species construct nests around them, bringing soil par-
ticles and vegetable debris to the young root cluster, which is soon em-
bedded in an organic matrix and surrounded by carton. The process has
been studied by Kleinfeldt (1978), who observed nest building by the ant
Crematogaster longispina on the roots of the epiphytic vine Codonanthe
crassifolia. It seems that the nest provides a substrate for the vine and
that the roots provide some structural support for the nest. Codonanthe
can survive without ants, but it grows faster and larger with its roots em-
bedded in active ant nests (Table 8).
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Codonanthe is associated with at least four genera of ants in Central
and South America: Anochetus, Azteca, Camponotus, and Cremato-
gaster. Some of these ants place seeds in the walls of the nest, which ap-
pear to be a nutritive substrate for seedlings. The plant, in other words,
is at least partially ant dispersed. Extrafloral nectaries are present, but
they occur primarily on the stems rather than the leaves and appear to
stimulate the nest-building response, as opposed to protective behavior.
C. longispina will swarm aggressively if the nest is seriously disturbed,
but it is not clear that protection would extend to anything more than the
roots of the plant.

Ridley (1910) described ant-plant associations that seem to be more
casual than those of the ant gardens. They are typified by the ferns Platy-
cerium and Thamnopteris (Asplenium) in Southeast Asia and northern
Queensland. These plants are frequently very large and may form bowls
of leaves eight feet across high on the trunks and limbs of rain-forest
trees. Ants bring soil and debris to the roots and several kinds nest in the
root-debris matrix, for example, Odontomachus, Pheidole, and Dollcho-
derus. Table 7 also lists some epiphytic ferns with hollow or labyrinthine
rhizomes or tubers that generally contain ant nests. These include spe-
cies of Polypodium and Lecanoptehs from Malaysia and Indonesia, and
Solanopteris from the neotropics (Holttum 1954a, b; Wagner 1972). The
activities of the ants often lead to an accumulation of soil and debris at
the base of the fern, and in Lecanopteris particularly, the accumulation
becomes a seedbed for a variety of epiphytes. A wide variety of orchids
including species of Cattleya, Coryanthes, Dendrobium, Oncidium,
Vanda, and Vanilla possess root clusters or hollow bulbs often inhabited
by ants (Jeffrey, Arditti, & Koopowitz 1970).

The activities of ants nesting in these plants may provide a variety of
services. Many of these ferns and orchids bear extrafloral nectaries (Jeff-
rey et al. 1970; Koptur et al. 1982) but whether they attract ant guards is
questionable. Ant protection in these plants is mostly inferred from the
presence of extrafloral nectaries alone (Jeffrey et al. 1970; Wagner 1972;
Madison 1979). The nectaries may attract ants to the plants for other rea-
sons: Seed dispersal by ants is likely in a variety of ant-garden species,
and the sori (spore-bearing organs) of some species of the fern genera
Polypodium and Lecanopteris bear elaiosomes and are ant dispersed
(Holttum 1954b; Janzen 1974c).

It is probable that the most common effect ants have on plants asso-
ciated with nests, whether true domatia are present, is to improve the
nutritional status of the plant. A great many of the species in Table 7 are
epiphytic, and the young roots in particular may be left exposed without
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the nest-building activities of ants. The simple activity of coating roots
with soil particles and debris, and enclosing them with carton, will have
an effect analogous to potting a plant. The vine Dischidia rqfflesiana (As-
clepiadaceae) has the capacity to penetrate accumulations of ant wastes
in its potlike leaves with small roots.

In summary, myrmecotrophy can take a number of forms. Some of the
plant species that bear true domatia such as leaf pouches may benefit
chiefly from nutrient accumulation by ants rather than protection. It is
not known whether nutritional benefits are low-level or major inputs.
Many plant species are associated with ant nests, involving particularly
tubers, rhizomes, or root clusters. The provision of moisture, nutrients,
or physical protection by ants for these absorptive structures may be
important to plant fitness, but much research needs to be done.



The dispersal of seeds and fruits by ants

Many species of ants gather seeds. Harvester ants store them in under-
ground granaries and consume them during the winter or dry season.
These ants are granivores and the net interaction is usually predation.
Other ants gather seeds and fruits distinguished by the presence of exter-
nal tissues, collectively called elaiosomes, which attract ants and stim-
ulate them to carry the entire seed or fruit back to the nest (Figure 9).
There the elaiosomes are removed and typically fed to the larvae. The
seeds are then discarded, both intact and viable, either in an abandoned
gallery of the nest, or close to an entrance in a refuse pile together with
other organic waste. Because the elaiosomes contain ant attractants, and
as the seeds are not harmed, the interaction, known as myrmecochory,
has long been assumed to be a mutualism. Until recently, however, the
advantages of the interaction, especially for the plants, have remained
undocumented. Recent studies have shed light on the problem, and there
appear to be five current hypotheses on the selective advantage to plants
of dispersal of seeds and fruits by ants.

The predator-avoidance hypothesis

Seed predators are so diverse and abundant that plant species must be
under great selective pressure to avoid them. The essence of this hypothe-
sis is that seeds released from the parent plant are quickly taken by ants
to their nests, where they find refuge from predators. The ants are re-
warded with nutritive elaiosome tissue and then rapidly lose interest in
the seed, which either is not a part of their diet, or is unavailable because
it is protected by a tough seed coat. In the nest the seeds are beyond the
sensory capabilities of many predators, and others that might attempt to
dig them out are likely to be attacked by the ants in response to the dis-
turbance of the nest.

Ant-dispersed seeds and fruits that bear elaiosomes are eaten by a vari-
ety of small mammals and birds (Martin, Zim, & Nelson 1951; Witherby
et al. 1952; Heithaus 1981), and by insects such as hemipterans (O'Dowd,
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Figure 9. Formica podzolica gathering the seeds of Viola nuttallii. In each case the ant is
manipulating the seed by the elaiosome. A mature plant with an open flower and developing
capsule can be seen in the background.
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personal communication). Two detailed studies of the fate of ant-dis-
persed seeds relative to predators have both shown that if the seeds are
not discovered by ants within a few hours, they will be eaten (O'Dowd &
Hay 1980; Heithaus 1981). The plant species Heithaus studied in the for-
ests of West Virginia experienced very high rates of predation, and ants
appeared to be absolutely essential to the survival of seeds and hence the
recruitment of seedlings into the population.

The foraging patterns of many ant species are so "thorough" that seeds
are generally located within a few hours of release from the parent plant,
even if they are scattered individually through the habitat (Culver &
Beattie 1978). Some ant-dispersed species merely dump their seeds in a
pile and ants recruit workers to the spot until the resource is exhausted
(Beattie & Lyons 1975). Others retain the mature seeds for a short period
and ants ascend the plants to harvest them directly from the fruit (Gislen
1949; Berg 1954; Davidson & Morton 1981b). Seeds may remain vulner-
able to predators if they are returned to waste piles or graveyards on
the surface. However, when this happens they may be quickly reinterred
(Horvitz & Beattie 1980), or they may be less attractive to predators
following the removal of the elaiosomes by ants. A few are discovered
by predators and eaten (Turnbull, personal communication). Although
ant manipulation may not be foolproof, the evidence is that it can be
effective.

The competition-avoidance hypothesis

The competition-avoidance hypothesis is the work of Handel (1976, 1978),
who studied three species of Carex growing together in the eastern for-
ests of the United States. Two, C. platyphylla and C. plantiginea, were
dispersed by other means. Greenhouse experiments showed that the ant-
dispersed species, C. pedunculata, did not grow well in the immediate
presence of the other two. These data, together with extensive field studies,
strongly suggested that interspecific competition for seedling microsites
was substantially reduced by ant dispersal. Ants took C. pedunculata
seeds to microsites (nests) that neither of the other species could exploit.
Thus free from competition from its sympatric congeners, it grew vigor-
ously. A small number of other ant-dispersed/non-ant-dispersed conge-
neric groups of species have been reported (Ulbrich 1939; Uphof 1942),
and so this type of selective advantage may occur in genera besides Carex.
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The fire-avoidance hypothesis

The fire-avoidance hypothesis was primarily developed by Berg, who has
led research into ant-dispersed plant species of fire-climax communities.
He showed that myrmecochory is common in the dry sclerophyllous
shrublands of many parts of Australia, there being as many as 1500 plant
species involved (Berg 1975). Since then Milewski and Bond (1982) and
Bond and Slingsby (1983) have examined similar, fire-prone vegetation
known as fynbos in the Cape Province of South Africa and estimate that
as many as 1300 plant species may be ant dispersed there. The hypothesis
states that seeds taken into nests remain safe from incineration during
forest fires. In this context myrmecochory becomes one of a variety of
interesting mechanisms for the regeneration of vegetation following fire.
However, many ant-dispersed species in fire-prone environments may re-
quire fire to stimulate germination. Shea, McCormick, and Portlock
(1979) showed that some ant-dispersed species from Western Australia
actually require the high temperatures of fires to stimulate germination.
These findings suggested that if seeds are to benefit from ant manipula-
tion, the average depth of burial would have to be such that the seeds re-
ceived sufficient heat to germinate, without being killed. Majer (1982) has
since produced evidence that this may be what happens. Working in
southern Western Australia with species of Melophorus and Rhytidopo-
nera, he analyzed the distribution of burial depths relative to seedling
emergence. He found that for ant-dispersed plant species at least, germi-
nation and seedling emergence was far more frequent on ant nests than
anywhere else. The seeds of two species germinated more frequently
when nests were heated with an infrared heater in an attempt to mimic
the effects of fire. However, five species showed reduced germination
under this treatment. Field experiments demonstrated the burial depths
that yielded the greatest amounts of germination and seedling emergence.
In general, whereas these varied both with the ant species and the plant
species, most seed was buried at depths suitable for germination and
postfire regeneration. Similar findings were reported by Bond and Slings-
by (1983) for the Cape Province, where seeds were concentrated in nest
galleries 4-7 cm below the surface. As ant-dispersed species appear to be
very abundant in some fire-dependent communities, this selective advan-
tage may be crucial in some parts of the world.
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The dispersal-for-distance hypothesis

If juvenile mortality is inversely related to dispersal distance, then the
simple transportation of seeds by ants across significant distances may be
the primary selective advantage of the seed-ant interaction. Westoby and
Rice (1981) developed a model to explain why some Australian ant-
dispersed species are diplochorous (i.e., they have a two-stage dispersal
system). In most cases seed is hurled explosively from the parent plant
and then discovered by the ants. Westoby and Rice showed that whereas
many such seeds would be carried back toward the parent plant, about
50% would actually be carried even farther away. If seedling survivorship
was limited to a region beyond the sphere of influence of adult plants,
selection for ant manipulation might be important. This advantage may
be especially critical for ant-dispersed species that form large clones.
Luond and Luond (1981) showed that ants generally take seeds beyond
the boundaries of parent clones, thus eliminating seedling competition
with established adults and increasing the probability of seedling sur-
vival. Pudlo, Beattie, and Culver (1980) also showed that in disturbed
habitats where seed-dispersing ant species were absent, the clones per-
sisted but seedling establishment was virtually eliminated. Seeds not
taken beyond the clones simply succumbed to competition with the vig-
orous parental ramets.

The nutrient hypothesis

Ant nests in the ground are generally distinct from the surrounding soils
both chemically and physically. For example, nests may differ from adja-
cent soils according to temperature, porosity, moisture levels, pH,
organic content, a wide array of minerals, and the diversity and abun-
dance of microorganisms (Talbot 1953; Scherba 1962; Petal, Jakubczyk,
& Wojcik 1967; Wilson 1971; Gentry & Stiritz 1972; Malozemova &
Koruma 1973; Haines 1975; Wells et al. 1976; King 1977a, b,c; Petal
1978). The essence of this hypothesis is that ant nests are especially rich
in some or all essential plant nutrients. Thus, seeds taken into nests arrive
at better microsites for germination and establishment than if they had
been scattered at random across the surrounding soils. Put another way,
ants create fertilized pockets of substrate that the plants locate by mak-
ing their seeds or fruits attractive to ants. The elevated levels of nutrients
are derived from the activity of the colony, particularly the accumulation
of waste materials and the formation of graveyards.
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A recent study of the nest chemistry of a seed-dispersing ant species
supports this hypothesis. Beattie and Culver (1983) analyzed the nests of
Myrmica discontinua near the Rocky Mountain Biological Laboratory at
9500 feet in the mountains of southwestern Colorado. This ant species is
common in the montane meadows of the region, which are rich in herba-
ceous perennial species, including at least four that are ant-dispersed:
Viola nuttallii, Delphinium nelsoni, Claytonia lanceolata, and Mertensia

fusiformis (Turnbull, Beattie, & Hanzawa 1983).
The nests of M. discontinua are entirely subterranean, often beneath a

log or rock, with entrance holes frequently concealed among the stems of
plants. In addition, a network of surface tunnels radiates from the nest
so that workers may travel several meters before actually emerging into
the open (Christine Turnbull, personal communication). Foragers are
difficult to follow, being cryptic and prone to utilize the surface tunnels.

Samples of soil were taken from the center of Myrmica nests and com-
pared to samples taken at random from surrounding soils. Fifteen soil
variables were analyzed and these, together with the results of the analy-
ses, are shown in Table 9.

The nests differ chemically from the surrounding soils in showing ele-
vated levels of the macronutrients phosphorus and nitrate (ammonium).
The nests also showed more cadmium, less nickel, and more organic mat-
ter than surrounding soils. These differences were further investigated by
discriminant function analysis in which the existence of the two groups
was assumed (i.e., Myrmica nests and controls), and the samples classi-
fied according to these groups. The first discriminant function was very
powerful, accounting for 91.7% of total variance, and the first three
together separated nests and controls with only two misclassifications
(Beattie & Culver 1983).

Assessment of the hypotheses

Avoidance of predation may be crucial in certain habitats but of less im-
portance elsewhere. Rodents are important seed predators of myrmeco-
chorous plant species in deciduous forests of the eastern United States.
However, experiments with elaiosome-bearing seeds in secondary-growth
rain forest in southern Mexico, and in semiarid scrubland in Australia,
suggest that rodents in these habitats are not a major danger to seeds
(Horvitz, personal communication; Davidson & Morton 1981b). A vari-
ety of other animals, especially birds, hemipterans, and other ants, may
prove to be important predators in some habitats, but there are insuffi-
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Table 9. Means and standard errors of fifteen soil variables
in the nests of M. discontinua

M. discontinua nests

Soil variable X

Phosphorus (ppm) 2.93
Potassium (ppm) 260
Zinc (ppm) 3.31
Iron (ppm) 118
Manganese (ppm) 16.9
Cadmium (ppm) 0.26
Lead (ppm) 2.79
Nickel (ppm) 0.45
NH4-N (ppm) 5.67
Organic matter (%) 7.73
Copper (ppm) 2.18
pH 6.47
Conductivity 0.33
Sodium absorption rate 0.17
NO3-N (ppm) 1.90

Note: The third column indicates the level relative to the controls from sur-
rounding soils, and the numbers in parentheses give the significance of the /-test
for differences between nests and controls.

cient data to claim that predator avoidance is a general benefit derived
from ant dispersal.

The rationale of the competition-avoidance hypothesis is limited to
congeneric species with and without elaiosomes that grow in the same
habitat. If other ant-dispersed species are also present, competition for
nest microsites may be as formidable and unavoidable as for any other
microsites.

The contribution of ant dispersal to fire avoidance remains somewhat
of a mystery. Majer's (1982) experiments showed that seedling emergence
is possible away from ant nests and that some levels of heat destroy seeds
whereas others promote germination. Relocation of seeds to nests may
increase the probability of surviving fire in some plant species, but the
situation could be more complex. For example, O'Dowd (personal com-
munication) suggests that the seeds of some species may be able to survive
low-intensity fires outside ant nests, but require burial by ants to survive
high-intensity fires. Ant dispersal thus becomes a form of "bet hedging"
in anticipation of the occasional devastatingly hot fire. The fire-avoidance
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hypothesis is limited in scope as it applies only to ant-dispersed species in
fire-dependent vegetation.

The dispersal-for-distance hypothesis simply lacks supporting data
and may be confounded by arguments that can be plausibly advanced for
almost any dispersal distance. For example, short dispersal distances
may be optimal as the presence of a seed-producing parent is reasonable
evidence that the immediate environment may be suitable for establish-
ment. On the other hand, it has been argued that concentrations of seeds
close to parent plants are highly vulnerable to predators and that inter-
mediate or even long-distance dispersal avoids this problem, and also re-
moves the seedling from competition with the parents. Longer distances
may also facilitate colonization of unutilized habitat. Dispersal distances
of ant-borne seeds vary from a few millimeters to over 100 meters. Fre-
quently, the seeds of a single plant population are carried by a variety of
ant species and the distribution of dispersal distances can be leptokurtic
or platykurtic (Beattie & Culver 1979; Wyatt & Stoneburner 1981). Much
work has to be done on this aspect of dispersal in general. In particular,
there is the question of whether selection favors the entire distribution of
dispersal distances, which implies selection for arrays of ant dispersers,
or whether selection favors one type of disperser (ant species) over
another as this may optimize the frequency of an advantageous subset of
dispersal distances (e.g., large ants taking seeds long distances).

The nutrient-enrichment hypothesis is the most predictive of all. The
elevated levels of macronutrients in the nests are in broad agreement with
the findings of other studies. For example, phosphorus and potassium
are more abundant in the nest of Formica species such as F. cunicularia
(Czerwinski, Jakubczyk, & Petal 1971), F. lugubris, F. polyctena, and
F. pratensis (Malozemova & Koruma 1973), and F. rufibarbis (Petal
1978). These elevated levels are greatest in the center of the mound
(Malozemova & Koruma 1973) and may persist even after the nest has
been abandoned for several months (Petal 1978). The nest chemistry of
other species of Myrmica is similar to that of M. discontinua with ele-
vated levels of phosphorus, potassium, and nitrate (Czerwinski et al.
1969, 1971; Petal 1978). Other seed-dispersing ant genera follow suit; for
example, elevated levels of potassium, phosphorus, and nitrogen are
found in Lasius nests (Czerwinski et al. 1971), and the mounds of some
Rhytidoponera species in Australia are especially rich in phosphorus and
nitrogen (Davidson & Morton 1981b). In summary, the nests of seed-
dispersing ant species do exhibit higher levels of some essential plant
macronutrients than surrounding soils.
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The picture for micronutrients and other minerals is far more variable
and confused. The nests of F. canadensis, for example, show diminished
levels of some micronutrients compared to adjacent soils (Culver & Beat-
tie 1983). However, there was no evidence that they were deficient rela-
tive to normal plant growth (Soltanpour, Ludwick, & Reuss 1979).

Three heavy metals - cadmium, lead, and nickel - were also at low
levels in the nest of Formica. By contrast, cadmium was at an elevated
level in Myrmica nests, a puzzling situation compounded by a similar
finding for the nests of the seed-dispersing ant species Pachycondyla har-
pax in secondary rain forest in southern Mexico (Carol Horvitz, personal
communication). It is unlikely that the levels of cadmium found in ant
nests are harmful to plants, particularly as the synergistic action of
potassium appears to increase plant tolerance to cadmium (Simon 1977).
There are also hints in the plant physiology literature that cadmium may
not be as harmful to plants as previously supposed and may even be ben-
eficial to some (Leavitt, Dueser, & Goodell 1979; Brown & Martin 1981).
This discussion illustrates the complex chemistry of ant nests; however,
the data support the contention that they are richer than surrounding
soils in some essential plant nutrients.

Unfortunately, no experiments have been performed to specifically test
the nutrient-enrichment hypothesis. The nearest attempt simply asked
the question: Do seedlings that emerge from nests grow better than those
that emerge from other microsites? When violet seeds are taken by ants,
three things happen: (1) They are gathered individually from the habitat
and aggregated into small groups in the nest; (2) the elaiosome is re-
moved and the seed coat gnawed or scarified; and (3) a proportion of the
seeds germinate and emerge from the nest (Culver & Beattie 1978). Work-
ing with two species of ant-dispersed violets on the chalk downland of
southern England, Culver and Beattie (1980) performed a series of plant-
ing experiments to analyze the relative importance of each of these ef-
fects. The protocol of the experiments can be summarized as follows:

Experiment Ant effect(s) tested

1. Seeds planted singly, by hand, at None
random

2. Seeds planted in groups of ten, by Grouping
hand, at random

3. Seeds scarified and planted by hand Grouping and scarification
in groups of ten, at random

4. Groups of ten seeds relocated to ant All effects of ant nest
nest by undisturbed ant foragers
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Figure 10. Survivorship of Viola seedlings emerging from planting ex-
periments. Open squares, seedlings emerging from ant nests; closed
squares, seedlings in the random treatment; open circles, clumped and
scarified treatment; and closed circles, clumped treatment. The experi-
ments were carried out over 36 months in southern England. (From
Beattie 1983.)

Each nest and planting site was monitored for thirty-six months. Seed-
lings that emerged from nests were the most numerous and were larger
than those that emerged from random microsites (Culver & Beattie 1980).
At the end of three years, survivorship was highest for the nest emergents
(0.04), most other seedlings having expired by the second year (Figure 10).
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The single survivor from the random treatments was from the "scarified
and grouped" category, which most closely imitated the other important
effects of ant behavior. Germination and emergence had occurred at
microsites other than nests but did not contribute any significant survi-
vorship. The numbers of survivors were very low but were of the same
order of magnitude as other violet populations (Cook 1979, 1980; Sol-
brig, Newell, & Kincaid 1980; Solbrig 1981) and various ant-dispersed
herbaceous perennials (Tamm 1956; Kawano 1975; Ernst 1980; Kawano,
Hiratsuka, & Hayashi 1982).

There is a possibility that the accumulation of seeds in nests leads ulti-
mately to seedling competition. There are several reasons for believing
that this does not occur. First, we saw no sign of it in the violet experi-
ments. Second, many of the ant species that disperse seeds frequently re-
locate their colonies, in some cases every three to four weeks (Colombel
1970; Petal 1978; Smallwood & Culver 1979; Smallwood 1982b). This
would militate against large accumulations of seeds in nests. Third, there
is some phenological displacement of seed release among guilds of ant-
dispersed species (Beattie & Culver 1981; Judy Smallwood, personal com-
munication) so that the buildup of more than one plant species per nest
may be minimized. The violet experiments suggest that even if several
seeds are planted together (groups of ten were used), the probability of
emergence from ant nests is still greater than elsewhere. These experi-
ments strongly suggest that nests are superior microsites for emergence
and establishment. However, they do not identify nutrient enrichment as
the factor involved, and with the present state of knowledge, this can
only be inferred from the chemical data outlined in this chapter.

The dynamics of some chenopodiaceous ant-dispersed species taken by
the ant Rhytidoponera in eastern Australia have something in common
with those of the violet populations, but also differ in some fundamental
aspects. Davidson and Morton (1981a, b) found that Rhytidoponera
mounds contained a hundred times more inorganic nitrogen than sur-
rounding soils. The nests also exhibit elevated levels of phosphorus and
significantly less soil compaction than random samples taken from the
immediate area. Elevated nutrient levels appear to be the chief advantage
of ant dispersal in this situation. Here the possible resemblance to the
violet ends as there is clearly intense competition among ant-dispersed
species for relocation to nutrient-rich mounds. Individuals of ant-dis-
persed species on nest mounds are more numerous, grow larger, and live
longer than those existing on the surrounding soils.
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The nutrient hypothesis explains much of the variation in abundance
and diversity of ant-dispersed species on a worldwide basis and has,
therefore, a greater predictive power than any of the other hypotheses.
Ant-dispersed species seem to be most diverse and abundant on poor
soils, especially those deficient in phosphorus, potassium, or nitrogen.
Two major types of environment are well known to harbor large num-
bers of ant-dispersed species: the temperate forests of Europe and eastern
North America, and various kinds of sclerophyll shrublands in Australia
and South Africa. I shall discuss these in turn.

A large proportion of the nutrients in temperate forests is sequestered
in the tree biomass and are consequently of limited availability to the her-
baceous plants on the forest floor (Grime 1979). Other nutrients are
leached from the soil through precipitation and drainage (Likens et al.
1977). The end result is that some nutrients, especially phosphorus and
nitrogen, are in limited supply, at least for the herbaceous layer (Whit-
taker 1975). A similar phenomenon is well known in various kinds of
tropical forests where the situation is often exacerbated by the presence
of ancient soils already poor in plant nutrients (Richards 1966; Janos
1980). The availability of nutrients for small plants on the forest floor is
both brief and patchy seasonally and spatially (Muller & Bormann 1976;
Muller 1978; Vitousek et al. 1979). As the violet experiment showed, ger-
mination can occur in many places, but the establishment of seedlings is
favored at ant nests. These structures have the dual advantage of being
richer in nutrients than the surrounding soil, and being somewhat buf-
fered with regard to the source of supply as this rests with the waste-
accumulating activities of ants, rather than direct nutrient competition
with the dominant trees.

The relocation of seeds to microsites already provisioned with nutri-
ents is likely to be particularly advantageous to plant species in soils
where nutrients are limiting, either because of a lack of parent materi-
als or because of competition. However, this advantage is not confined
to plants growing on nutrient-deficient soils, and may accrue to plants
with exceptionally high nutrient demands on more fertile soils. Some
spring ephemerals of deciduous forests of the eastern United States fall
into this category. Leaf and flower production takes place in a few weeks
between the end of winter and the closing of the tree canopy. The rapid
growth and high photosynthetic rate required for this are manifested, in
part, by a very high nutrient demand, especially for nitrogen (Givnish,
Terborgh, & Waller in press). This demand is crucial for seedlings and
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they would be at a selective advantage if emerging predominantly from
ant nests.

The shortage of nutrients available to ant-dispersed species in temper-
ate forests is primarily the result of competition from the dominant tree
species. The situation in many parts of Australia and South Africa is sim-
ilar in that nutrients are in short supply. However, the most fundamental
cause may be a lack of parent materials on which competition for limit-
ing nutrients is superimposed. Many Australian soils are notoriously old
and impoverished, being deficient in phosphorus, potassium, nitrogen,
and an array of micronutrients (Leeper 1949; Wild 1958; Beadle 1962;
Beard 1976). In a very interesting comparison of the incidence of ant-
dispersed species on fertile and infertile soils in southwestern Australia
and the southwestern tip of South Africa, Milewski and Bond (1982) con-
cluded that soil type was the most important factor involved. Soils de-
ficient in phosphorus, exchangeable potassium, calcium, magnesium,
sodium, and total nitrogen harbored significantly more species of ant-
dispersed plants than did more fertile soils. This has also been docu-
mented for other parts of Australia (Davidson & Morton 1981b; Drake
1981). Milewski and Bond (1982) demonstrated the contrast with other
Mediterranean, semiarid, and arid areas around the world that have
more fertile soils. In these areas ant-dispersed plant species are far less
abundant. Their work pointed to the conclusion that in many habitats
ant dispersal is a response to nutrient deficiency and that the end result is
the repeated appearance of a suite of adaptations to ants among plant
species in disparate floras around the world.

In Australia ant-dispersed plant species are very common on some soil
types and rare on others. In seeking an explanation for this Westoby et al.
(1982) made three interesting discoveries: First, ant-dispersed plants tend
to be common on soils with very low levels of phosphorus; second, chem-
ical analysis of the elaiosomes of two myrmecochores from phosphorus-
deficient soils revealed a very low phosphorus content; third, a similar
analysis of the wings of the seeds from five wind-dispersed species grow-
ing on the same soils revealed the presence of little phosphorus. These
data prompted the suggestion that when phosphorus is limiting, it is
advantageous to possess a dispersal mechanism that requires only mini-
mal quantities. As both the elaiosomes and wings contained minimal
amounts, phosphorus was viewed as the resource "currency" that con-
trolled the evolution of the dispersal mechanisms, and the two types
of dispersal analyzed were regarded as "cheap" since they apparently
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required little phosphorus. Westoby et al. (1982) argued that limiting
factors or resource currencies such as mineral nutrients might explain
the distribution of many kinds of dispersal mechanisms, and predict their
relative frequencies in different vegetation types on different soils.

It is to be hoped that more data are gathered to test this interesting
hypothesis, especially for the phosphorus-deficient Australian habitats
where the work began. For several reasons, it seems likely that a more
complex picture than the one originally proposed will appear. First, the
dispersal mechanisms were not analyzed for the dozen or more other
macro- and micronutrients that might be limiting factors, or might con-
tribute to the limiting properties of phosphorus. Second, phosphorus is
generally at low concentrations in plant tissues with the frequent excep-
tion of fruits and seeds, and the concentrations of this element found in
the elaiosomes were not unusually low and even fell in the upper range
for some plant tissue analyses (Ovington 1956; Sicama, Bormann, &
Likens 1970; Bidwell 1974; Woodwell, Whittaker, & Houghton 1975;
Raven, Evert, & Curtis 1981). Third, phosphorus-deficient soils are ex-
tremely common worldwide, but many such as serpentine soils do not
support the high frequencies of myrmecochorous species such as those
found in Australia (Walker 1954; Whittaker 1954).

There is little doubt that the supply of phosphorus and nitrogen is cru-
cial to plant rewards and ant services. However, the reality of a "cur-
rency" or limiting factor is best established by the discovery that a given
ant service is regulated in quality or quantity by the supply of a given
nutrient in the plant. In Chapter 8 it will be seen that rewards such as
extrafloral nectar and honeydew vary greatly in composition. What we
do not know is whether ants fail to take rewards, or provide services, if a
given element is in short supply. We also do not know whether ants can
make up for such shortages from other sources. In addition to this, selec-
tion for ant services may be sufficiently intense to divert certain nutrients
to ant rewards even though they are in short supply. For example, plant
tissues and plant sap are generally low in nitrogen content (Slansky &
Feeny 1977; McNeill & Southwood 1978; Mattson 1980), and yet nitro-
genous substances, especially amino acids, are prominent in all ant re-
wards (Chapter 8). By contrast, phosphorus appears to be unusual in ant
rewards, the single exception being a phospholipid.

In summary, plants offer nitrogen in ant rewards and, in the case of
seed dispersal, ants generate nitrogen-rich germination and establishment
sites for plants. The degree to which the nitrogen is recycled between the
mutualists is unknown. Phosphorus is different in that it rarely appears
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in ant rewards, and yet in the case of seed dispersal, the ants may concen-
trate the element at germination sites.

It should be emphasized that ant nests may have other advantages be-
sides nutrient availability. Nest soils may be better aerated, less prone to
dry out, or may experience fewer fluctuations in temperature (see preced-
ing references). In some temperate habitats with dense vegetation the
successful nests are those that experience moderate levels of insolation,
being neither too shaded nor too exposed (Elmes & Wardlaw 1982; Small-
wood 1982a). Seedlings derived from seeds taken to such nests may be at
a similar advantage.

The distribution and variability of ant dispersal

If nutrient deficiency is indeed central to the evolution of ant dispersal,
then concentrations of ant-dispersed species can be anticipated in other
plant communities. The first is surely tropical rain forests where two
kinds of plants appear to experience nutrient limitation, namely, forest
floor herbs and epiphytes. Horvitz and Beattie (1980) and Lu and Mesler
(1981) have identified several forest floor species in neotropical rain for-
ests that are ant dispersed. N. B. M. Brantjes (personal communication)
believes there are many more in the rain forests of Brazil. As for epi-
phytes, Ule (1902, 1905, 1906) reported several from the forests of Guy-
ana. These reports were disputed by Wheeler (1921) and Weber (1943) but
van der Pijl (1972) and Kleinfeldt (1978) have since shown that Ule was
correct. In addition, Wilhelm Barthlott of the University of Berlin has
been investigating the minute seeds of Blossfeldia, Frailea, and Setiechi-
nopsis, three genera of epiphytic cacti. These seeds are generally consid-
ered to be wind dispersed. However, under the microscope the organs
formerly considered wings have turned out to be moist, and highly at-
tractive to the minute ant Tapinoma melanocephalum. This ant gathered
seeds avidly in experimental cages, returning them to the nest, chewing
off the "wings" (elaiosomes?), and feeding the tissue to larvae. As the
seeds were not harmed, the behavior appeared to be routine ant dispersal.
Although this ant species may not be present in the habitats of the cacti
involved, many others of the appropriate size certainly are. In Chapter 5
I reviewed a variety of other epiphytes, including ferns, probably dis-
persed by ants.

A second type of habitat where concentrations of ant-dispersed plants
might be anticipated is the various grasslands and savannas where soils
are deficient in plant nutrients. Bews (1917) wrote of parts of South Africa,
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".. .preliminary investigations are sufficient to show that ants are impor-
tant agents for seed dispersal in the veld." Van der Pijl (1955, 1972) antic-
ipated that ant dispersal would be important in some grasslands as far
apart as Argentina and Java. To my knowledge this has not yet been con-
firmed or denied.

Ant-dispersed plant species have been reported from many other kinds
of vegetation and include growth forms as varied as small trees, shrubs,
herbaceous annuals and perennials, vines, epiphytes, hemiparasites, and
parasites (Beattie 1983). Among the approximately seventy plant families
containing ant-dispersed species, the following are especially important:
Berberidaceae, Boraginaceae, Compositae, Epacridaceae, Euphorbiaceae,
Fabaceae, Fumariaceae, Iridaceae, Liliaceae, Mimosaceae, Papaveraceae,
Proteaceae, Ranunculaceae, Sterculiaceae, Turneraceae, Violaceae, and
Zingiberaceae. Ant dispersal is also found in several species of grasses
(Graminae), sedges (Cyperaceae), and cacti (Cactaceae).

Ant-dispersed plants are often a significant part of a local flora. Ser-
nander (1906) showed that in some habitats in Sweden 40% of the herba-
ceous species were myrmecochorous. At high altitudes in Siberia he gave
a figure of 6%, and at high altitudes in the French Alps and in the
northern Tyrol the figures were 7% and 13%, respectively. In a variety of
forests in the eastern United States, ant-dispersed species comprise 26%-
35% of the species present in the herbaceous layer, and up to 76% of
emergent herbaceous stems (Beattie & Culver 1981; Handel et al. 1981).
The sclerophyll forests and woodlands of part of New South Wales have
between 24% and 37% myrmecochorous species (Westoby et al. 1981),
and this rises to 50% or more among the dominant shrubs (Berg 1975).
Elaiosomes take many forms (see Figure 11). In temperate plants they
tend to be soft and fleshy, and usually decay within a week or two if not
eaten by ants. By contrast, the elaiosomes of plants in arid areas are
tough, resistant, and may persist for weeks or months.

Elaiosomes often appear on fruits or seeds that possess obvious adap-
tations to additional means of dispersal. For example, the seeds of Viola
are initially dispersed by ballistic ejection from a capsule before being
discovered by ants (Beattie & Lyons 1975), and this is an extremely com-
mon combination of dispersal methods (Westoby et al. 1982). In ant-
dispersed species of Reseda the seeds are first shaken out passively, and
in some Compositae the fruit actually bears a pappus or wings at one end
and an elaiosome at the other (Nesom 1981). In one species of Trillium
the red berries are attractive to birds, but if they are not taken the outer
wall falls away to reveal seeds with elaiosomes. Although many of these
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Figure 11. Elaiosomes (e) on the diaspores of the following plant spe-
cies: (1) Acacia verticillata, (2) Viola nuttallii, (3) Corydalis aurea, (4)
Polygala vulgaris, (5) Luzula campesths, and (6) Lamium album. The
scale beneath each diaspore represents 1 mm.

two-stage (diplochorous) systems exist, it is very common for ant-dis-
persed species to simply dump their seeds in piles immediately below the
parent plant.

The anatomical and morphological differences between elaiosomes and
the larger appendages called "arils" are often subtle and confusing. This
is reinforced by the dispersal agents, which are thought to be ants in the
case of elaiosomes and birds in the case of arils. Some "arillate" diaspores
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from forest floor plants in the neotropics have been seen to be taken by
birds at some places and ants at others. Davidson (unpublished data),
working with plants in arid areas of Australia, believes that some are
adapted to both ant and bird dispersal and sees no reason why the plants
should not have evolved with both types of dispersal agent. The abun-
dance and variety of two-stage systems suggest that in many cases dis-
persal is a two-stage process: displacement and inhumation. Mechanisms
such as ballistic ejection, the shaking of the plant, wind, and travel in the
gut of a bird all contribute to displacement from the parent plant. This
does not necessarily involve or require movement across long distances,
but rather the creation of some optimal distribution or "shadow" of seeds
around the parent plant or population. The second stage, inhumation
(from Latin humare, to cover with earth), is one in which seeds come to
rest in a protective or nutritive microsite, such as an ant nest (Beattie &
Culver 1982). This process has been described for a number of vertebrate
seed-dispersal agents that defecate intact seeds, which germinate directly
from the dung (Ridley 1930; McKey 1975; Applegate et al. 1979; Lieber-
man et al. 1979; Janzen 1981; Rogers & Applegate 1983). Beattie and Cul-
ver (1982) have suggested that inhumation by ants, which are far more
abundant and ubiquitous than vertebrate seed dispersers, is a vital second-
stage process to many plant species in diverse habitats worldwide. They
went on to suggest that other common invertebrate groups such as beetles
of the family Scarabidae, earthworms, and some kinds of snails may also
inhume seeds. Many kinds of seeds and fruits, including those bearing
elaiosomes, do not simply come to rest at random locations in the habitat
once they are released from the parent plant. Ants, and possibly other
invertebrates, relocate them to sites that are protected and/or fertilized.
Because microsites suitable for germination and establishment are often
patchy and scarce (Harper 1977; Solbrig et al. 1979), selection for seed
relocation to superior microsites is intense.

The ants that disperse seeds

The ant species known to disperse seeds and fruits all belong to one of
four subfamilies of the Formicidae: the Formicinae, the Myrmicinae, the
Ponerinae, and the Dolichoderinae. In a recent review I identified thirty-
two genera as having seed-dispersing species (Beattie 1983), but several
more studies have since been done and the list is growing rapidly. The
four subfamilies with seed-dispersing species are notable for their variety
of nest types, foraging patterns, and food sources. This is in contrast, for
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example, with the subfamily of Leptanillinae (one of subterranean raid-
ing ants), the subfamily Ecitoninae (the famous legionary ants), or the
Pseudomyrmecinae (which dwell in hollow stems). Many of the seed-
dispersing genera have large geographical distributions, for example
Pachycondyla, Pheidole, Odontomachus, and Crematogaster are "tropi-
copolitan"; that is, they occur throughout most of the tropics (Brown
1973). Genera such as Formica, Lasius, and Myrmica are found through-
out the north temperate region (Wheeler 1910; Brown 1973). Some genera
are common both in the tropical and temperate zones, e.g., Aphaenogas-
ter, Leptothorax, and Prenolepis, and some individual species such as
Tetramorium caespitum and Lasius niger disperse seeds at altitudes as
great as 2300 m (Sernander 1906). In fact, the same author showed that
ant dispersal occurs at both high altitudes and high latitudes and that no
ant community he examined was so impoverished as to exclude seed-
dispersing species. There is a general increase in ant-dispersed plant spe-
cies from the poles to the equator that parallels the increasing diversity of
ants across the same gradient. However, there may be a peak of abun-
dance at the warm-temperate and "Mediterranean" midlatitudes (Beattie
1983).

The response of ants to elaiosome-bearing seeds and fruits can be ex-
tremely variable. Table 10 shows the behavior of ants toward violet seeds
in four forest sites in West Virginia. Aphaenogaster was clearly the most
efficient remover of seeds. A single ant species may remove the seeds of
more than one plant species, but the frequency with which different seeds
are removed differs according to the ant species (Table 11). Every study
of ant dispersal has shown that each myrmecochorous species is serviced
by a small array or assemblage of ants. For example, the seeds of Viola
odorata are dispersed by three species of Lasius, two species of Formica,
and one species of Crematogaster in central Europe. L. niger in the same
region carries the seeds of twenty-six genera of myrmecochores (Ser-
nander 1906). Calathea microcephala in Vera Cruz, Mexico, is dispersed
by two species of Odontomachus, two species of Pachycondyla, several
species of Pheidole, and a Paratrechina (Horvitz & Beattie 1980). Sclero-
laena diacantha in northwestern New South Wales is dispersed by a spe-
cies of Iridomyrmex, two species of Rhytidoponera, and one species of
Pheidole (Davidson & Morton 1981b); and Erythronium japonicum is
dispersed by at least two ant species in the forests of Honshu, Japan
(Kawano et al. 1982). In every case, the seed-dispersing ant species rep-
resent only a small subset of the total number of ant species present in
the habitat.



Table 10. Numbers of different behavior patterns of ants toward violet seeds

Species

Aphaenogaster rudis*

Myrmica punctiventris
Lasius alienus
Tapinoma sessile
Leptothorax curvispinosus )̂
Lasius longispinosus j
Formica subsericea

Stenamma schmitti
Formica Integra
Myrmecina amehcana

Behavior

"Ignore"

19(0.16)

6(0.15)
3(0.11)
2 (0.20)

1 (0.25)

1 (0.20)

3 (0.50)
21 (0.52)

5 (0.83)

"Antennate"
or "Examine"

20(0.17)

7 (0.18)
10 (0.37)
2 (0.20)

2 (0.50)

0 (0.00)

0 (0.00)
12 (0.30)
1 (0.17)

"Attempt to
pick up"

6 (0.05)

9 (0.22)
6 (0.22)
3 (0.30)

0 (0.00)

3 (0.60)

2 (0.33)
3 (0.08)
0 (0.00)

"Remove"

71 (0.61)

18 (0.45)
3 (0.30)
3 (0.30)

1 (0.25)

1 (0.20)

1 (0.17)
4(0.10)
0 (0.00)

N

116

40
27
10

4

5

6
40

6

Note: Each ant was counted only once and its strongest interaction recorded ("remove" is considered the strongest reaction and "ignore" the weakest);
frequencies of each behavior are given in parentheses, and N is the total number of observations.
* Aphaenogaster spp. were lumped together because of difficulties in identifying individual foraging ants.
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Table 11. Frequencies of diaspores removed by
various ant species in a West Virginia forest site

Ant species

A. rudis
M. punctiventris
L. a lien us
F. subsehcea

Viola sp.
(/i = 98)

0.72
0.18
0.08
0.02

Hepatica
acutiloba
(/! = 30)

0.23
0.20
0
0.57

Sanguinaria
canadensis
(/i = 113)

0.67
0.12
0.03
0.18

Note: Frequencies are calculated so that for each plant species they
sum to 1.

Variation in ant behavior toward seeds can seem almost idiosyncratic.
Aphaenogaster and Camponotus, for example, have species that avidly
disperse seeds in some areas, but not in others (Ridley 1930; Berg 1958,
1975; Culver & Beattie 1978). A species in a single habitat will disperse
seeds one day but totally ignore them the next (Beattie & Culver 1981).
This does not necessarily mean that the seeds are abandoned; they are
often removed either by individuals from another nest, or of another spe-
cies. Variation in the treatment of seeds by ants has occasionally been so
great that authors working on the same plant species have reached differ-
ent conclusions as to the importance of myrmecochory, for example, in
Allium (Sernander 1906; Ernst 1979) and Viola (Culver & Beattie 1978;
Schellner, Newell, & Solbrig 1982). However, de-emphasis of the ant-
seed interaction has most likely been the result of field observations in
habitats where prolonged disturbance has disrupted the ant community,
or not carrying out the tedious and detailed experiments necessary to
positively establish the presence of ant-seed interactions. The responses
of any given ant colony to myrmecochorous seeds depend largely on the
availability of alternative food and the nutritive content of elaiosomes
(Culver & Beattie 1978).

Three types of ant-seed interactions have produced much debate as to
whether the plants involved accrue a net benefit. The first is that of the
harvester ants, most of which clearly exhibit adaptations such as power-
ful mandibles for the destruction of seeds. Many workers have long sus-
pected that in some cases harvested seed is not eaten but is stored and
abandoned at sites where germination and seedling establishment can oc-
cur (Ludwig 1899; Stager 1931; Uphof 1942; Davidson & Morton 1981b;
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Andersen 1982; Heithuas 1983). Bullock (1974) and O'Dowd and Hay
(1980), working with the harvesters Pogonomyrmex and Veromessor, re-
spectively, have shown that this is possible, although the seeds concerned
bore elaiosomes. However, two aspects of the seed-harvester interaction
remain virtually unknown: first, the proportion of seed in storage that is
eventually abandoned, and second, the probability that abandoned seed
can germinate and produce a viable seedling. Specialized seed-eating ants
may be restricted to habitats such as semiarid grasslands or deserts where
large seed crops are produced predictably every year. For this reason they
do not occur in myrmecochore-rich forests where most of the elaiosome-
producing plants are small, vegetatively propagating perennials that
rarely produce large seed crops and frequently produce none at all.

A second area for debate was stimulated by the finding that the seeds
of Calathea in southern Mexico were taken, in large part, by ants known
previously only as carnivores. Both genera, Pachycondyla and Odonto-
machus possess large slicing mandibles and powerful stings. In response
to doubts that such obvious carnivores could disperse seeds, Horvitz
(1981) showed through meticulous observation that these aggressive pred-
ators carry seeds back to the nest, feed the aril to the young, and bury the
seed in the waste dump. This behavior lends credence to the theory that
some elaiosomes mimic the prey of ants biochemically (Carroll & Janzen
1973). The plants clearly benefit as seeds treated in this way are more
likely to give rise to new plants than untreated seeds (Horvitz & Beattie
1980; Horvitz 1981).

A third, debate-provoking, category of responses to seeds is that of
Formica species that construct large mound nests. In his landmark mono-
graph on seed-disperal by ants, Sernander (1906) reported that F. rufa,
which constructs huge mounds up to a meter and a half in height, is a
major seed disperser in various parts of Europe. He attributed the pat-
terns of vegetation, especially the distribution of ant-dispersed species, to
the activities of these very conspicuous ants. Ulbrich (1939) reinforced
this conclusion and published a map of ant-dispersed species around some
mounds. Unfortunately, the map revealed only a very loose association
of these plants with nests, and there are no data at all on the patterns
of distribution away from the mounds. Culver and Beattie (unpublished
data) analyzed the vegetation around F. rufa mounds in southern England
and found no consistent pattern of ant-dispersed species. In one case their
density was positively correlated with distance from mounds, in another
negatively correlated. In North America, Beattie and Culver (1977) and
Culver and Beattie (1983) have shown that ant-dispersed species avoid
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the vicinity of mound nests; that is, given an apparently uniform habitat,
ant-dispersed species are more abundant and diverse the farther they are
from mounds. Other types of mounds such as the turf nests of L. flavus
also show no particular association with ant-dispersed species (Dymes
1916; King 1977a). Large mounds may house colonies that are both too
active and too permanent for ant-dispersed seed. The continual heaping
of soil and debris may bury them too deeply, or the nest cleaners may
chew the seedlings. However, it is possible that dormancy in some species
is sufficient to outlast some kinds of nests and that emergence from an
abandoned mound can occur. It should be emphasized that some species
of Formica that build small ephemeral nests are bona fide seed dispersers
(Culver & Beattie 1980), and some large mound nests, such as those of
Rhytidoponera in Australia, are optimal sites for ant-dispersed plants
(Davidson & Morton 1981a, b); this depends, however, on the ant species
involved (Drake 1981). Some ants, for example, bring nutrient-deficient
soil from deep layers to the surface, making the mound inhospitable to
many plants (Briese 1974).

In summary, the selective advantage of relocation to nests and waste
dumps is probably multiple. In some Australian vegetation subject to
periodic fires and growing on impoverished soil, escape from fire and
nutrient enrichment of microsites are probably at a premium, and escape
from predation perhaps less crucial (Milewski & Bond 1982). In other
habitats such as the eastern forests of the United States, where seed pre-
dation by rodents is intense and nutrients are monopolized by the dom-
inant trees, escape from predation and nutrient enrichment may be the
key advantages offered by ant nests. Add to this a couple of sympatric
species in the same genus with and without elaiosomes, and avoidance of
seedling competition becomes a third advantage. These examples illus-
trate the complexity of this class of ant-plant mutualisms and point to
the large amount of careful experimentation that still needs to be done.



Ant pollination

In a world flora that harbors pollinators as diverse as slugs, mosquitoes,
honey-possums, hummingbirds, and thrips; involving mechanisms as bi-
zarre as pseudocopulation, pseudoaggression, and floral fermentation;
and with reproductive structures as simple and ephemeral as the butter-
cup or as complex and long-lived as the Banksia inflorescence, it is very
strange indeed that ants have not played a greater part. There are very
few well-documented cases of pollination by ants. On the contrary, ants
are widely regarded as thieves, parasitizing plants by taking floral re-
wards intended for pollinators, without performing the movements nec-
essary for pollination (McDade & Kinsman 1980; Wyatt 1981; Fritz &
Morse 1981; Willmer & Corbet 1981; Schaffer et al. 1983), or by simply
chewing floral organs such as the style and ovary (Galen 1983).

Ant pollination has been reported a number of times: Herniaria cilio-
lata (Proctor & Yeo 1973), Orthocarpuspusillus (Kincaid 1963), Polygo-
num cascadense (Hickman 1974), Glaux maritima (Dahl & Hadac 1940),
Seseli libanotis (Hagerup 1943), Morinda royoc, Cordia brownei (Perci-
val 1974), Rohdea japonica (Migliorato 1910; but disputed by van der
Pijl 1955), and Microtisparviflora (Armstrong 1979). Diamorpha smallii
(Crassulaceae) was studied by Wyatt (1981) and Wyatt and Stoneburner
(1981), who showed that this diminutive plant is also pollinated by ants,
especially Formica shaufussi and F. subsericea. Pollen adheres to the
hairs and integumental sculpturing of these ant species. They visit the
flowers systematically but the degree of dependence on ant-borne pollen
for seed set remains unknown. Petersen (1977) showed that the pollen of
Eritrichium aretioides (Boraginaceae), Oreoxis alpina (Umbelliferae),
and Thlaspi a/pestre (Cruciferae) was carried by F. neorufibarbis in the
alpine tundra of Colorado, and concluded that all three species are polli-
nated by ants. Various species of Euphorbia (Euphorbiaceae) and Suaeda
(Chenopodiaceae) have also been reported as ant pollinated (Ehrenfeld
1978; Blackwell & Powell 1981). Hagerup (1943) suggested that ant-pol-
linated species may be relatively more abundant in some types of desert.
The basis for this was his observation that in some kinds of low-growing
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vegetation in arid environments winged pollinators such as bees seemed
scarce, but ants were exceedingly abundant. However, abundance is not
necessarily correlated with pollinator effectiveness.

Hickman (1974) suggested a "syndrome" of plant characters that to-
gether indicate adaptation to pollination by ants. These characters were
derived from a study of P. cascadense in which he demonstrated pollina-
tion by the ant F. argentea. Hickman predicted that most ant-pollinated
plants would be short or prostrate, and densely growing or matted. These
characters would ensure that ants were able to visit many individual plants
without having to return to the ground. The flowers would be small and
sessile, and the floral rewards minimal, so that each flower would attract
a foraging ant combing the substrate, while remaining unattractive to
winged pollinators searching for the kind of conspicuous floral displays
that indicate the presence of rewards sufficient to maintain the energy de-
mands of flight. Nectar would have to be easily accessible as ants have
short tongues, and Hickman further suggested that there would be an
advantage if the amount of pollen per flower were small. This might re-
duce grooming by the ant and hence the amount of pollen removed by
the pollinator itself. Finally, ant-pollinated plants would be most abun-
dant in hot, dry habitats where ant activity is high.

As is the case with other pollination syndromes a great many excep-
tions can be found, and Hickman's original suggestion requires some re-
interpretation. A few orchids are reported to be ant pollinated: Microtis
parviflora (Armstrong 1979), Leporella fimbriata (Bates 1979), and Epi-
pactispalustris (Brantjes 1981). These are all "ground" orchids (i.e., ter-
restrial rather than epiphytic) with flowers borne on a single stem. Al-
though none of them are tall plants, they are not prostrate and do not
form a dense mat of branches. Their flowers are conspicuous to flying
insects and pollen is deposited as pollinia. These traits do not fit the ant-
pollination syndrome described by Hickman. Other plant traits such
as height are irrelevant to arboreal ant species, which pass easily from
branch to branch and from tree to tree high above the ground. Similarly,
ants foraging in the herbaceous layer pass from plant to plant via over-
lapping foliage without descending to the ground. The requirement of a
hot, dry habitat is clearly not true for ant-pollinated alpine plants. These
habitats are also exceptionally poor in ant species (Petersen 1977).

There remain two more fundamental problems with ant-pollination
research and the interpretation of the data. First, field experiments in
which supposed ant-pollinated plants have been manipulated to demon-
strate the necessity or efficacy of ant visits for seed set have rarely been
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carried out. Numerous observations have been made of ants visiting
flowers, but almost nothing is known about their contribution to pollen
transfer and subsequent seed set. The second problem arises directly
from the first. In many reports of ant pollination, other floral visitors are
reported as being numerous. Most conspicuous among these are small
solitary bees from genera such as Andrena and Dialictus, and syrphid
flies (hoverflies). On reflection, in the absence of crucial field experi-
ments such as those outlined earlier, Hickman's syndrome could be inter-
preted as adaptation to small flying insects rather than ants. The empha-
sis of this syndrome is the miniaturization of plant and floral characters
to the scale of ants, which are presumed to be tiny. However, many soli-
tary bee species are smaller than F. subsericea, which pollinates Diamor-
pha, and forage over similar or even more restricted areas. With the lack
of experimentation and data it is difficult to distinguish between ants and
small-to-tiny flying insects as the principal, possibly coevolved, pollina-
tors of most of the plant species listed at the beginning of this chapter.

Both botanists and entomologists have speculated as to why ant polli-
nation is not more common. Botanists have inferred from the anatomy
and morphology of flowers and inflorescences that ants have a negative
effect on pollination and point to various devices that limit access by
ants. These include physical barriers such as sticky tissues and glandular
hairs, nectars and floral organs containing repellent chemicals, and the
presence of extrafloral nectaries, which divert ants from flowers (Kerner
1878; Stager 1931; van der Pijl 1954; Bentley 1977a; Janzen 1977; Baker
& Baker 1978; Feinsinger & Swarm 1978; Schubart & Anderson 1978;
Rico-Gray 1980; Stephenson 1981; Elias 1983; Kevan & Baker 1983).
However, these are only proximate answers. After all, why should these
mechanisms have evolved in the first place? Why should plants prevent
ants from reaching the flowers?

Entomologists have come up with quite a different set of reasons why
ants would make poor pollinators. First, it has been argued that pollen
cannot adhere to the integument of ants. In reality, however, many ant
species are as hairy as many bee and wasp species, or even hairier. If ants
are not hairy or bristly, the integument is often deeply sculptured and
pollen is readily trapped in the furrows and grooves (Cole 1940; Sparks
1941; Hickman 1974; Wyatt 1981). Second, the objection has been raised
that ants groom their bodies too frequently to be effective pollen vectors.
Ants do groom themselves frequently, but then so do many important
pollinators such as bees. In fact, some bees groom while in flight between
flower visits. They remain effective pollinators because the stigma receives
pollen from a part of the integument that is less accessible to grooming
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(e.g., Beattie 1971). Moreover, once stored in the "pollen baskets" of
bees, pollen loses most of its viability (Kraai 1962; Heinrich 1979; Iwan-
ami et al. 1979). The hazards of grooming may also be avoided to some
extent by limiting the size of pollen loads as Hickman (1974) suggested,
or by gluing pollen to the integument in various ways as in the Orchid-
aceae and Asclepiadaceae. It is also quite clear that these hazards are
a routine component of numerous pollination systems in which pollen
is deposited on pollinators in sufficient quantities to saturate grooming
mechanisms. A third reason why some believe ants cannot be pollinators
is that they do not fly and consequently cannot forage across distances
that promote gene flow among plants. Many recent pollination studies
suggest that this argument is incorrect. In the first place, many ant spe-
cies forage over far greater distances than winged pollinators that are
limited by small body size, the defense of a small territory, or that meet
their nutrient and energy demands by foraging in highly localized, densely
packed floral resources (Elton 1932; Sudd 1967; Wilson 1971; Linhart
1973; Davidson & Morton 1981b). With respect to gene flow, it is already
thoroughly established that pollen transport in a great variety of pollina-
tion systems is severely limited and that most pollen is taken only a short
distance from the parent plant. In many cases this results from the lep-
tokurtic distribution of pollinator flight distances so that most pollen
travels only one or two meters (Levin & Kerster 1974). These systems
often result in small effective population sizes, which may be of great
selective advantage (Wright 1969). The frequency distribution of ant-
foraging distances may be leptokurtic (Wyatt & Stoneburner 1981) or
platykurtic (Beattie & Culver 1979) and is therefore unlikely to differ
greatly from those of important winged pollinators like bees and wasps.
As a corollary to this particular argument it should be remembered that
gene flow can also be accomplished effectively by fruit and seed dispers-
al, rather than by pollen transport (Levin & Kerster 1974). In addition, a
low growth form or high density of plants may mean that as many indi-
viduals are accessible to ants as they are to winged pollinators (Hickman
1974; Wyatt 1981). A fourth and widely held argument against ants as
pollinators is that ant foraging is neither systematic nor selective enough
to service pollination mechanisms. In fact, ants have sophisticated sen-
sory and orientation systems and systematically visit plants of all sizes,
from low herbs to tall trees, to harvest resources as diverse as insect prey,
honeydew, extrafloral nectar, and seeds (Berg 1954; Brian 1955; Tevis
1958; Wilson 1971; Laine & Niemela 1980; Lu & Mesler 1981).

In view of the refutations of these arguments it is appropriate to
wonder why ants have not coevolved with flowering plants as pollinators



100 Evolutionary ecology of ant-plant mutualisms

in common with other social Hymenoptera. The fossil record shows that
ants were present during the explosive adaptive radiation of the angio-
sperms during the late Cretaceous (see Chapter 2). By contrast, there are
as yet no fossil remains of bees or wasps for this period (Wilson et al.
1967; Carpenter 1977). Although many paleontologists believe that bees
and wasps are also of this antiquity, it is certain that ants were extant
during the era when flowers and their attendant pollen vectors were radi-
ating into a myriad of diverse pollination systems. It is true that one can
point to many contemporary ant species that exhibit behavioral reper-
toires inappropriate to pollination, but there appears to be no compelling
reason why mutual adaptations between early angiosperms and ants
could not have led to the evolution of pollination systems as efficient and
effective as those exhibited by contemporary bees and wasps.

A more fundamental answer to the problem of the rarity of ant polli-
nation may lie in the chemistry of the interaction. Ants have many types
of glands that secrete a wide variety of compounds. The bull ant Myr-
mecia gulosa, for example, has nine different kinds of exocrine glands in-
volved in attack and defense, chemical recognition, and social organiza-
tion (Cavill & Robertson 1965). The glandular secretions of other ants
such as the leaf cutters may be even more complex (Weber 1966; Cherrett
1972), and the regulation of their fungus cultures involves, in addition,
compounds present in the fecal fluid (Martin et al. 1975).

Schildknecht and Koob (1970, 1971) and Schildknecht (1976) have iso-
lated 0-indoleacetic acid (IAA), phenylacetic acid (PAA), and /3-hydroxy-
decanoic acid (myrmicacin) from the metapleural glands of the ants Atta
sexdens and Myrmica laevinodis, PAA and myrmicacin from Messor bar-
barus, and IAA and myrmicacin from Acromyrmex subterraneus. IAA
and PAA are plant auxins. The complex secretions are antibiotic, inhib-
iting the growth of bacteria such as Escherichia coli and Staphylococcus
aureus, and fungi such as Botrytis, Alternaria, and Penicillium (Masch-
witz, Koob, & Schildknecht 1970; Maschwitz 1974; Schildknecht 1976).

In a series of experiments the effects of the components of the secre-
tions of the metapleural gland on pollen grains have been elucidated. The
effect of IAA on pollen function is extremely variable, depending on the
species being examined, the concentration, and the presence or absence
of other hormones. For example, Shukla and Tewari (1974) found that
pollen-tube growth in Calotropis procera was promoted by IAA alone,
but was inhibited when IAA was applied with small quantities of other
plant hormones. Kwan, Hamson, and Campbell (1969) and Bhandal and
Malik (1980) showed that IAA at very low concentrations increased ger-
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mination and tube growth, but both were inhibited as concentrations
were raised. In other species Mehan and Malik (1975) found that IAA
was a pollen-tube inhibitor even at very low concentrations.

The effect of myrmicacin on pollen function is more consistent and
acts, in general, to inhibit germination, retard pollen-tube growth, and
disrupt pollen-tube mitosis (Iwanami & Iwadare 1978, 1979; Iwanami et
al. 1979, 1981; Nakamura, Miki-Hiroshige, & Iwanami 1982). These
authors, working with the pollen of a variety of plant species, found that
at concentrations as low as 10 ppm, pollen germination was reduced, and
among the pollen tubes that did emerge, the flow of materials for cell-
wall synthesis, the function of Golgi vesicles, and pollen-tube mitosis
were disrupted.

These effects were all detected in laboratory cultures. In collaboration
with my colleagues Christine Turnbull, Bruce Knox, and Elizabeth Wil-
liams, I explored the possibility that pollen exposed to living ants would
experience similar dysfunctions. It can be seen from Table 12 that twelve
species were used, representing ten genera and six subfamilies. We used
four species of pollen: Prunus avium, Lycopersicon peruvianum, Rho-
dodendron arboreum, and Acacia retinodes; the experimental proce-
dures are described in Beattie et al. (1984).

The results of these experiments were clear. Percent germination, per-
cent viability, and pollen-tube lengths were significantly reduced by ant
treatment in every case (Tables 12 and 13).

In order to see if the inhibitory effects of ants on pollen were reflected
by diminished seed set, we pollinated flowers of the wild tomato (L.
peruvianum) with pollen that had been exposed to ants. In this case it
was unattached pollen taken from vials that had contained ants for thirty
minutes. In the first experiment, twenty-three flowers were pollinated
with pollen exposed to Aphaenogaster sp. and there were twenty control
flowers. There was a significant reduction in seed set:

Control: X= 71.55 ±5.92 seeds per fruit
Aphaenogaster: X= 51.13 ±5.79 seeds per fruit
P = 0.02; f = 2.45; df= 41.

In a second experiment twenty-one flowers were pollinated with pollen
exposed to Myrmecia sp., with twenty control flowers. Again there was a
significant reduction in seed set:

Control: X= 71.55 ±5.92 seeds per fruit
Myrmecia: ,Y= 40.48 ±5.43 seeds per fruit
P = 0.001; / = 3.87; tf/=39.



Table 12. A, Percent germination of control and experimental
(ant-treated) pollen; B, Percent viability of control and experimental
pollen

Ant

Subfamily, genus, and species

A. Percent germination

Nothomyrmeciinae
Nothomyrmecia macrops (1)

Myrmicinae
Aphaenogaster sp.

Chelaner sp.
Meranoplus sp.

Pheidole sp.

Ponerinae
Amblyopone austral is
Rhytidoponera sp. 1

sp. 2

Myrmeciinae
Myrmecia pilosula

sp. 2

Formicinae
Oecophylla smaragdina

Dolichoderinae
Iridomyrmex sp.

Myrmicinae
Aphaenogaster sp.

Ponerinae
Rhytidoponera sp. 1

Formicinae
O. smaragdina

B. Percent viability

Aphaenogaster sp.
M. pilosula*

(2)
*
**

(1)
(2)
(3)
(4)***
(5)****
**

**

**

Control

%

75
57
75
75

75
48
67
61
60
67
64
64
64
67
67

67
48
42

64
65

59

65

48

48

71

92
92

n

Experimental

o/o n

(Prunus avium pollen)

800
800
800
800

200
512
801
801
800
801
600
600
600
801
801

801
512
600

600
800

600

800

56
43
55
43

47
17
47
33
34
33
26
26
18
44
31

58
30
32

8
51

39

44

465
200
240
400

200
701
801
800
800
800
802
800
798
800
800

801
800
800

628
400

500

763

{Rhododendron arboreum pollen)

512

512

800

17

30

53

701

800

800

{Lycopersicon peruvianum pollen)
1506
1506

63
78

780
860

is

11.55
3.57

12.13
19.02

5.84
8.79
8.33

11.38
10.54
13.88
14.32
14.32
17.85
9.35

14.74

3.73
6.57
3.82

22.31
4.65

6.63

8.40

11.68

6.52

7.62

16.43
9.24



Table 12 (cont.)

Ant

Subfamily, genus,

Aphaenogaster sp.
M. pilosula

and species

(1)*
(2)*

Control

%

91
91
63

n

Experimental

% n

{Acacia retinodes pollen)
700 46 20
700 14 32
375 28 131

ts

4.59
9.78
7.08

Note: Except where indicated, all treatments are for pollen removed directly from the ant
integument. In each trial four ants were used, yielding four culture slides per trial and a
total of 120 ants. The term ts is a test of equality of control and experimental percentages
(Sokal & Rohlf 1981). In all cases the value for ts is highly significant, P< 0.001, showing
differences between control and experimental percentages. Numbers in parentheses indicate
replicates using fresh batches of pollen. Identification of ants to species level was impossible
in some cases.

* Experimental values were obtained by allowing ant to walk undisturbed over culture
slide.

** Experimental values were obtained from unattached pollen.
*** Values were obtained over 12 hours' incubation.

**** Values were obtained over 36 hours' incubation.

Table 13. Statistics for pollen-tube lengths of experimental and
control pollen

Treatment

1. Control
Aphaenogaster

2. Control
Pheidole sp.

3. Control
Meranoplus sp.

4. Control
Meranoplus sp.

5. Meranoplus sp.
Meranoplus sp.

sp.

(unattached
pollen)

(whole ant)*
(unattached
pollen)

Jc±SE

102.96 ±1.90
93.73 ±2.07

102.96 ±1.90
93.90 ±2.02

87.33 ±3.22
51.22±1.72

87.33 ±3.22

53.34±1.82

51.22 ±1.72

53.54±1.82

n

800

800

400

400

400

3.29

3.28

9.90

9.20

0.85

P

<0.01

<0.01

< 0.001

< 0.001

n.s.

Note: The data are shown as raw units taken from an eyepiece graticule. The conversion
factor is 1 eyepiece unit = 0.0125 mm.
* To determine if the different methods of transferring pollen to culture slides after ant
treatment yielded different results, the two Meranoplus treatments were compared.
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Table 14. Comparisons of percent germinability of untreated
Acacia retinodes and Brassica pollen with pollen treated with
metapleural secretion, using the G test

Test

A. retinodes
Ant 1

2
3
4
5
6
7
8

Brassica
Ant 1

2
3
4

Pollen germinability

Secretion
from
metapleural
gland

42(203)
24 (33)
58 (67)
21 (42)
45 (47)
10(218)
57 (51)
10(138)

23(335)
23 (88)

7(198)
4(200)

(0/0)

Control

51(227)
44(282)
83(117)
41(123)
66(116)
83(117)
92(200)
92(200)

81(338)
95(190)
99(203)
83(200)

G

15.91
16.40
5.00
5.67*
5.88*

180.65
30.76

252.32

245.08
161.29
421.67
294.53

P

< 0.001
< 0.001
<0.05
< 0.025
< 0.025
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001

Note: df= 1 in each case. Sample sizes are shown in parentheses.
* The Williams correction was used because of small sample size.

Further experiments in which pollen of Brassica and Acacia were
treated with secretion pipetted from the metapleural gland of the ant
Myrmecia forficata showed that substances from this gland seriously
damage pollen (Table 14). However, the presence of this gland is not
crucial as exposure of pollen to the integument of a large worker of
Camponotus, which has no metapleural openings, also severely disrupts
pollen function (see Table 15; Beattie et al. in press).

It is clear from these data that exposure to living ants disrupts pollen
function. It is not clear what causes this disruption or why ants exhibit
these effects. As to the cause, the mechanism of action of myrmicacin
makes it a strong candidate for pollen disruption. In the lab it has been
shown to interrupt the flow of materials for cell-wall synthesis, interfere
with Golgi vesicles, and disrupt pollen-tube mitosis (Nakamura et al.
1982). Thus it is potentially capable of affecting both germination and
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Table 15. Comparisons of percent germinability of ant-borne
Brassica pollen with control pollen that had not been exposed
to ants, using the G test (Sokal and Rohlf 1981)

Ant species

M. forficata
Ant 1

2
3
4
5

Camponotus sp.
Ant 1

2
3
4

Germinability (°,

Ant-borne
pollen

66
72
67
78
78

4
78
10
7

*0

Control
pollen

81
93
84
90
87

93
83
92
92

G

20.68
71.92
26.16
17.08
11.11

668.43
29.55

609.81
632.12

P

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001

Note: df= 1 in each case.

pollen-tube growth. However, ants bear many glands with many products
and so although secretions from the metapleural gland of one ant species
are potent pollen antagonists, neither they nor myrmicacin can be thought
of as the only source of pollen disruption until more experimentation
has been done. At the same time it should be emphasized that although
myrmicacin has been isolated from only four species of ant, they repre-
sent a varied sample, both in geographical and biological terms. Atta sex-
dens and Acromyrmex subterraneus are fungus-growing ants from the
neotropics. Messor barbarus is a notorious seed harvester that is widely
distributed around the Mediterranean Sea, both in Europe and North
Africa. The fourth species, Myrmica laevinodis, is much less of a special-
ist than the other three, being omnivorous. It is widespread throughout
northern Europe and adjacent Asia.

The possibility that ants may secrete compounds inimical to pollen
function is not surprising when it is recalled that many kinds of animals
affect plants chemically. Plant growth regulators of animal origin are
quite common (Miles 1968). Many plant-sucking Hemiptera synthesize
IAA from endogenous metabolites; that is, they do not merely recycle
it from plant food, and their salivary products affect the growth of the
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host plant (Miles & Lloyd, 1967; Hori, 1976). Plant growth regulators
are also suspected in the salivary secretion of many orthopterans (Dyer
& Bokhari 1976; Detling & Dyer 1981) and a variety of large mammalian
herbivores (McNaughton 1979).

Why should ants secrete compounds that disrupt pollen function? As
long ago as 1910, Wheeler observed that ants produce an "oleaginous"
substance that is spread over the body (Wheeler 1910). He surmised that
this material inhibited the growth of bacteria and fungi. Some time later
Bequaert (1922) wrote that ants were remarkably free of fungal attack
relative to other insects. However, they are not completely immune (Fig-
ure 12). In recent years Maschwitz et al. (1970) and Maschwitz (1974) re-
ported that ants distribute antibiotic secretions over the bodies of adults,
larvae, and pupae. There has been some dispute over the glandular origin
of these secretions but their existence, and the behavior leading to their
dispersal over the body, appears to be beyond doubt. It is possible that
these antibacterial and antifungal secretions incidentally inhibit the growth
of pollen. If true, this would constitute an enormous counterselective
pressure restricting the evolution of pollination by ants.

Seven species of fungi, commonly found in the soils where Myrmecia
forficata nests, were tested for the effects of metapleural secretions (Table
16). Clearly the secretions are fungicidal or fungistatic, but the most in-
triguing results are for Paecilomyces lilacinus and Beauveria bassiana.
These are entomophagous fungi, the former at least being a possible
pathogen of ants. It is to be expected that an ant-borne antibiotic would
be particularly effective against entomophagous microorganisms, and the
data clearly show this.

The possibility that ants smear themselves with antibiotics may also ex-
plain why bees and wasps have such a different evolutionary history with
respect to pollination. Ants differ fundamentally from bees and wasps in
that their eggs, larvae, and pupae are deposited in natural cavities with
no protection other than the constant attendance of workers. By con-
trast, the young of bees are deposited in wax cells of various kinds, and
those of wasps in paper cells. Both the wax and the paper contain anti-
biotics, some of which are, in fact, also known to be harmful to pollen
(Michener 1974). Consequently, ants are exceptional in that the juvenile

Figure 12 {facing page). An ant of the genus Camponotus that has been
killed by the fungus Cordyceps unilateralis. The spore-producing struc-
ture has emerged from the head of the corpse. (From a specimen col-
lected by Dr. Sophie Ducker.)
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Table 16. Results of exposure of seven species of fungi to metapleural
secretions of the ant Myrmecia forficata

Paecilomyces
lilacinus

Penicillium
aurantiogriseum

Trichoderma
viride

Gliocladiwn
rosewn

Beauveria
bassiana

Aspergillus
niger

Cladosporium
resinae

Experimental
x±SE*

4.4 ±1.29

5.8±1.53

17.2±0.97

28.0±4.11

3.0±2.32

23.6±3.09

30.2 ±5.85

Control
x±SE*

131.2±9.12

98.4 ±14.62

71.8±5.68

83.2±5.28

99.4 ±6.54

62.2 ±1.93

94.0 ±12.74

t

-13.77

- 6.29

- 9.47

- 8.25

-13.89

-10.58

- 4.55

P

< 0.001

<0.01

< 0.001

< 0.0001

< 0.001

< 0.0001

<0.01

* The mean and standard error for the number of hyphae traversing the cross-wires of a
graticule under high power are given.

stages lie relatively exposed to attacks from microorganisms. Several
authors have discussed the importance of microorganisms as a source of
mortality in ant nests and have proposed that selection for defenses
against them must have been critical ever since the origin of this method
of brood rearing (Wheeler 1910; Evans 1974; Michener 1974). There is
also a suggestion of this in the present study, as some of the most power-
ful effects on pollen were exhibited by the most primitive ant genera
known: Nothomyrmecia, Myrmecia, and Amblyopone.

Although the habit of nesting in natural cavities without the construc-
tion of special brood cells confers the advantage of mobility in the event
of danger to the colony, it also exposes the juvenile stages to bacterial
and fungal attack. In the absence of brood cells, the smearing of every
individual with antibiotics seems an extremely "logical" alternative. In the
presence of secretions that inhibited microorganisms, and incidentally
pollen, natural selection would yield on one hand an effective defense
against pathogens, and on the other a powerful barrier to the evolution
of ant pollination systems. Again it is tempting to implicate myrmicacin
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since it inhibits the growth of microorganisms and pollen grains and hence
appears to be the common denominator. Whatever the compound(s) in-
volved, this hypothesis, based on the chemistry of the interaction, has the
merit of identifying a possible mechanism, and of offering an explanation
as to why ants, unlike the other social Hymenoptera, are so unimportant
as pollinators.
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Food rewards for ant mutualists

Plants offer two basic types of rewards for the services of ants: housing
and food. Housing was discussed in Chapters 2 and 3 and will not be
taken up at length here. Food, or nutrition, will be treated in a broad
sense. Thus, in addition to carbohydrates, proteins, and lipids ingested
for normal metabolism, development, and growth, substances necessary
for social organization such as those required for the biosynthesis of
mating pheromones, alarm, and defense will be included. Also it should
be borne in mind that substances that attract ants to a reward are not
necessarily those from which they derive the primary benefit. That is, the
distinction between attractants and nutrients may be crucial (Marshall,
Beattie, & Bollenbacher 1979).

Ant nutrition

Most ant species involved in seed dispersal or plant protection are omni-
vores, and the plant rewards harvested by them while performing these
services are only part of their overall nutrition. Individual colonies may
opportunistically exploit extrafloral nectar, or elaiosomes on seeds at an
intensive level for short periods; but almost invariably some workers are
foraging at other resources at the same time. A major consequence of
this is that the intensity with which plant rewards are harvested varies
enormously.

This scenario is not at all surprising when it is remembered that the
nutritional requirements of ants vary with the state of the colony, and
conversely, the food available to a colony influences the number of indi-
viduals or castes. A few examples will illustrate this point. Foraging
workers require carbohydrates, especially sugars, to provide energy for
hunting, the subjugation of prey, the hauling of prey items or liquids
back to the nest, and so on (e.g., Haskins & Haskins 1950). Honey solu-
tion made available to Formica rufopratensis colonies was fed preferen-
tially to the larger workers (Gosswald & Kloft 1956); and Lange (1967),
working with F. polyctena, showed that foraging workers received more
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honey solution than nurse workers that remained in the nest. An extreme
situation was found in the same species by Schneider (1972) when for-
agers fed honey solution tended to retain it rather than pass it on down
the trophallactic chain. An extremely careful study of sugar exchange in
Iridomyrmex hum His by Mar kin (1970) showed that radioactively labeled
sucrose solution was retained and utilized primarily by foragers, espe-
cially if the colony had access to the sugar up to a few hours before the
experiment. On the other hand, a deprived colony rapidly shared the re-
source among the majority of the workers. Soldiers received a high pro-
portion of sugars fed to colonies of Solenopsis saevissima (Vinson 1968).

Differences in sugar distribution within colonies vary according to spe-
cies. For example, Wilson and Eisner (1957) compared colonies of sev-
eral species fed honey labeled with radioactive iodide. Transmission of
honey among individuals was almost absent in the seed harvester Pogo-
nomyrmex badius, whereas the colonies of various Formica species were
quickly saturated with the nutrient. The same researchers again con-
firmed that honey is transmitted chiefly among workers, with little being
fed to the larvae or queens. For insects in general, a wide range of sugars
is utilized although preferences for some have been demonstrated (Friend
1958).

With regard to proteins, Mar kin's (1970) study showed that labeled
mosquito hemolymph was fed preferentially to larvae and queens, with
relatively small amounts being retained by workers. The largest larvae re-
ceived the protein first, although even the smallest were strongly radio-
active after a few hours. The labeling of both sugars and proteins in these
experiments clearly showed that larvae were fed primarily protein, and
only small amounts of sugar. Queens also acquired protein more rapidly
than sugar and were fed preferentially compared to workers. A similar
preferential distribution of protein, first to larvae then to queens and
finally to workers, has been shown by Vinson (1968) and Sorenson,
Busch, and Vinson (1983). When deprived of a regular protein source the
colony may suffer a variety of fates. Vanderplank (1960) fed nests of
Oecophylla longinoda only honey solution and compared their growth
with nests given a more complete, protein-rich diet, including Drosophila
larvae and termite workers. After three months the honey-fed nests suc-
ceeded in producing only small, pale workers that hid when disturbed.
By contrast, the nests with a complete diet produced normal, large, red-
colored, aggressive workers. Stradling (1978) discussed several studies
that showed that the production of reproductives requires an adequate
protein intake by the colony.
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Lipids of various classes are required for the normal metabolism of all
insects and play a vital role in the function and organization of social
insects such as ants. In particular, insects lack the sterol biosynthetic
pathway and hence require a dietary or exogenous source of sterol, the
only exception being those that harbor gut symbionts capable of per-
forming this function (Clayton 1964; Gilbert 1967; Chippendale 1972;
Svoboda et al. 1978). Linolate and linolenate are also dietary require-
ments for some insects (Chippendale 1972; Houk & Griffiths 1980) as is
the lipogenic growth factor choline (Dadd 1973). Insect sterols have a
variety of functions, being essential components of subcellular mem-
branes, precursors of critical bioregulators such as molting hormones
(ecdysones), components of surface wax of the cuticle, and constituents
of lipoprotein carrier molecules (Steele 1976; Rockstein 1978).

Other lipids or lipoidal compounds perform some functions in ants.
Wilson (1970, 1971) reviewed a variety involved in aggregating and alarm
behavior in several ant species. The alkene undecane, from the Dufour's
gland of Acanthomyops claviger, is a classic example of an aggregat-
ing pheromone. Lofquist and Bergstrom (1980) found a great variety of
hydrocarbons in the Dufour's gland of F. polyctena that function as
alarm, defense, and swarming substances. Law, Wilson, and McClosky
(1965) showed that mixtures of terpenes, a class of derived lipids, are mat-
ing pheromones in Lasius alienus and A. claviger, and (z)-9-hexadecenal
from /. humilis is both an aggregating factor and a trail pheromone (Ca-
vill, Davies, & McDonald 1980; Van Vorhis Key & Baker 1982). Lipids
have many other disparate functions: The metapleural gland of some ant
species produces /3-hydroxydecanoic acid, which may provide some basis
for colony recognition (Brown 1968) or function as an antibiotic (Schild-
knecht 1976; Beattie et al. 1984) or both. The cuticle and wax layers of
insects have high lipid fractions (Meinwald et al. 1975; Howard & Blom-
quist 1982), and juvenile hormones, being methyl esters of sesquiterpene
epoxides, are lipoidal (Chippendale 1972).

Ants store lipids, occasionally in replete individuals (Glancey et al.
1973; Burgett & Young 1974). The storage of material in the lipid replete
of Myrmecocystus mexicanus is mostly triglyceride with some sterol and
fatty acids (Burgett & Young 1974). Triglycerides, either in repletes or in
pharyngeal glands, are an extremely efficient method of storing energy.
The complete oxidation of fatty acids yields about 9 kcal/g, whereas car-
bohydrates yield only about 4 kcal/g (Stryer 1981). The high surface
volume ratio of ants suggests an additional advantage of fat storage. The
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oxidation of fats yields about twice as much metabolic water as carbo-
hydrate (Dadd 1973; Downer & Matthews 1976). This may be of particu-
lar advantage in arid and semiarid environments. However, Ride (1970)
described an incidental disadvantage for a species of Iridomyrmex that
produces virgin queens in spring. They are 47.2% lipid and particularly
attractive to spiny echidnas, which open nests specifically to find and eat
them!

The pharyngeal glands of many ant species contain a store of lipids;
for example, Barbier and Delage (1967) found large quantities of sterols,
both cholesterol and various phytosterols, in the pharyngeal glands of
the seed harvester Messor capitatus, and Peregrine, Mudd, and Cherrett
(1973) showed that the pharyngeal glands of the leaf-cutting ant Acro-
myrmex octospinosus contained ten triglycerides in addition to several
free fatty acids and sterols. Mar kin (1970) and Brian (1973) have demon-
strated that the contents of these glands are fed primarily to larvae and
queens. Vinson (1968) showed that soybean oil made available to colo-
nies of Solenopsis was quickly harvested by foragers and fed preferen-
tially to larvae and queens, with lesser quantities going to males, soldiers,
and other workers.

There are few data on the precise nutritional requirements and biosyn-
thetic pathways of ants. However, it may be inferred from studies of
other insects that in general, a variety of sugars can be used as energy
sources, primarily for active workers and soldiers. A variety of amino
acids is required, especially for the growth of larvae, and lipids are cru-
cial to development and metamorphosis with additional roles in colony
organization and energy storage.

Elaiosomes

Bresinsky (1963) provided many insights into the nutritional rewards
present in the elaiosomes of ant-dispersed plant species from northern
and central Europe. Of the forty-one species analyzed all but three con-
tained lipids and all but ten contained sugars. In addition, sixteen con-
tained a significant amount of protein, nine contained starch, nineteen
contained vitamin Bi (thought to be a dietary requirement for some in-
sects, Wigglesworth 1972), and twenty contained vitamin C. Glucose was
the most common sugar (thirty species) and fructose (twenty-six species),
saccharose (ten species), and xylose (two species) accounted for the re-
maining carbohydrates. Ricinoleic acid was a conspicuous component of
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the lipid fraction of eight species, as well as ant larvae. A variety of nutri-
tional rewards was present in V. odorata, which contained lipids, including
ricinoleic acid, sugars, proteins, and vitamins Bi and C. Bresinsky con-
cluded that ricinoleic acid was the ant attractant in this species. Marshall
et al. (1979) analyzed the lipid fraction of the elaiosome of V. odorata in
greater detail, taking advantage of a new bioassay that could be used
both in the field and the lab. Exact quantities of fractions isolated from
the elaiosomes were applied to porous Teflon cubes of about the same
size, weight, and handling characteristics as the real violet diaspore. The
cubes, being inert, permitted the bioassay of materials without contami-
nants, and their weight and texture permitted easy manipulation by ants.
As the human experimenters also handled them easily, precise tests could
be carried out in both the field and the lab.

During the preliminary experiments, the lipid fraction of the elaio-
somes was clearly shown to be the most attractive to Aphaenogaster both
in the field and the lab, and the nonpolar lipids were unequivocally more
attractive than polar lipids. Gas-liquid chromatography revealed the
presence of many fatty acids, and linoleic, stearic, palmitic, palmitoleic,
nervonic, elaidic, vaccenic, lignoceric, myristic, behenic, 12-hydroxystea-
ric, hydroxypalmitic, and ricinoleic acids were all bioassayed. Although
ricinoleic, among other fatty acids, elicited some response from ants, it
was not nearly as attractive as the diglyceride fraction. As the chroma-
tography had revealed a large peak corresponding to oleic acid, it was
possible that l:2-diolein was the diglyceride attractant. In a final series of
bioassays it was shown that l:2-diolein was far more attractive than 1:3-
diolein, monolein, oleic acid, and ricinoleic acid. Thus, contrary to Bre-
sinsky 's (1963) result, ricinoleic acid was neither a major fraction of V.
odorata elaiosomes, nor did it elicit a strong response from ants. By con-
trast, diglyceride fractions and standards elicited the strongest response, in
particular carrying behavior, which led to the removal of test cubes from
the experimental arena - the behavior most relevant to seed dispersal.

The curious thing about the preceding experiments is that the ants pre-
ferred diglycerides, even to the constituent fatty acids. Diglycerides are
known to be a major class of neutral lipid in the hemolymph of some
insects (Gilbert & Chino 1974) and there is evidence that diglyceride-
hemolymph protein conjugates are the means of lipid transport within
insect bodies (Gilbert 1967). As they are also triglyceride percursors, it
seems likely that ants respond to diglycerides as nutrients. Ant colonies
fed fresh elaiosomes show greater survivorship than control colonies de-
prived of them (Steven Handel, personal communication). It should be
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noted that lipids are not always major components of elaiosomes; for
example, O'Dowd (unpublished data) found that in eight Australian ant-
dispersed species the lipid content of elaiosomes varied from 6.1% to
51.3% dry weight.

Lipids are important nutritionally but they also have other functions.
Oleic acid, for example, elicits necrophoric behavior, that is, the removal
of dead ants to the refuse pile or colony graveyard (Wilson, Durlach, &
Roth 1958). This suggests that some lipid fraction of elaiosomes may
function simply as a behavioral releaser. One interesting aspect of this
possibility is the behavior of carnivorous ants such as species of Odonto-
machus and Pachycondyla, which are attracted to the arils (elaiosomes)
of Calathea seeds in the rain forests of southern Mexico. These ants,
armed with conspicuous slicing mandibles and powerful stings, are the
major seed dispersers of some Calathea species (Horvitz & Beattie 1980).
The possibility that elaiosomes somehow mimicked prey items, thus en-
suring the removal of the seed to the ant nest, was first suggested by Car-
roll and Janzen (1973). Diglycerides, or closely related compounds, may
be the common denominator since they occur in both hemolymph and
elaiosomes. They may trigger the appropriate behavior (i.e., "carry this
item back to the nest"), and elaiosomes may indeed mimic prey items
biochemically.

The scant data on elaiosomes suggest two things: First, the complex
array of substances in the tissue of some elaiosomes - carbohydrates,
proteins, and lipids - may satisfy many of the nutritional demands of
ants, including dietary requirements; and second, some substances in
elaiosomes may function as behavior releasers instead of or in addition
to being nutrients. Two types of behavior that may be triggered by elaio-
somes are corpse carrying and prey carrying.

Extrafloral nectar

Various analyses of extrafloral nectars have shown that they contain
sugars, amino acids, some lipids, and a variety of other organic com-
pounds such as alkaloids and phenolics. The sugars have been reviewed
by Bentley (1977a), who showed that sucrose, glucose, and fructose are
the most common and that raffinose, arabinose, xylose, and rhamnose
are occasionally present. The three primary sugars are found in the extra-
floral nectars of many kinds of plants including a vine (Keeler 1977), a
grass (Bowden 1970), a tree (O'Dowd 1979), several orchids (Baskin &
Bliss 1969; Jeffrey et al. 1970), and a variety of ferns (Koptur et al. 1982).
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These authors have also isolated small quantities of the sugars maltose,
melibiose, gentiobiose, stachyose, lactose, and melezitose from various
plant species, but some of these are not easily utilized by insects (Trager
1953). Clark and Lukefahr (1956) analyzed the extrafloral nectar of Gos-
sypium sp. and then produced an artificial product based on the propor-
tions identified in the analysis: sucrose, 40; glucose, 30; fructose, 20; raf-
finose, 5; rhamnose, 5; ribose, 2; and water, 100 units. Upon augmenting
the diet of the pink bollworm moth with the artificial extrafloral nectar,
they found a very significant increase in egg production and concluded
that extrafloral nectar was important in maintaining fecundity.

The amino acids of extrafloral nectar have been reviewed at length by
Baker, Opler, and Baker (1978). Twenty-two have been found with a
mean of 14.70± 5.09 amino acids per nectar. Alanine, arginine, cysteine,
glycine, isoleucine, proline, serine, threonine, and valine are particularly
common, occurring in 80% or more of the species examined. Nonprotein
amino acids occur more often in extrafloral nectar than in floral nectar.
Baker et al. (1978) suggest that some of these may be toxic to certain
potential visitors, perhaps reducing losses of extrafloral nectar to non-
mutualist insects. The same authors were able to compare extrafloral nec-
tars from vegetative organs and inflorescenses, but they found no signifi-
cant difference in amino acid content between them.

Some extrafloral nectars provide the ten amino acids considered essen-
tial for the insect diet, but it is interesting that sulfur-containing amino
acids of the cystine group are found more often in extrafloral than floral
nectar. There is some evidence that insects in general require cystine for
normal development, especially the formation of the pupa (Trager 1953).
In laboratory tests, Lanza and Krauss (1983) showed that cystine was pre-
ferred to (more attractive than) several other individual amino acids.
Amino acids such as glycine and tyrosine, although not normally con-
sidered essential, may also be dietary requirements for many insects but
there are no data for ants. It is reasonable to suggest, however, that be-
cause extrafloral nectar does contain these particular amino acids, visi-
tors such as ants may use it as a resource for the feeding of larvae.

Very little is known of the lipid content of extrafloral nectars. Herbert
and Irene Baker (personal communication) have found lipids in fifteen
out of eighty-five species examined, and suspect that they are, in part,
free fatty acids. Keeler (1981a) found lipids in the post floral nectar of
Mentzelia nuda but did not report any further analysis. The paucity of
lipid records may be merely the consequence of the difficulty and expense
involved in the accurate identification of these compounds.
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In their extensive studies of floral nectars, Baker and Baker (1975,
1983) showed that nectar constituents are functionally related to pollina-
tor type. For example, flowers pollinated by hummingbirds frequently
have more sucrose than hexose, and low concentrations of amino acids.
By contrast, those pollinated by certain bees and,butter flies generally pro-
duce hexose-rich nectar with high concentrations of amino acids. These
differences reflect, among other things, the energy demands of different
kinds of flight and the relative availability of alternative food sources for
different pollinators. As Baker et al. (1978) pointed out, variation in the
contents of extrafloral nectar may also reflect the differing requirements
and preferences of visitors that provide a service for the plant. However,
we can expect the patterns of variation in extrafloral nectars to differ
from those in floral nectar for two reasons. First, access to floral nectars
can be greatly restricted by floral morphologies that exclude nonmutual-
ists. The long corolla tubes of hummingbird-pollinated flowers are well-
known examples. By contrast, extrafloral nectaries are usually freely ac-
cessible to a wide variety of visitors, many of which are not mutualists.
The secretion of chemical deterrents in extrafloral nectar appears to be
one of the few antidotes, but this runs the risk of repelling mutualists
with similar nutritional demands to those of unwanted visitors. Second,
extrafloral nectar may provide rewards to mutualists with radically dif-
ferent requirements. For example, some extrafloral nectars rich in amino
acids and lipids may be particularly attractive to ants requiring larval
food. By contrast, the adults of parasitoid species visit extrafloral nec-
taries for their own immediate needs, which are primarily energetic.
Energy sources are required for searching out hosts, and plant species
adapted to parasitoid guards may secrete extrafloral nectars rich in sugars.
Moreover, parasitoid larvae consume the bodies of their hosts and are
consequently supplied with a ready-made and sufficiently balanced diet.
The importance of extrafloral nectar in parasitoids has been shown by
Lingren and Lukefahr (1977) working on the effects of the ichneumonid
wasp Campoletis sonorensis on the cotton herbivore Heliothis sp. Wasps
confined to varieties of cotton with extrafloral nectaries show increased
longevity over those confined to nectariless cotton varieties with access
only to floral nectar. Of greater interest is that although rates of para-
sitism of Heliothis were high on both cotton varieties, they were signifi-
cantly greater on those with extrafloral nectar.

All these considerations lead to the suggestion that more detailed and
comparative analyses of extrafloral nectars may reveal the following pat-
terns: (1) A greater variety of nonnutrients, especially toxins and repel-
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lents, will be found in extrafloral nectar than in floral nectar; (2) plant
species adapted to ant guards comprised mainly of omnivorous species
will have a greater variety of nutrients, especially amino acids and lipids,
especially if the plant species bearing the extrafloral nectaries appear at
times when larvae or sexuals are a significant porportion of the ant colo-
nies; (3) plant species adapted to ant guards consisting primarily of car-
nivorous species will have extrafloral nectar dominated by sugars (larval
nutrients being supplied by prey hemolymph); (4) plant species adapted
to a broad array of ant species, and parasitoids, will exhibit the greatest
variety and concentration of nutrients; and (5) extrafloral nectar pri-
marily for parasitoids will be particularly rich in sugars.

This picture may be complicated in at least two ways. First, extrafloral
nectar may be involved in the attraction of pollinators in addition to, or
instead of, its other roles (see Chapter 3). One would expect the constit-
uents to reflect this. Second, extrafloral nectar may contain a variety of
nonnutrient substances that are neither toxins nor repellents, but that
attract parasitoids to hosts or to mates. Plant tissues contain a variety
of molecules that are hymenopteran or dipteran parasitoid host-location
cues or sex pheromones (Monteith 1967; Hendry et al. 1975, 1976; and
references therein). One dramatic example, though not involving a para-
sitoid, illustrates this point well. Males of the oak leaf roller moth at-
tempt to copulate with damaged host leaves exuding sap, in precisely the
same way as they do with females (Hendry et al. 1975). If these highly
specific molecules, which are frequently complex hydrocarbons or ali-
phatic acids, are secreted in extrafloral nectar, then the chemical, eco-
logical, and evolutionary analysis of extrafloral nectar systems becomes
an enormously more complex task than previously supposed.

Food bodies

As reported in Chapter 3, food bodies, including pearl bodies, are fre-
quently food tissues, containing large amounts of protein and lipids in
addition to the normal complement of cellular contents. The Beltian
bodies of A. cornigera are vascularized and contain much protein, in
addition to lipid (Rickson 1969, 1975). It is interesting that the extrafloral
nectar of this species contains only five amino acids (Baker et al. 1978),
suggesting a compensatory adjustment between the structures producing
the ant rewards. The Miillerian bodies of Cecropia are remarkable in
containing glycogen, a large branched polymer of glucose residues that
is normally found in animal tissues. These food bodies contain 39%
glycogen and 8% lipid by dry weight (Rickson 1971, 1973, 1976). This
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may be another example of a reward being a chemical mimic of prey
items. The Beccarian bodies of Macaranga are especially rich in lipid
(Rickson 1980) as are a wide variety of pearl bodies. O'Dowd (1982) has
shown that the pearl bodies of thirty-six plant species all contain lipid,
with a single exception: Those of Ochroma pyramidale contain sterols
(O'Dowd 1980). Food bodies are a rich source of nutrients and are highly
prized by some ants as larval food.

Rewards offered by homopterans and lycaenid larvae

Honeydew unquestionably serves as a reward for ants guarding those
animals that secrete it (Way 1963; Atsatt 1981b). The honeydew of the
ant-tended aphid Myzus persicae (Jones 1929) is among the most thor-
oughly analyzed and has been shown to be complex, containing sugars,
amino acids, and amides (Auclair 1963) and lipids (Strong 1963, 1965).
The dominant sugars are fructose, glucose, sucrose, and the oligosac-
charides glucosucrose and maltotriosucrose. The honeydew of other ho-
mopterans on various host plants usually contains large amounts of the
trisaccharide melezitose, and a variety of other oligiosaccharides. Melezi-
tose is in fact characteristic of honeydew and is found in large quantities
in many kinds of homopterans (Bacon & Dickinson 1957). Maltose is a
common sugar constituent of coccid honeydew (Ewart & Metcalf 1956).

The eleven principal amino acids and amides found in M. persicae
honeydew are alanine, asparagine, aspartic acid, glutamine, glutamic
acid, leucine or isoleucine, phenylalanine, proline, serine, threonine, and
valine. An identical list comes from analysis of coccid honeydew (Ewart
& Metcalf 1956), and twelve more amino acids, including cystine, tyro-
sine, histidine, and tryptophan, have been isolated from various aphid,
delphacid, and coccid honeydews (Gray 1952; Maltais & Auclair 1952;
Auclair 1963; Sogawa 1982).

Lipids of various classes constitute between 12% and 16% dry weight
of M. persicae honeydew, including free fatty acids, free sterols, with
smaller amounts of triglycerides, and hydrocarbons such as squalene
(Strong 1965). Twenty fatty acids have been identified, ranging from C4

to C2o with palmitic acids (16:0) being the most abundant (Strong 1963).
Linoleic acid (18:2) appeared in the phloem of the host plants of the
aphids analyzed, but not in the honeydew, leading Strong (1963) to sug-
gest that this acid may be an aphid dietary requirement.

Various honeydews have been shown to contain a variety of other
molecules such as peptides, minerals, B vitamins, plant hormones, and
hydroxy acids such as malic and citric (Gray 1952; Maltais & Auclair
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1952; Way 1963). Many honeydew constituents appear to be derived
almost unaltered from the ingested phloem juice. A conspicuous excep-
tion is melezitose, which is probably synthesized by gut symbionts. In
fact, the presence of gut symbionts may make honeydew a particularly
valuable resource for ants because they can provide dietary requirements
such as sterols, which may be otherwise difficult to obtain.

Maschwitz et al. (1975) analyzed the honeydew secreted by the larvae
of the butterfly Lysandra hispana. They found the sugars fructose, su-
crose, trehalose, and glucose, a little protein, and the amino acid methio-
nine. There was no search for lipids. The honeydew of an Australian
lycaenid has been analyzed and shown to contain several more amino
acids, notably serine (N. Pierce, personal communication).

The main conclusion from these data is that honeydew is a complex
substance that provides many, and perhaps in some cases all, of the di-
etary requirements of ants.

Ant rewards: supply and demand

Existing data show that plant tissues and secretions that function as ant
rewards, and honeydew, contain a wide variety of essential nutrients.
Some of them, especially individual sugars and amino acids, are found at
low concentrations and may not be very significant nutritionally to either
the adults or larvae of a given ant colony. Nevertheless, the presence of
sugars, amino acids, and lipids in most rewards suggests that plants
"hedge their bets" by offering ants a variety of foods. Variation in supply
and demand is a product of several groups of factors. The first group is
derived from the age structure of the ant colony. In essence, the nutri-
tional requirements of adults and larvae are very different. As we have
already seen a young colony with few larvae requires energy sources, pri-
marily sugars, to maintain its foragers, nurses, and soldiers. To be sure,
the queen requires proteins and lipids for egg production, but not in the
amounts required by cohorts of developing larvae. The more mature
colony has an increasing demand for amino acids for growing larvae.
Nonfeeding stages such as diapausing larvae and pupae require much
more lipid as energy reserves. The production of sexuals, which is often
late in the season, requires a larval diet rich in amino acids and possibly
lipids. Reproductives are often produced in very large numbers to over-
come the dangers of finding mates and locating new nest sites. Predation
is a particularly important source of attrition at these stages as birds,
lizards, toads, and other ant species feast on the relatively vulnerable



Food rewards for ant mutualists 121

sexuals. The production of sexual swarms is highly dependent on the
colony's intake of protein-rich food.

Various seasonal effects complicate this picture, particularly the onset
of drought or cold. Drought may be overcome, in part, by the storage of
lipids, which are a rich source of metabolic water. Stored lipids, espe-
cially in larvae, may provide the energy and water required by a colony to
last through extended dry or cold seasons, as the larvae of many ant spe-
cies are known to regurgitate food when solicited by adults (Wilson 1971).
Workers may also accumulate fat for overwintering (e.g., Kirchner 1964).
Ant species subject to seasonal drought or cold, which halts or curtails
foraging, are likely to exhibit a rise in lipid demand as the period of ad-
versity approaches. Most of the demographic colony changes are char-
acteristic of a particular season. This was highlighted by Banks and
Macaulay (1967), who showed that Lasius niger assiduously tended aphids
for honeydew while the sexual brood was developing, but rapidly lost in-
terest after midsummer when the sexuals had matured and the high honey-
dew requirement had consequently declined.

A second group of factors affecting the nutrition of mutualistic ants is
a product of spatial variation in ant activity. Perhaps first among these
factors is the proximity of ant colonies to the plants requiring their ser-
vices. The importance of proximity has been demonstrated by Laine and
Niemela (1980), who found that the rate of Formica predation on defoli-
ators of birch trees is largely a function of the location of the nest. Trees
close to nests are hunted upon intensively whereas those more distant are
more likely to lose their leaves. The net result is the formation of "green
islands" around the nests. This showed that there are limits to the dis-
tance foragers can travel, determined by factors such as energetic costs,
territoriality, and physical barriers.

Variation in alternative food sources is a second factor and is likely to
be closely linked to the first. One can imagine many kinds of events that
might divert foraging ants away from plants producing extrafloral nectar
or elaiosome-bearing diaspores: the hatching of a cluster of caterpillars
or the discovery of a batch of eggs or pupae on a plant closer to the nest;
the maturation of other plant species that produce more attractive nectar
or larger elaiosomes; the monopolization of plant rewards by a more
aggressive colony or ant species and the consequent shifts in territory or
foraging range; exposure to predators or dessication at the location of
plant rewards; natural disturbances such as a tree falling or local flood-
ing; catastrophes overtaking the colony such as fungal infection, inva-
sion by nematodes, or a slave raid; and so on.
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Table 17. Number of occurrences of different
behavior patterns of Aphaenogaster spp. toward
chasmogamous and cleistogamous seeds in
"cafeteria" experiments

Seeds tested in

June July

"Ignore" 19(0.16) 7(0.22)
"Antennate" or "Examine" 20(0.17) 13(0.41)
"Attempt to pick up" 6(0.05) 3(0.09)
"Remove" 71(0.61) 9(0.28)
Total 116 32

Note: Only the "most interested" behavior of each is recorded;
frequencies are given in parentheses. Removal frequency signifi-
cantly different, P<0 .01

One likely example of events such as these appeared during a study of
the seed dispersal of several ant-dispersed violet species in West Virginia
(Culver & Beattie 1978). Five species produced chasmogamous seeds from
cross-pollinated flowers in early summer, and cleistogamous seeds from
closed, obligately self-pollinated flowers in mid and late summer. "Cafe-
teria" experiments were performed in which individual fresh seeds of
each species were placed on the floor of relatively undisturbed forest and
the behavior of ants toward them closely monitored. In June the seeds
were quickly located by ants and taken back to their nests. During July
and August the ants showed an increasing lack of interest in the seeds.
For example, at a site called Big Draft the removal rate of chasmogamous
seeds from experimental arenas in June was 1.55 seeds per hour, whereas
the rate of removal of cleistogamous seeds in late July was 0.75 seeds per
hour, a reduction of 50%. Differences in removal rates were apparently
not the result of differences in the attractiveness of chasmogamous and
cleistogamous seeds. In late July, when a few chasmogamous seeds were
still available for testing against cleistogamous seeds, there was no differ-
ence in the frequency of removals when the ants were given a choice.
Furthermore, cleistogamous seeds actually bore larger elaiosomes than
chasmogamous seeds (Culver & Beattie 1978), an apparent "compensa-
tion" for the diminishing interest of ant dispersers illustrated in Table 17.
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The seasonal difference in the rate of seed removals was partially the
result of the greater availability of alternative foods in mid or late sum-
mer. It is unfortunate that no quantitative data were collected, but sev-
eral observers watched the experimental arenas for many weeks on end
and noted that the mandibles of ants approaching seeds in June were
generally empty, whereas those of ants crossing the experimental arenas
in late July and August were much more likely to be clasping a dead or
struggling insect. It seems that elaiosomes are important food items until
the insect populations build up; then the plants must compete with these
for the ants' attention. A peak of interest in seeds on the part of ants in
early summer may be the principal selection pressure that has led to early
flowering and rapid fruit maturation in many ant-dispersed herbaceous
species growing on the forest floor of northern deciduous forests.

Evidence for the constantly changing patterns of ant territories and
foraging ranges comes from the work of Leston (1978) and others docu-
menting the movements of colonies and species in the canopies of tropi-
cal forests. Vanderplank (1960) showed that nests may be abandoned as a
result of the buildup of nest inquilines to intolerable levels; and Way
(1963) reported the shifting interest of ants on plants supporting homop-
teran colonies, which are in turn subject to changes in density, viability,
and productivity.

A third group of factors affecting the nutrition of mutualistic ants
arises from variation in the availability of plant species offering rewards,
and in their physiological condition. The density of extrafloral nectaries
and amount of extrafloral nectar may be greater in a stand of small trees
such as Ochroma than in a group of perennial herbs such as Costus or
epiphytic orchids as a simple consequence of size. However, herbaceous
perennials such as Helianthella quinquinervis that bear extrafloral nectars
can reach high densities (Inouye & Taylor 1979), and it is thus difficult to
compare the ant rewards of different plant species and communities. No
field comparisons have been made to my knowledge. Nevertheless, local
variation in the availability of plant rewards for ants is bound to reflect
local variation in the composition of the plant species.

There is also variation in the rewards offered by any given plant spe-
cies, both temporally within individuals, and among individuals. In
Chapter 3 it was shown that the extrafloral nectaries of many species are
active only for limited periods such as bud break and leaf expansion (e.g.
Tilman 1978). Studies of cotton extrafloral nectar have shown that the
volume of secretion is greatest from mid-July to mid-August, but that
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the sugar and amino acid content declined steadily through the season
(Yokoyama 1978). In addition, Butler et al. (1972) demonstrated that
Gossypium barbadense and G. hirsutum extrafloral nectar production
decreased dramatically at night; but both the volume and concentration
of sugars quickly rose to maximum levels at 8:00 a.m. and 11:00 a.m., re-
spectively. O'Dowd (1979) found no differences in the diurnal and noc-
turnal secretion of extrafloral nectar in Ochroma; however, the volume
of nocturnal secretion was dependent on the position of leaf insertion.
His study showed that petiolar nectaries secreted for a mean of 17 ±4
days and leaf-vein nectaries for a mean of 37 ± 3 days, and that ants were
present during these periods. However, significant variability in the num-
ber of foraging ants per tree was found. O'Dowd attributed this in part to
the fact that expanding leaves produced the most nectar and that the
number of expanding leaves varied according to the individual tree.
Those that grew at poor microsites or had been damaged produced fewer
new leaves and were visited less by ants. By contrast, large, healthy trees
sustained large ant populations and healthy foliage.

Variability in the volume and content of honeydew has been shown to
depend on the plant species, the homopteran species, ambient tempera-
ture, age of the plant, and gut symbionts, among other factors (Auclair
1963; Llewellyn 1972).

Plant tissues, in general, have low concentrations of nitrogenous com-
pounds, and variation in the levels of protein, in particular, profoundly
affects the growth and fecundity of phytophagous insects (Russel 1947;
McNeill & Southwood 1978). Other essential elements in plants, such as
phosphorus, potassium, calcium, magnesium, sulfur, iron, and sodium,
also vary according to plant species, growth form, soil type, and water
availability, as well as the individual tissue under consideration (Wood-
well et al. 1975; and references therein). The nitrogenous content of
phloem and xylem sap varies according to similar factors (Mattson 1980).
This affects phloem feeders such as aphids, which grow faster when
amides are more abundant, in turn increasing the nitrogen content of
honeydew (van Emden 1972). Variation in other ant rewards of plant ori-
gin such as extrafloral nectar and elaiosome tissue is little understood.
Floral nectar is known to vary widely between species, and to change in
volume and composition during the day and/or through the season of
anthesis (Percival 1961; Baker & Baker 1975). Extrafloral nectar may
be expected to vary in similar ways (Baker et al. 1978), and since many
extrafloral nectaries and elaiosomes are vascularized (Frey-Wyssling 1955;
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Bresinsky 1963), variation should be attributable, at least in part, to the
changing composition of phloem and xylem fluids.

It is obvious that plants can exert some "quality control" over nectar
content, thus facilitating the establishment of functional, mutualistic re-
lationships with particular pollinators. Also, since phytophagous insects
are both diverse and abundant, there are clearly strategies that circumvent
the apparently bewildering variety in the nutritional contents of plant
species and organs (Ahmad 1983). At the same time, however, it is against
this kaleidoscopic chemical background of colony physiology, localized
ecological conditions, and plant physiology that plants must attract and
retain ant foragers for protection, seed dispersal, and plant feeding. In
addition, the plant rewards such as extrafloral nectar, elaiosome tissue,
and housing are often freely accessible to many kinds of nonmutualists,
especially insects, which simply steal them. Therefore it is small wonder
that ant protection and ant dispersal of diaspores break down even in the
presence of rewards. The data discussed in this chapter suggest three ways
in which rewards maximize ant services. First, the greater the array of
rewards, the greater is the probability of ant service. This can be seen in
those ant-plant mutualisms that appear to be most obligate. Thus, in the
Acacia-Pseudomyrmex and Macaranga-Crematogaster plant protection
systems, carbohydrates, proteins, and lipids are produced on a more or
less year-round basis, generally meeting the nutritional requirements of
the ants. Ant fidelity to the plants is high, or even obligate, and the prob-
ability that the plants will be occupied by aggressive species is also high.
As we have seen in Chapter 3, the presence of domatia, extrafloral nec-
taries, and food bodies by no means guarantees that the plants will be
occupied by efficient ant guards or that a considerable amount of herbi-
vory will not take place. The deletion of any one or more of these re-
wards appears to diminish the protection afforded by ants (O'Dowd 1979;
Andrade & Carauta 1982) and increase the importance of alternative
means of defense against herbivores (Rehr, Feeny, & Janzen 1971; Coley
1983). This trend may be complicated by the presence of homopterans,
which supply a broad array of nutritional requirements in honeydew and
frequently occupy domatia, or flourish on plants independently of ant-
reward structures.

The second way in which services may be maximized is the diversifica-
tion of the nutrients and attractants in food rewards. In the obligate
mutualisms where food bodies and extrafloral nectar are provided, the
ants appear to receive a complete diet from food rewards. But even when



126 Evolutionary ecology of ant-plant mutualisms

there is only a single reward such as extrafloral nectar, honeydew, or elai-
osomes, a variety of sugars, amino acids, lipids, and other nutrients or
attractants is often available to ants.

Third, some rewards are obviously very potent; in other words, they
are very strongly attractive to ants and the ants may have a great need for
them, at least for brief periods. For example, earlier in this chapter a re-
view of elaiosome constituents revealed that they often contain carbo-
hydrates, proteins, and lipids. The analyses were mainly of ant-dispersed
species from temperate deciduous forests that have been shown to (a) be
subject to high rates of seed predation (Heithaus 1981); (b) produce small
numbers of large seeds relative to non-ant-dispersed conspecifics, or other
species in the same habitat (Salisbury 1942; Beattie 1983); and (c) propa-
gate vegetatively (Beattie & Culver 1981). Each of these suggests that
seed survivorship is low and seedling recruitment into populations an in-
frequent or sporadic event (Harper 1977). Given first, that the energetic
and nutritional investment in the seeds is great, second, that the seeds
nevertheless remain vulnerable, and third, that ants are the primary de-
terminants of seed and seedling survivorship, a strategy to attract and
maintain ant dispersers is likely to involve very potent rewards, in this
case an array of essential nutrients in the elaiosome.

To my knowledge no elaiosome-bearing plants also produce domatia.
However, ant dispersers of temperate forest plants are all ground nesting
and there appears to be no shortage of nest sites (Headley 1952; Lyford
1963; Small wood & Culver 1979). The potential importance of nest sites
in the vicinity of ant-dependent plants is perhaps illustrated by Viola cu-
cullata, one of seven violet species studied by Culver and Beattie (1978).
Its seeds bear small elaiosomes, but because it grows in marshes and other
waterlogged habitats where nesting is unlikely, they are rarely taken by
ants. Some plant species with elaiosomes also possess extrafloral nec-
taries (Elias, Rozich, & Newcombe 1975; Horvitz & Beattie 1980), but
there are no data on the possibility of positive feedback between the re-
wards increasing protection or seed dispersal.

In summary, it appears that some plants may overcome variations in
supply and demand by offering an array of rewards to ants. Broad arrays
increase the probability of ant service but do not guarantee it. They may
generate an obligate relationship between ant and plant, the ant species
being confined to the plant species that diverts large portions of its re-
sources and structure to ant rewards. Plant species offering single rewards,
or rewards present for brief periods only, show a decreased probability
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of ant service. However, even among single rewards, diversification of
nutrients, dietary requirements, and attractants seems to be the rule. The
possibility that extrafloral nectar or elaiosomes are adapted chemically
to reward specific ant species, or suites of species with particular be-
havioral repertoires, is likely but so far undetected. Such specialization
would increase the probability of ant service within the distribution of
the target ants.



Variation and evolution of ant-plant
mutualisms

The survey of ant-plant mutualisms in Chapters 3-7 presents a compli-
cated picture. In Chapter 3 it was shown that careful studies of plant spe-
cies that bear extrafloral nectaries have yielded contradictory results.
Some show clear evidence of ant protection, others do not. In Chapter 5
the phenomenon of ant feeding of plants was confirmed in a couple of
species, but the benefits conferred by ants on a great variety of others
that harbor nests remained obscure. In Chapter 6 the discussion of ant
dispersal showed that different authors can study the seed and seedling
demography of the same elaiosome-bearing species and reach different
conclusions as to the importance of ants at these life-history stages. The
situation for ant pollination (Chapter 7) is also unclear. The data are
scarce and claims of ant pollination, often based on anecdotal evidence,
are generally inconclusive. Although it is possible that the differing con-
clusions reflect individual biases among authors, it seems more likely that
they accurately reflect natural variation in function and effect. In this
chapter the causes of this variation will be examined using ant protection
and ant dispersal as examples.

The evolution of mutualisms is affected by demographic and life-history
characteristics of the plant and ant populations. For the ants we know
that particular foods are required at particular stages in colony develop-
ment or reproduction. We also know that profound demographic changes
such as the proliferation of worker castes or reproductives are likely
to lead to increases and decreases in colony interest in plant rewards.
Among plants there may be annuals with single brief bursts of new shoot
or seed production, or perennials of various longevities and sizes that
produce either a mass of new shoots for a limited period each year or a
trickle of new shoots all year long, with seed production varying in both
time and space. Each of these factors contributes to variation in the in-
tensity of interaction.

Ecological factors affecting the evolution of ant-plant mutualisms in-
clude the abiotic setting and the other species with which the ants and
plants interact directly and indirectly. These factors have occupied much

128
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of the other chapters and a couple of examples will suffice. An ant species
that provides an effective service to a plant species with elaiosomes may
be competitively displaced by another ant equally attracted to the reward
but which leaves the seed at microsites totally inappropriate for germina-
tion or establishment (e.g., Turnbull 1984). Alternatively, the seeds of
ant-dispersed species cease to be dispersed as the local ant community
turns to more abundant food items (e.g., Culver & Beattie 1978).

Variation in the vulnerability of plant enemies to attack may affect the
quality of protection. Overall there is a surprising paucity of data on
what ants actually eat, attack, or repel while visiting plants with extra-
floral nectaries. They do remove leaf and stem chewers such as dipteran,
coleopteran, and lepidopteran larvae that live on or close to the plant
surface (Chapter 3). On the other hand, there is little evidence that they
have any effect on enemies such as root or stem bores, leaf miners, and
many kinds of gall makers that succeed in becoming embedded in plant
tissue. It appears that once a herbivore or seed predator burrows below
the plant surface it becomes relatively inaccessible to ants, and other
forms of defense become necessary. The effectiveness of ant guards is
also limited by the distribution of extrafloral nectaries. Growing tips and
expanding tissues such as apical and floral meristems and young leaves
are the usual sites of nectar secretion and are especially attractive to ants.
Old leaves, the undersides of leaves, bark, and branches close to the
ground may be neglected by ant populations zealously guarding younger
tissues elsewhere on the same plant.

The following lists summarize data on the demographic and ecological
factors affecting the efficacy of ant services. The wording applies directly
to the protection of plants but most entries apply in principle to seed dis-
persal by ants.

A. Protection is enhanced when the local ant colonies or species

1. Have a dietary/physical need for the reward(s) offered by the plants.
2. Have sufficient foragers to patrol the plants and harvest the rewards.
3. Have the appropriate behavioral repertoire to attack, disturb, or remove her-

bivores and/or seed predators.
4. Do not suffer from competition for the rewards with nonmutualists.
5. Nest near to or actually on the plants, including them in the normal foraging

range.
6. Are not continually inhibited from foraging on the plants by bad weather,

excessive shading, flooding, and so on.
7. Actively forage while the plants are most vulnerable.
8. Do not have a variety of attractive alternative resources available at the time

when the plants require their services.



130 Evolutionary ecology of ant-plant mutualisms

Three possible indirect factors:

9. Do not disrupt the pollination system by inhibiting or removing pollinators.
10. Do not disrupt the predators and parasites of plant enemies that the ants do

not or cannot deter.
11. Do not tend herbivores such as homopterans to the extent that they reach

destructive densities.

B. Protection is enhanced when the plants

1. Have a herbivore/predator problem that reduces fitness.
2. Offer reward(s) the ants require.
3. Offer sufficient rewards to maintain ant foragers on the foliage.
4. Provide rewards that are most accessible to and most efficiently harvested by

ants, rather than nonmutualists.
5. Are located within the sphere of influence, or sphere of dominance, of a ben-

eficial ant colony.
6. Are physiologically capable of allocating energy to maintain a flow of re-

wards during periods of vulnerability.
7. Are located where the supply of sunlight, water, and essential nutrients will

not limit the production of rewards.
8. Are growing where the nests of mutualistic ants can be built, or the plants

themselves provide nest sites.
9. Are not dependent on other insects such as pollinators or parasitoids that fall

prey to the ants in large numbers.

Variation in the outcome of some other plant-insect mutualisms is
very well documented. For example, individuals or populations of plant
species dependent on insect pollinators frequently fail to set seed, or seed
production is well below potential. Although this may be the result of
many factors such as pollen incompatibility, a genetic trait, it often can
be attributed to some failure in the flower-insect mutualism. In fact,
numerous experiments have been carried out to test for pollinator limita-
tion of seed set in which yields from undisturbed flowers open to their
natural pollinators have been compared to yields from carefully hand-
pollinated flowers (Bierzychudek 1981; Schmitt 1983). The latter yields
are often significantly greater, which indicates the frequency with which
the flower-pollinator mutualism works poorly and explains the wide
variation in its effect (i.e. seed set occurring in natural populations).

Generalist versus specialist

Does selection favor the evolution of broad arrays of ant species that
service any given plant species, or does it favor specialization? Benefits
accrue to plants that attract a broad array of ants and in the case of
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extrafloral nectaries, an array of other potential guards, especially wasps.
The greater the diversity of ants the greater the variety of plant enemies
removed, and the greater the probability that in any given habitat, sea-
son, or time of day, some ant species will forage on the plants or take
their seeds. On the other hand, the ecological, behavioral, and demo-
graphic characteristics of certain ant species clearly result in more effec-
tive services. If plant species exhibit variation in traits especially attrac-
tive to these ants, then there may be an advantage to restricting access to
extrafloral nectar or elaiosomes to those ant species that provide the best
services. Open rewards available to a broad array of ants appear to be a
particularly appropriate strategy in the face of the constant changes in
ant communities. Studies of a variety of habitats have demonstrated high
turnover rates in species composition and major fluctuations in the abun-
dance of individual ant species (e.g., Levins, Pressick, & Heatwole [1973];
Leston [1978]; and Baroni-Urbani, Josens, & Peakin [1978]). These are
the result of many factors, not the least of which is the short nest life of
many ant species (Smallwood 1982b). As a consequence, plants with ant
rewards are not only subject to frequent shifts in arrays of ant species on
a local scale, but expansion of their populations may place them outside
the range of the most effective mutualists. These circumstances favor
selection for general rewards. The great problem with this is that the re-
wards become available and attractive, not merely to less effective ant
species, but also to a host of parasites and predators. This menagerie
consumes extrafloral nectar and elaiosomes (often with the seeds) without
any benefit to the plants (Chapters 3, 6). In fact, it seems that the load of
parasites and predators (i.e., cheats and thieves; Thompson 1982) is a
major determinant of the cost-benefit equation of the ant-plant mutual-
ism. It is not difficult to imagine that if the load is too great the majority
of the rewards are consumed by them, with the result that the service and
the mutualism fail.

Selection and fitness

If ant-plant mutualisms evolve in this complex milieu of restraints it is
little wonder that ant assemblages are in large part fortuitous, interaction
is diffuse and facultative, and specialization between particular ant and
plant species an exceptional occurrence. However, the countercurrents
leading to the evolution and maintenance of ant-plant mutualisms are
strong: O'Dowd and Hay (1980) suggested that the predictability of ap-
propriate ant species is crucial; and it now seems clear that the legendary



132 Evolutionary ecology of ant-plant mutualisms

ubiquity and abundance of ants in most environments worldwide mean
that a plant population that offers ant rewards will receive services from
some local array of ants.

More important than this generalization is the demonstrable fact that
the mutualistic component of fitness in ant-plant interactions is impor-
tant: Individual plants with extrafloral nectar and ant guards suffer less
grazing and can set more seed than those from which ants have been
experimentally excluded (Chapter 3). Epiphytes grow faster and larger
when associated with ant nests (Chapter 5). Seedlings emerging from ant
nests are more numerous, larger, and longer lived than those denied ant
manipulation (Chapter 6). Ant colonies profit from gathering ant rewards
(Chapter 8). In other words, the evidence shows that major gains in fit-
ness accrue to plants mutualistic with ants.

This is emphasized by a few studies that have explored the conse-
quences for the plant when mutualism with ants breaks down. Cecropia
peltata is an ant-guarded plant throughout lowland Central America and
tropical South America. However, on Puerto Rico and many other Ca-
ribbean islands it fails to produce trichilia and Mullerian food bodies
(Janzen 1973a; Rickson 1977), and does not attract ant guards. Janzen
(1973a) has found a few plants on Puerto Rico with rudimentary trichilia,
and another island off the coast of Nicaragua has plants in which they are
moderately developed but are not full size. Clearly there is considerable
genetic variation for these ant-related traits. In the wettest parts of the
northeastern Puerto Rican lowlands, C. peltata does occasionally occur
as saplings and as a few mature trees. By contrast with the mainland
plants, however, these individuals are festooned with invading vines and
very heavily grazed. Although it is true that the mainland Cecropia may
be invaded, the level of overgrowth and herbivory on the island trees
appears so great that few individuals survive for any length of time. C.
peltata becomes far more abundant at higher elevations, even forming
pure stands in places. Both competing vines and herbivores appear to be
less common at higher altitudes. This suggests that ant guards determine
in part the range and distribution of C. peltata, because when they are
absent from habitats rich in vine and herbivore species, only scattered,
struggling individuals can be found.

In his studies of Acacia in Central America, Janzen (1966) showed that
ants were crucial to the survival of the plants. For example, 108 individuals
of A. cornigera, which is normally occupied by Pseudomyrmex ferru-
ginea, were followed for nearly a year. Ants were removed from 69 trees
and the mortality of occupied and unoccupied individuals monitored.
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After ten months 56.5% of the unoccupied trees and 28.2% of the occu-
pied trees were dead, a highly significant difference (x2 = 8.04, P =
0.005). In unoccupied trees herbivores attacked shoot meristems and
leaves, and vines grew over the branches. Janzen concluded that the mor-
tality rate of unoccupied trees was so great during the limited period of
the experiments that the dependence of the trees on the ants was obligate.
He also suggested that if all the trees of this species were abruptly re-
moved from the area, then P. ferruginea would also crash to extinction,
so dependent was it on the Acacia food supply and domatia.

A third study on the effects of the failure of ant service on plant popu-
lations was performed by Pudlo et al. (1980) on the ant-dispersed species
Sanguinaha canadensis. Patterns of seed removal by ants, clone size, and
sexual reproduction were analyzed for three populations, one in a fre-
quently disturbed forest habitat subject to annual flooding and human
use, a second in a forest that was cleared twenty-five years ago, and a
third logged at the turn of the century and left undisturbed ever since.
The three populations will be called disturbed, moderately disturbed,
and undisturbed, respectively. The results are summarized in Table 18
and can be divided into two broad categories. First, the number of ant
species taking seeds, the frequency of removals, and the dispersal dis-
tances were greater in the undisturbed habitat than in either of the dis-
turbed habitats. Pudlo et al. (1980) argued that this was partially respon-
sible for the second category of results, which concerned the demography
of the populations: The number of Sanguinaha stems per square meter,
the degree of aggregation of stems, the number of stems per clone, the
mean number of seeds per capsule, and the proportion of stems with cap-
sules were all lower in the undisturbed habitat.

There was little information on the history of the ant community at the
moderately disturbed site, but a detailed list of the ant species occurring
close to the most disturbed site was published in 1944. At that time about
a dozen species known to disperse seeds were classified as either abun-
dant or common. At the time of Pudlo's study only two species remained.
The data show that the decimation of the ant community at the disturbed
site seriously disrupted the ant-seed mutualism; fewer seeds were re-
moved and they traveled very short distances. The importance of this was
that although there was significantly more capsule and seed production
at the disturbed site, seeds were not taken beyond the boundaries of the
clones and were consequently buried at sites already occupied by adult
plants. The probability of seedling establishment under these circum-
stances was low. Pudlo et al. (1980) further noted that Williams's (1975)
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Table 18. Differences in variables measured for three populations of
Sanguinaria canadensis in habitats with different levels of disturbance

Variables

Number of ant species removing
seeds

Frequency of seed removals

Frequency of elaiosome-chewing
with no removal

Mean seed dispersal distance

Mean density of stems per m2

Dispersion, variance to mean ration
(0 to oc)

Dispersion, Lefkovitch measure
( -1 to +1)

Mean number of stems per clone

Mean number of seeds per capsule

Proportion stems producing
capsules

Sites

Disturbed

3

0.07

0.23

0.17m

7.45

716.8

0.99

10.5

31.0

36%

Moderately
disturbed

1

0.56

0.02

0.89m

10.9

46.9

0.97

12.9

27.7

-

Undisturbed

5

0.64

0.01

3.09m

2.65

3.74

0.66

2.8

15.5

25%

strawberry-coral model of sexual strategy applied to the Sanguinaria
study, with one crucial exception. As the clones became very large, sexual
reproduction and the production of the dispersible seeds became signifi-
cantly more important. However, since the dispersal mechanism broke
down, the impact of sexual reproduction was minimized. As Janzen
(1974a) pointed out, species interactions may fail long before participat-
ing species become locally extinct. In the case of Sanguinaria, the popu-
lation at the disturbed site may have been expanding by asexual propaga-
tion for decades, but if its seeds are not dispersed by mutualistic ants, it is
most likely living on borrowed time.

In a final example, the possible extinction of not one but scores of ant-
dispersed plant species has been forecast by Bond and Slingsby (1984) as
a result of their studies of myrmecochory in the fynbos vegetation of
Cape Province in South Africa. This is a fire-climax plant community, rich
in ant-dispersed shrub species (Bond & Slingsby 1983). Many areas have
been invaded by the introduced Argentine ant Iridomyrmex humilis, which
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has displaced indigenous ant species, including those that disperse seeds.
Field experiments were carried out in which groups of fresh seeds of the
myrmecochore Mi metes cucullatus (Proteaceae) were placed along tran-
sects in uninvaded and invaded habitats. In uninvaded habitats 80% of
the seeds were removed within thirty minutes of the start of experiments
and all of them were taken by the end of the day. Anaplolepis custodiens
and Pheidole capensis were the principal ants involved and they relocated
the seeds into their nests. By contrast, seeds in invaded habitats were re-
moved at the much lower rate of 44% during the first day, and they were
usually abandoned on or near the soil surface and not in nests.

The emergence of seedlings was studied in experimental and natural
areas with and without Argentine ants. As seedling emergence is nor-
mally confined to postfire periods, observations were carried out after
controlled burns. In experimental areas where 300 seeds had been "fed"
into ant nests, invaded habitats yielded 1 out of 150 possible seedlings,
whereas uninvaded habitats yielded 53 out of 150 possible seedlings. In
areas with natural seedling emergence, the seedlings of uninvaded habi-
tats were more numerous and larger than those in invaded habitats. In
addition, most seedlings of invaded habitats emerged in those areas that,
before the fires, were beneath the canopies of adult plants. As adults nor-
mally survive fires and sprout from lignotubers, these seedlings would be
rapidly engulfed and shaded by masses of new shoots from established
plants. In uninvaded habitats, however, the seedlings were widely scat-
tered, suggesting that one advantage of ant dispersal that disappeared in
the presence of /. hum His was a broad distribution of dispersal distances.

A second, and possibly more important, advantage of ant dispersal
that was lost in invaded habitats was predator avoidance. Seed losses to
small mammals, especially shrews, were significantly greater in invaded
habitats, probably because /. humilis abandoned seeds exposed on the
soil surface. Up to 72.5% of seeds were lost to predators at one site.

Bond and Slingsby showed that native seed-dispersing ant species re-
located the majority of seeds to nests quickly before predators became a
factor. The introduced ants, in displacing the mutualistic species, de-
prived Mimetes of ant services providing predator avoidance (and per-
haps fire avoidance), and burial at microsites free of competition from
adult plants. As a result there was little or no seedling recruitment in
invaded habitats. This condition, if persistent, would lead to local extinc-
tions of the plant species. The authors estimated that 170 more species in
the Proteaceae alone may be in a similar predicament. This study is a
clear demonstration of the importance of ants to the survival of a plant
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species and is indicative of the powerful selection that favors the evolu-
tion and maintenance of mutualistic traits.

All of the preceding examples involve major components of fitness
such as seedling survivorship and seed production. They show that when
mutualisms fail the consequences can be dire, at least for the plants.
Selection for traits that maintain ant services can be intense, and this is a
powerful cohesive force among the myriad variables affecting the evolu-
tion of mutualistic interactions.

A crucial behavioral factor is the tendency of many kinds of ant colo-
nies to exhibit a density-dependent response to food (Wilson 1971; Carroll
& Janzen 1973; Carroll & Risch 1983). Low numbers of plant reward items
may not trigger a strong response, and ant services may be desultory and
unsystematic. High concentrations of rewards such as pulses of extra-
floral nectar during bud break and leaf expansion, or seed release, may
foster a strong foraging response, often including recruitment or trail
laying, which in turn increases the quality of ant services. The diversifica-
tion of nutrients in the food rewards, and in cases such as Acacia the di-
versification of the rewards themselves, makes some sense in this context.
Although the probability that plants bearing rewards benefit from the in-
vestment often appears to be small, or at best very variable, the rewards
themselves are often potent and diverse. This may serve to maintain a
minimal level of ant "interest" in the plants so that colonies keep in touch
with the quantity and quality of plant rewards within reach. Thus, under
ideal conditions, ant response to surges of rewards is immediate, and ser-
vices are supplied when they are most needed.

Density-dependent responses may account for much of the variation
in function and effect described throughout the previous chapters. The
maintenance of ant-plant encounters at low frequencies may not provide
easily measurable plant services for much of the time. However, they
may enhance the probability that a plant benefits from a density re-
sponse. In the case of plant protection mediated by the secretion of extra-
floral nectar, damage from an outbreak or infestation of herbivores or
seed predators may be significantly reduced by a density response on the
part of the ants. The literature reviewed in Chapter 3 showed several
examples in which ant protection was most effective against explosions of
plant enemies that, in turn, stimulated major foraging episodes from sur-
rounding ant colonies. In a similar vein, an abundant seed crop may pro-
duce a strong density response from seed-dispersing ants.

If some types of ant-plant mutualisms require resource concentration
and density response, dramatic effects may be only occasional. This is
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likely to result in mixed findings from short-term field experiments and
observations. However, a more important result is that the major selec-
tive advantage of a mutualism that provides ant services may reside in
the response of ants to concentrations of resources such as prey or seeds.
It is true that the secretion of extrafloral nectar can provide a constant
low-level attrition of plant enemies, but the protective potential of ants
may not be realized until the density of enemies reaches a critical level.
Let us say that the outbreak of enemies threatens to remove the foliage
from a plant or population of plants. Alternative methods of defense have
clearly failed. A strong density response by ants may save the plant(s)
from defoliation, and hence a decrement in competitive ability. A similar
response to seed predators may save a seed crop. In the case of seed dis-
persal, a large seed crop resulting perhaps from an unusually favorable
growing season is a major investment on the part of the plants. Field
studies are complete enough to suggest that a strong density response by
seed-dispersing ants will protect this investment by reducing losses to
predators (which also may be density responsive), and by effectively dis-
persing the seeds to optimal microsites. In summary, ant-plant mutual-
isms of certain kinds, or under certain conditions, may have their greatest
impact at unpredictable intervals. However, when this occurs the benefits
may be enormous, such as the maintenance of competitive ability or the
recruitment of seedlings. In both these examples the bottom line is the
avoidance of local extinction.

Mutualistic benefits remain a question of probability. Elaiosomes do
not guarantee that seeds will arrive at superior microsites for germination
and establishment; they increase the probability of such an event. The
presence of extrafloral nectaries does not guarantee ant protection; it in-
creases the probability that protection will reach sufficient levels to main-
tain or increase fitness. Variation in every component of these inter-
actions - genetic, demographic, ecological, and behavioral - generates
variation in those probabilities.

When all components of a mutualism are present, the probability of
benefits accruing to the plants and ants is at its greatest. Such an event
may be infrequent and the contradictory results of field studies then
emerge as symptoms of sampling error. The occurrence of a fully func-
tioning mutualism in any given plant population is at present unpredict-
able either in space or time. However, greater sample sizes, in either di-
mension, might reduce somewhat the variation in results. Although it is
reasonable to look for alternative hypotheses when contradictory results
emerge, it is premature to reject the mutualistic hypothesis out of hand.
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One extreme example is the physiological or "exploitationist" hypothesis
for the function of extrafloral nectaries (Chapter 3). These organs may
indeed function as some kind of physiological valve, but an emergent
property of the mechanism is still protection by ants.

Variable and contradictory results may stem from many circumstances:
The selection pressures that give rise to the adaptive response of ant-
related traits - the plant enemies or the environmental stress - may be
ameliorating or may have disappeared. This may have taken place as a
result of demographic or geographical changes among the participating
species. This argument might explain much of the variation in ant-plant
mutualisms described in this and preceding chapters. It has also been sug-
gested that some ant-related traits are relict and that at least some of the
original adaptive partners are globally extinct. What we observe today is
some derived or secondary interaction involving poorly adapted species.
I can think of no test to discriminate between "primary" and "derived"
mutualists when the "primary" ones are extinct!

Pathways to mutualistic interaction and coevolution

Mutualisms are widely held to evolve in response to stress, either physi-
cal or biological. Physical stress such as dessication or nutrient deficiency
depresses the growth rates, survivorship, or fecundity of many species.
Mutualisms arise following selection for traits that promote cooperation
among species showing excessively low survivorship when "trying to
make it on their own." Biological stress such as grazing or predation
leads to the selection for traits that ameliorate the damage inflicted by
interacting species. Thompson (1982) suggests that this is most likely to
occur among species where individuals invariably experience damage
during their lifetimes.

Ant-plant mutualisms may have often evolved as a result of some kind
of stress. This has been discussed in previous chapters, but to summarize:
Ant protection with the evolution of extrafloral nectaries, food bodies,
and some types of domatia is a response to herbivores and seed predators
(Table 19). Seed dispersal by ants may be a response to nutrient deficiency
either inherent in the soil or the result of high nutrient demands by the
plants. It is also a response to seed predation and fire. Finally, myrmeco-
trophy is also a response to nutrient deficiency. Mutualism has been a
frequent response to nutrient deficiency in plants: Nitrogen-fixing symbi-
onts in roots and the association of algae and fungi to produce lichens
are common examples. Similarly, phytophagous insects that experience
nutrient deficiency in their plant food frequently harbor gut symbionts.
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Table 19. Summary of plant resources, ant services, and selection
pressures in ant-plant mutualisms

Plant resources
utilized by ants

Plant cavities

Sap (from
wounds,
glands)

Nectars

Honeydew

Diaspores (seeds,
fruits)

Services provided

Protection

Herbivores, seed
predators

Herbivores, seed
predators

Herbivores, seed
predators

Herbivores, seed
predators

NA

by ants, selection pressures

Myrmecotrophy

Nutrient
deficiency

NA

?

?

NA

involved

Diaspore
dispersal

Nutrient
deficiency

NA

?

NA

Nutrient
deficiency,
competition,
fire, seed
predators

Note: NA = probably not applicable.

The evolution of ant-plant mutualisms required that two crucial con-
ditions be met: First, genetic variation existed for the mutualistic traits;
and second, the traits produced resources ( = rewards) not merely useful
to ants, but whose utilization by ants increased the fitness of the plants
that bore them. A corollary to this condition is that ants in incipient
mutualisms might have benefited especially from freely accessible and
abundant resources. Table 19 outlines the structure of most of the fol-
lowing discussion.

There is good evidence for the existence of genetic variation for mutu-
alistic traits (see Chapters 3, 5, 6, 8). By contrast, the actual genetics of
these traits is virtually unknown. Some, such as the nectariless trait of
cotton, may be inherited by a relatively simple Mendelian mechanism
(Meyer & Meyer 1961; Rhyne 1965). In fact, the presence or absence of a
variety of epidermal structures involved in defense against herbivores is
governed by just one or two genes (Gottleib 1984). These include spines,
papillae, pubescence, trichomes, and extrafloral nectaries. Other traits
on which the mutualism depends, such as perceptual behaviors, digestive
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abilities, and foraging, are likely to be the products of complex quantita-
tive traits.

The evolution of mutualistic interactions has sometimes been viewed
as a relatively simple series of reciprocating developments in response to
the appearance of an advantageous gene in one of the participating spe-
cies. Ecological conditions are likely to complicate this process. For
example, a mutation resulting in the appearance of simple extrafloral
nectaries might recruit the services of ants, which, in turn, increases the
number of seeds bearing the nectary genes. By contrast, another likely
scenario is that the nectar is consumed by organisms that in no way bene-
fit the plant (or is not consumed at all), the extrafloral nectaries are a net
drain on energy budgets, and the genes rapidly disappear. However, when
ant-related plant traits are inherited by one or a few genes, and if the ap-
pearance of a trait in a natural population is an event of at least moderate
probability, it is well to remember one of Haldane's (1932) major conclu-
sions: A small selection coefficient or a small advantage to the plant can,
given a sufficient population size, rapidly spread a gene throughout a spe-
cies. One possible obstacle might be small population size, which would
tend to lead to the loss of such genes. However, although population
sizes in many plant species are small, predominant patterns of gene flow
permit sufficient outbreeding for the spread of useful genes among popu-
lations (Levin & Kerster 1974). These patterns often appear to conform
to the shifting-balance view of evolution (Wright 1932).

Turning now to the presumed quantitative mutualistic traits, especially
in the ants, two factors might promote their evolution. First, as ants
rarely specialize on plant rewards, the traits already mentioned such as
foraging and perceptual behaviors and digestive characteristics will have
been largely molded by the ants' general environment. In fact, it is pos-
sible that selection for plant reward traits has been to fit these molds. In
other words, mutualistic responses by ants to plant rewards may not have
required much adjustment of complex quantitative ant traits. This pro-
viso may not be required, as quantitative traits may spread and be main-
tained under much the same conditions as Haldane outlined for simpler
modes of inheritance (Lande 1976). Until more is known of the genetics
of the very traits that determine the mutualistic interaction, we will re-
main with a very limited knowledge as to how they evolve.

The second condition required for an adaptive, mutualistic interaction
is that the plant traits produce rewards that, when utilized by ants, create
beneficial services for the plants. Most of the preceding chapters have in-
cluded descriptions of how this functions in practice: For example, extra-
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floral nectar secretion does indeed increase the fitness of some plants,
and elaiosomes generate a variety of ant-related benefits for the plants
that bear them.

A crucial stage in the evolution of a mutualism is the first appearance
of advantageous traits. Selection for these traits by potential partners
may be weak (Howe 1984), and factors that promote their utilization
could be important in increasing their frequency. Ant-plant mutualisms
may have been favored by such factors, most nongenetic. First, as has
already been pointed out in Chapter 3, plants may have been attractive
to ant foragers because they harbored a variety of prey items in the form
of plant chewers, borers, and suckers. The very presence of ants on plants
would have promoted the use of the first plant rewards, which may have
been weak or imperfect. This is an appropriate point at which to empha-
size the importance of the presence of ants with preadapted behavioral
repertoires. This has been illustrated by Koptur (1979), who showed that
in California two nonnative species of Vicia (Papilionaceae) that bear
extrafloral nectaries are readily protected by the introduced ant /. humilis.
Although the ant has had no evolutionary experience with those species
of Vicia, its entomophagous and nectarivorous behavior readily produced
benefits to the plants. Second, as Scott (1980) suggested, tissues damaged
by the activity of plant enemies may have released plant fluids attractive
to ants. Some plant protection may have begun this way. Third, several
authors have pointed out that honeydew is an abundant resource appar-
ently underutilized by ants (Way 1963; Llewellyn 1972). Even in the pres-
ence of ants it can accumulate on surrounding foliage in sufficient quanti-
ties to form a sticky coat and glisten in the sun. There is no doubt that it
is eventually metabolized by bacteria and fungi, but why ants do not
harvest this seeming excess is unclear. To return to the main theme of this
paragraph, it is possible that homopteran honeydew was an abundant re-
ward on plants that increased ant presence and promoted homopteran-
plant-ant interaction leading to some form of protection.

Thompson (1982) suggested that plant species with extrafloral nec-
taries have short-circuited this three-way interaction, diverting ant activity
from the homopteran to their own tissues. Evidence presented in Chap-
ters 1 and 2 suggests that both extrafloral nectaries and homopterans were
present when angiosperms first evolved. An evolutionary "race" between
plants with extrafloral nectaries and homopterans may be a partial expla-
nation of the underutilization of honeydew by ants and does suggest that
in competition with extrafloral nectaries, homopterans may have had to
refine their ant-attracting capabilities.
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How individual ant-related plant traits began is largely a mystery.
With respect to domatia, Andrade and Carauta (1982) coined the term
"metabiosis" to describe the process in which the development of plant
structures fortuitously produces cavities suitable for nest sites. Risch
et al. (1977) pointed out that in some plant genera new shoots are at first
enclosed in protective sheaths. In some cases, such as Piper, the sheaths
are not abscissed once the shoots mature and become attractive nest sites
for some kinds of ants. However, the most complicated domatia are
ontogenetically determined although ants modify them. Mutations that
produce extrafloral nectaries are known, but we have little knowledge of
what the first ones were like, or how ant behavior may have modified
them. Elaiosomes are derived from several kinds of tissue, especially the
funicle, which attaches the ovule to the ovary wall. A mutation resulting
in this structure's being detached with the seed might result in the pre-
cursor of the elaiosome. The next stage would be the sequestering of ant
rewards in the funicle. Many elaiosomes are vascularized and hence this
stage may not have required any major structural reorganization.

Are ant-plant mutualisms coevolved? If we accept Schemske's (1983)
definition of coevolution, "The joint selective effects on characters of
interacting taxa, based on heritable variation in these characters," the
answer is uncertain. There are examples of heritable variation in mutual-
istic traits as we have seen, and it is hard to imagine that an obligate rela-
tionship such as that between Acacia and Pseudomyrmex is anything but
the result of powerful joint selection on traits producing particular plant
rewards and particular ant behavior patterns. However, the majority of
ant-plant mutualisms appear to be facultative, involving arrays of spe-
cies, and this makes the question of coevolution cloudy.

The heart of the matter is the degree of reciprocity of selected traits.
There is good evidence for variation in, and selection for, ant-related
traits in plants. There is less evidence for analogous processes among the
ant species involved in ant-plant mutualisms.

On the face of it the most obligate Acacia-Pseudomyrmex mutualisms
appear to be cases of coevolution. Janzen (1966) listed sixteen specialized
coevolved traits of Acacia, the most familiar of which are the enlarged
foliar nectaries, the Beltian food bodies, and the soft-pithed thorns that
form the domatia. He also listed specialized coevolved traits of Pseudo-
myrmex (Table 20). However, many of these traits are not confined to
obligate acacia ants. The traits best explained by involvement with this
particular mutualism are aggressiveness toward most animal intruders,
the clipping of vegetation both on and around the host tree, and the high
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Table 20. Pseudomyrmex traits related to the ant-acacia coevolution
(worker traits unless otherwise indicated)

A. General features of Pseudomyrmex
of importance to the interaction

1. Fast and agile runners, not
aggressive

2. Good vision

3. Independent foragers

4. Smooth sting, barged sting sheath
not inserted

5. Lick substrate, form buccal pellet

6. Prey items retrieved entire

7. Ignore living vegetation

8. Workers without morphological
castes

9. Arboreal colony

10. Highly mobile colony

11. Larvae resistant to mortality by
starvation

12. One queen per colony

13. Colonies small

14. Diurnal activity outside nest

15. Few workers per unit plant
surface

16. Discontinuous food sources and
unpredictable new nest site

17. Founding queens forage far
for food

18. Not dependent on other species

B. Specialized features of obligate
acacia ants (coevolved traits)

1. Very fast and agile runners,
aggressive

2. Same as A.2

4. Same as A.3

4. Smooth sting, barbed sting sheath
often inserted

5. Same as A.5

6. Same as A.6

7. Maul living vegetation contacting
the swollen-thorn acacia

8. Same as A.8

9. Same as A.9

10. Same as A. 10

11. Same as A. 11

12. Sometimes more than one queen
per colony

13. Colonies large

14. 24-hour activity outside nest

15. Many workers active on small
plant surface area

16. Continuous food source and
predictable new nest site

17. Founding queens forage short
distances for food

18. Dependent on another species
group

density of foragers per unit plant surface. Other traits such as polygyny
in some obligate acacia ants may also be coevolved. Most of the others
are common to ants that nest and forage in trees. Gleaning behavior
(Table 20, item 5) is found in a variety of ant genera and even the use
of Beltian bodies is most likely to be a simple response to a plant-borne
attractant.
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The subfamily Pseudomyrmecinae as a whole exhibits a great many
traits that can be viewed as preadaptive in the context of mutualisms such
as Acacia-Pseudomyrmex (Janzen 1966). Hence, another genus of the
subfamily, Pachysima, interacts in a similar way with the tree Barteria
(see Chapter 3). Once again, most of the traits exhibited by the ants do
not appear to be specific to the mutualism with Barteria. However, a few
are arguably coevolved: Janzen (1972) recorded how "there was literally
a slow rain of ants from a heavily occupied Barteria." This type of behav-
ior may be explicable only in the context of defense against large mam-
mals, which encounter the ant defenses at the periphery of the tree. This
behavior has the appearance of a unique behavioral trait selected by a
process of coevolution. Two other Pachysima traits may be of a similar
nature: first, the tendency to search an enemy for a vulnerable spot
before stinging, and second, the emission of a fetid odor, which may be a
warning (Janzen 1972).

In both the Acacia-Pseudomyrmex and Barteria-Pachysima mutual-
isms there are many plant traits specifically related to the interaction with
the ants. But the reverse is less obvious and coevolution appears to have
been very lopsided. None of this is to say that more ant traits have not
evolved in response to specific mutualistic plant species, but that the de-
tection and analysis of such traits are extremely difficult. Even in the most
obligate ant-plant mutualisms reciprocal selection is hard to demon-
strate. Consider some ant-related plant traits such as food bodies, extra-
floral nectar, and domatia. Selection for these traits by ants presumably
leads to larger food bodies, more nectar, and better domiciles, which in
turn result in superior ant services and ultimately increased plant fitness.
But what about the ant traits? How does the plant increase the aggres-
siveness of ants toward animal intruders, invading vines, or nearby com-
peting seedlings? The answer seems to be that the plant increases the at-
tractiveness of its rewards to those ant species that already exhibit these
behavioral characteristics. In other words, it can be argued that the plant
is merely increasing the density of the most preadapted ant species on its
surfaces. The plant is still "in the driver's seat." If this is the case then even
obligate mutualisms are coevolved only in a highly restricted sense: most
of the plant traits but few of the ant traits being specific to the mutualism.

The main reason for this is that the selection pressures have been asym-
metrical, being applied mainly to the plants that have required the ser-
vices of ants for crucial benefits such as protection or nutrients. Since
many of the behavioral patterns required of the ants are common, and
plant rewards are a variable component of ant diets, selection has been
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primarily on plant traits, especially rewards. The overwhelming majority
of ant-plant mutualisms involve fortuitous groups or assemblages of ants
responding to plant rewards. Ecological assemblages of ants respond to
plant traits and may at times constitute the single most important selec-
tive factor in their evolution, but there are few signs of reciprocal selec-
tion and specialization among ants. Therefore, unlike the obligate minor-
ity, the majority of ant-plant mutualisms are diffuse and facultative. It
can be argued that these mutualisms have arisen as a result of severe,
directional, selective pressures on the plants in the presence of arrays of
preadapted ant species. Although it is true that a few coevolved ant traits
may be present in some obligatory mutualisms, there is little evidence for
selective reciprocity among the majority of ant-plant mutualisms studied
so far.

In summary, the majority of ant-plant mutualisms evolve in response
to selection, especially stress selection, on plants. The participating ant
species, which vary in time and space, respond to plant rewards on a
facultative basis, and traits evolved in specific response to plant rewards
are infrequent. Thus, when the definition of coevolution requires recipro-
cal selection involving heritable traits, coevolution is remarkably difficult
to demonstrate in ant-plant mutualisms and appears to be the exception
rather than the rule. In fact, the evidence suggests that it is directional
selection that drives the evolution of the vast majority. This does not
diminish the importance of their effects. The speed and energy with
which ants harvest rewards such as elaiosomes suggest that they are cru-
cial to the economy of ant colonies. This may be especially true when the
colony is stressed, either by the external environment or by major inter-
nal demographic events such as reproduction. For the plants, we have
repeatedly seen that ant services are potent forces that increase plant fit-
ness. In many cases the failure of ant services leads to a variety of demo-
graphic failures, including poor seed set and poor seedling recruitment.
Populations may contract, crash, or even become extinct as a result. Ant
services, either on a continuous basis or as a density response, are crucial
to a wide variety of plant species worldwide.
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Acacia, 34, 35, 44, 50, 52, 136; A. col-
linsii, 33-4; A. comigera, 33, 37, 118,
132-3; A. decurrens, 60; A. melano-
cerus, 33; A. pycnantha, 38, 40, 45;
A. retinodes, 101, 103, 104; A. termi-
nalis, 49; A. verticillata, 89; east
African, 31

Acacia-Pseudomyrmex interaction, 3, 4,
28-33, 43, 125, 142-4

Acanthomyops c/aviger, 112
A cromyrmex octospinosus, 113;

A. subterraneus, 100
Acropyga fuhrmanni, 56
Aechmea, 68
aggregating and alarm behavior, 112
allelopathic behavior, 33
Allium, 93
Allomerus, 32
Alter naria, 100
Amblyopone, 108; /I . austral is, 102
ameisengarten, see ant gardens
amino acids, 113, 114, 115; of extrafloral

nectar, 116-17; of food bodies, 118; of
honeydew, 119-20

ammonia, 4, 69-70
ammonium, 78, 79
A naplolepis custodiens, 13 5
Anatole rossi, 62
Andrena, 98
Angiopteris, 9
Anochetus, 71
ant garden, 69-71
ant grooming, 98-9
ant guards, 4, 60,61, 64, 65, 71, 118, 125,

129, 132, 139; see also domatia, food
bodies, extrafloral nectar

ant-plant associations, 71-2
anthocorids, 49
Anthurium, 68
antibiotics, 3, 100, 106, 108, 112
Apanteles congregatus, 48
Aphaenogaster, 91, 101, 102, 103, 114,

122; A. rudis, 92,93
Aphelandra deppeana, 45
Aphididae, 54-60, 119
Aphidinae, 57

apparency, 41
arid habitats, 20
arils, 89-90
Arthropleura, 11
Aspergillus niger, 108
assemblages, see variation of ants on

plants
Atta, 14, 32; A. sexdens, 100, 105; A.

subterraneus, 105
attractants, 1, 2, 15, 37, 73, 77, 110, 125
Azteca, 30, 31, 32, 33, 35, 71; A. alfari, 33

bacteria, 3, 106
Barteria, 31, 33,63, 144
Beauveria bassiana, 106, 108
Beccarian bodies, see food bodies
Beltian bodies, see food bodies
biological control, 25-6, 48; by ants in

China, 21-2; in Europe, 22-3; in USSR,
22; in Canada, 23

Bixa orellana, 45
Blossfeldia, 87
bollweevil, 49
Botrytis, 100
Brachymyrmex musculus, 46
Braconidae, 48, 49
Brassica, 104, 105

cacti, 87
cadmium, 78, 81
Calathea, 94, 115; C. microcephala, 91;

C. ovandensis, 45, 62
calcium, 85
Calotropis procera, 100
Calpurnia intrusa, 48
Campoletis sonorensis, 117
Camponotus, 27, 33, 52, 71, 91, 104, 105;

C. pennsylvanicus, 12
carbohydrates, 110-11, 113, 125
Carex pedunculata, 75; C. plantiginea, 75;

C. platyphylla, 75
carnivorous ants and seeds, 94, 115
caste differentiation, 4, 16-19
Catalpa, 39, 41; C. speciosa, 48; sphinx

moth, 48
Cattleya, 71
Caulathron, 68

177
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Cecropia, 30, 31, 32, 33, 34, 35, 36, 50,
52, 63, 118; C. peltata, 132

cell walls, 101, 104
cellulose-digesting enzymes, 13-14
Ceratornia catalpae, 41
Chalcidae, 48
Chelaner, 36, 102
cholesterol, 37, 113
Choristoneura, 23
Cicadellidae, 54, 55, 61
Cirsium discolor, 41
Cladosporium resinae, 108
Claytonia lanceolata, 78
Clerodendron, 68
Clibadium microcephalwn, 27
clone, 77, 133
Coccidae, 54, 56
Coccidotrophus, 32
coccinellids, 49, 56, 60
Coclomera, 32
Codonanthe, 68; C. crassifolia, 70
coevolution, 142-5
Coleoptera, 11
colony demography, 120-1
community structure, 6, 7
competition-avoidance, 75, 79, 80, 95
Conomyrma insana, 58
Cordia, 31, 32, 68; C. alliodora, 32;

C. brownei, 96
Cordyceps unilateral is, 106
Coryanthes, 71
Corydalis aurea, 89
Cost us, 43; C. ff//ew/7, 45; C laevis, 45;

C. pulverulentus, 45; C. scabo, 45;
C. woodsonii, 40, 45

Coxina, 32
Crematogaster, 23, 31, 33, 35, 71, 91, 125;

C. longispina, 70; C. sumichrasti, 46
Cretaceous vegetation and angiosperms,

8-15
Cretatermes, 15
Croton repens, 62
Cyathea, 9

defense: caste differentiation, 18-19;
quality, 45-7, 65

Delphinium nelsoni, 78
demographic factors affecting rewards and

services, 128-31
Dendrobium, 71
Dendrolimus punctatus, 22
density-dependent response, 4, 136-7
Diacriu/n, 68
Dialictus, 98
Diamorpha, 98; D. smallii, 96
Diaphania, 25
dietary requirements of ants, 3, 14, 112;

of insects, 37

diglyceride, 114-15
Dilleniaceae, 20
l:2diolein, 114
diplochory, 77, 89
Diptera, 11
Dipteris, 10
Dischidia, 68; £). rqfflesiana, 72
disease, 57
dispersal, fruits and seeds, 20, 66, 70, 71,

73-95, 110
dispersal-for-distance, 77, 80
displacement, 90
Dolichoderinae, 9, 90
Dolichoderus, 1\\ D. taschenbergi, 23
domatia, 9, 27-34, 36, 43, 56, 69, 70, 71,

72, 125, 126, 142; leaf pouches, 28, 68,
69, 70, 72; petioles, 28, 68; roots, 28,
68; stems, 28, 68; thorns, 28-33; tubers,
28, 68, 70

Drosophila, 66, 111
Drynaria, 9
Dufour's gland, 112
Duroia, 68

ecdysone, 112
Eciton, 26
Ecitoninae, 91
ecological factors affecting rewards and

services, 128-31
Ectozoma, 68
elaiosome, 2, 9, 71, 73, 74, 78, 81, 85,

88-90, 94, 95, 110, 122, 123, 126-7, 142;
chemical analysis, 112-15

Encyrtidae, 48
enemy-free space, 61
Epidendrum, 68
Epipactis palustris, 97
Epiphyllum, 69
epiphytes, 69, 70, 71, 87, 88
Erithchium aretiodes, 96
Erythronium japonicum, 91
Escherichia coli, 100
Eucalyptus, 55
Eumyrmococcus, 56
Eunausibius, 32
Euphorbia, 96
Eurybia elvina, 62
evolution and radiation: of angiosperms,

8-9; of ants, 9
exocrine glands, 100
extinction, 134, 135, 137
extrafloral nectar chemical analysis,

115-18
extrafloral nectaries, 20, 36, 37-53, 60, 62,

66, 71, 98, 110, 117, 123, 125, 126, 127;
ferns, 9

families, ant dispersed plants, 88
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fatty acids: in elaisomes, 114; in extra-
floral nectar, 116; in honeydew, 119

fecundity, 1, 57, 60-1, 64, 116
ferns, 9, 68, 69, 71
Ferocactus gracilis, 45
fire-avoidance, 76, 79-80, 95
fitness, 1, 2, 39, 47, 57; mutualistic

components, 131-9
food bodies, 28, 30, 34-8, 125, 138;

Beccarian, 34, 35, 118, 119; Beltian, 28,
30, 35, 118, 142, 143; chemical analysis,
118-19; Mullerian, 30, 35, 118, 132;
pearl, 34, 35, 118; petiole, 35, 36

foraging, 4, 16-18, 19, 20, 21-6, 75, 110
forests, 84, 87-8
Formica, 17, 33, 91, 94, 95, 111, 121;

F. aguilonia, 23, 25; F. argentea, 97;
F. canadensis, 81; F. cunicularia, 80;
F. fusca, 59; F. Integra, 92; F. lugubris,
23, 80; F. neorufibarbis, 96; F.
obscuripes, 23; F. podzolica, 74; F.
polyctena, 22, 80, 110, 112; F. pratensis,
80; F. rufa, 22, 58, 94; F. rufibarbis, 80;
F. rufopratensis, 110; F. shaufussi, 96;
F. subsehcea, 92, 93, 96, 98

Formicinae, 12, 90
fossil ant, 8, 100
Frailea, 87
fructose, 113, 115
fruits, see seed: dispersal
Fulgoridae, 54
fungi, 3, 55, 106, 107

generalist, 130-1
geographical distributions, seed dispersing

ants, 91
germination: seeds, 76, 77, 79, 81, 83, 84,

93; pollen, 101, 102-3, 104, 105
glandular secretions: ants, 100, 105
Glaux maritima, 96
Gliocladium roseum, 108
Glossopterids, 10
glucose, 113, 115
glycogen, 118
Gnetwn, 10
Golgi vesicles, 101, 104
Gongora, 68
Gossypiwn, 116; G. barbadense, 124;

G. hirsutum, 124
granivores, see harvester ants
grasslands, 87-8
graveyards, 75, 77; see also waste dump
growth rate, 57
guild, 3, 4, 6-7, 83
gut symbionts, 14, 112, 120

habitats: evolution of mutualisms, 19-20
harvester ants, 73, 93-4

Helianthella quinquenervis, 40, 42, 45, 123
Helichrysum, 47; H. viscosum, 45
Heliconius, 48
Heliothis, 32, 117
Hemiptera, 11, 73, 105
Hemitelia, 9
hemolymph, 12-13, 111, 114
herbaceous plants in forests, 84, 123
Herniaria ciliolata, 96
Hibbertia, 20
Homoptera, 2, 11, 13, 25-6, 48, 49, 54-61,

62,63-5, 119, 123, 125, 141
honeydew, 2, 13, 16, 25, 36, 54-7, 60, 61,

62, 63, 65, 121, 124, 125, 141; chemical
analysis, 119-20

Hydnophytum, 68; H. formicahum, 66
0-hydroxydecanoic acid, 100, 101, 104,

105, 108, 112
hygiene: forest, 23-30; homopteran, 55
Hymenoptera, 8, 100

Ichneumonidae, 48
/3-indoleacetic acid (1AA), 100, 101, 105
infrabuccal chamber, 12
inhumation, 90
interactions: three-way, 2; facultative, 3,

57; obligate, 33, 57, 125, 133
Ipomoea carnea, 33, 41, 45; /. leptophylla,

40; /. pandurata, 45
Iridomyrmex, 36, 44, 52, 91, 102, 103;

/. humilis, 111, 112, 134-5, 141;
/. myrmecodiae, 66; /. purpureus, 4

Jurinea mollis, 39
juvenile hormone, 112

Korthalsia, 68

Lachnocnema, 61
Laetilia, 61
Lamium album, 89
larvae: ant, 2, 4, 12, 73, 106, 107-8, 111,

113, 120; butterfly, 61, 62-3; preferential
feeding, 111, 113

Lasius, 80, 91; L. alienus, 92, 93, 112;
L. flavus, 56, 95; L. longispinosus, 92;
L. niger, 91, 121

lead, 81
Lecanoptehs, 9, 68, 69
Lepidoptera, 11; ant-tended, 61-5, 120
Leporella fimbriata, 97
Leptanillinae, 91
Leptothorax, 91; L. curvispinosus, 92
linolate, 112, 119
linolenate, 112
lipids, 3, 37, 110, 112-13, 114, 115, 120,

121, 125; in honeydew, 119
liquid food, 12-14
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Luzula campestris, 89
Lycaenidae, 61; lycaenid, 120
Lycopersicon peruvianum, 101, 102
lygaeids, 49
Lysandra hispana, 120

Macaranga, 30, 34, 35, 50, 119, 125
Maculinea, 61
magnesium, 85
Maieta, 68
malaxation, 12
Marckea, 68
maximization of ant services, 125-7
megaphylls, 10
Megasecoptera, 11
Melittia, 25
Melophorus, 76
Membracidae, 54, 60, 61
Mentzelia nuda, 41, 45, 116
Meranoplus, 102, 103
Mertensia fusiformis, 78
Messor bar bar us, 100, 105; M. capita tus,

113
metapleural gland, 100; secretion, 100,

104-6, 108, 112
methionine, 66
Microcorium, 68
microsite, 75, 77, 81, 82-3, 84, 90, 95, 124
Microtis parviflora, 96, 97
Mimetes cucullatus, 135
Monads bispinosus, 46
Morinda royoc, 96
mouthparts: sucking, 11, 54; chewing,

11, 13
Monomorium floricola, 21
Mullerian bodies, see food bodies
mutualistic components of fitness, 131-9
Myrmecia: effects on pollen, 108; effects

on seed set, 101; foraging, 16, 17, 52;
nutrition, 14, 19, 38; M.forficata, 104,
105, 106, 108; M. gulosa, 100; M. nigri-
scapa, 5; M. pilosula, 43, 44, 102, 103

Myrmeciinae, 12
Myrmecina amehcana, 92
myrmecochory, 66, 73-90, 134-6
Myrmecocystus mexicanus, 112
Myrmecodia tuberosa, 66-9
myrmecophily, 66
myrmecotrophy, 66-72, 139
Myrmica, 91; M. discontinua, 78, 79, 80;

M. laevinodis, 100, 105; M. puncti-
ventris, 92, 93

myrmicacin, see /3-hydroxydecanoic acid
Myrmicinae, 9, 12, 90
Myzus persicae, 119

necrophoric behavior, 115
nectar, 97, 98

Nepenthes, 68
nest sites, 27, 31, 126, 142; see also

domatia
nests, 2; mound, 94-5
nickel, 78, 81
Nidularium, 68
nitrate, 78-9, 80, 83-4
nitrogen, 4, 6, 50, 51, 54, 69, 83, 84, 85,

86, 124
Nothomyrmecia, 17, 108; TV. macrops, 102
Nothomyrmeciinae, 12
nutrient cycling, 6
nutrient deficiency, 69, 85-7
nutrient-enrichment in ant nests, 77-8,

80-7
nutrients: macro, 78, 80, 86; micro, 81,

85,86
nutrition: ant, 12-15, 110-13; plants, 36,

66,69,71,72

Ochroma, 35, 41, 50, 124; O. pyramidale,
34, 119

Odontomachus, 14, 71, 91, 94, 115
Oecophylla, 18, 27; O. longinoda, 23, 26,

111; O. smaragdina, 21, 23, 102
oleic acid, 114, 115
Oncidium, 71
Opohnia autumnata, 23, 25, 58
orchids, 71,97
Oreoxis alpina, 96
Orthocarpus pusillus, 96
Orthoptera, 11
Ossaea, 68

Pachycondyla, 91, 94, 115; P. harpax, 81;
P. unidentata, 27, 46

Pachysima, 31, 144
Paecilomyces lilacinus, 106, 108
Palaeodictyoptera, 11
Papilio demoleus, 21
Paracryptocerus, 33
Paraponera, 14
parasitoids, 47-8, 56
Paratrechina, 46, 91
Patima, 68
Pelidnota, 32
Penicillium, 100; P. aurantiogriseum, 108
Pentatomidae, 21
Peperomia, 68
perenniality of nests, 4
pesticides, 58
pharyngeal gland, 113
Phasmatoda, 11
Pheidole, 35, 43, 71, 91, 102, 103;

P. bicornis, 36; P. capensis, 135;
P. gouldi, 46

phenylacetic acid (PAA), 100
Philodendron, 68
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phosphorus, 78, 79, 80, 83-6; phosphate,
66

photosynthesis, 57, 84
Phyllocactus, 69
Phy mat odes, 9, 68
physical barriers to ant pollination, 98
phytosterol, 113
Piper, 35, 43, 142; P. cenocladwn, 36
plant auxins, 100
plant growth regulators, 105-6
plant hormones, 54, 57, 100
Platycerium, 9, 71
Pogonomyrmex, 33, 94; P. badius, 111
pollen,-97, 98, 99, 100, 101, 106, 109
pollen tubes, 100, 101, 103, 104-5
pollination: ant, 3, 66, 96, 98-9, 109;

ant-syndrome, 97; bird, 50; wasp, 49
polyethism, 16-18
Polygala vulgaris, 89
Polygonum cascadense, 96
Polypodium, 9, 68, 71
Polyrhachis, 52, 55; P. dives, 22
Ponerinae, 12, 90
potassium, 80, 81, 84, 85
predator avoidance, 73-5, 78-80, 95, 135
Prenolepis, 91
protection, 21-65, 110
protection: variation in, 31-4, 43-53
protection, absence of, 47
protection by ant guards: in Acacia, 31-4,

39, 43; in Barteria, 31, 33; in Catalpa,
39, 41; in Cecropia, 31-3, 36, 52; in
cherry, 41-2; in Cirsium, 41; in Cordia,
31-2; in Costus, 39; in domatia, 70, 71,
72; in Helianthella, 39; in Ipomoea, 41;
in Mentzelia, 41; in Ochroma, 41; in
Piper, 36, 43; in Tachigalia, 31-2; in
Triplaris, 31, 33; of homopterans, 55-6;
of lepidopterans, 61-5

protection by wasp guards, 47-9, 60-1
protection via ant-tended homopterans,

58-61, 63-5; ant-tended lepidopterans,
61-5

protection without ant rewards, 21-6
proteins, 110, 111, 113, 114, 115, 120, 125
Prunus avium, 101, 102
Pseudococcidae, 54, 56
Pseudomyrmecinae, 91, 144
Pseudomyrmex, 3, 27, 28, 30, 31, 32, 33,

35, 43, 125, 142-4; P. belli, 33; P.
ferruginea, 132-3; P. fulvescens, 37;
P. satanica, 32

Pseudoplusia includens, 58
Psyllidae, 54
Pteridium, 9; P. aquilinum, 45
Publilia concava, 59

q u e e n s , 1 1 1 ; p r e f e r e n t i a l f e e d i n g , 1 1 1 , 1 1 3

r a m e t s , 7 7
Ramijia, 68
Randia, 68
recruitment, 17
repellents, 15
repletes, 4, 112
Reseda, 88
rewards, 1, 36, 86, 110-27, 131, 136
Rhododendron arboreum, 101, 102
Rhytidoponera, 36, 76, 80, 83, 91, 95, 102
ricinoleic acid, 113, 114
Riodinidae, 61, 62
Rohdea japonica, 96

saccharose, 113
Sanguinaha canadensis, 133-4
sanitation, see hygiene, forest
Sarocephalus, 68
Scaphopetalum, 68
scarification, 81, 83
Schomburgkia, 68
Sclerolaena diacantha, 91
sclerophyll, 85-7, 88
Scolytodes elongatus, 27
secondary defensive compounds, 13-14,

50-2
seed: dispersal, 2, 66, 70, 71, 73; cacti,

87; Viola, 81
seed set, 41-2, 47, 57, 60, 62, 97, 98, 101,

130
seedling competition, 83
seedling emergence, 76, 79, 82
seedling microsites, 75, 77-9, 83-5, 90, 125
seedlings, 2, 71, 75, 84
selection, asymmetrical, 142-5
selective advantage: of myrmecochory,

73-87, 95; in pollination, 108-9; to
plants of ant services, 130-6

Serratula lycopifolia, 39
services, 1, 3, 6, 86, 110, 126, 132
Seseli Ubanotis, 96
Setiechinopsis, 87
shelter building: for homopterans, 56;

for lepidopterans, 62
Sitophilus, 25
social organization, 15-19
sodium, 85
Solanopteris, 9, 68, 71
Solenopsis, 17, 35, 113; S. geminata, 23,

46, 58; S. invicta, 12, 25; S. saevissima,
111

Solidago, 59
sori, 71
specialist, 130-1
Sphecomyrma freyi, 8, 15; see also fossil

ant
Spissistilus festin us, 5 8
sporangia, 9, 71
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Staphylococcus aureus, 100
starch, 113
Stenamma schmitti, 92
sterol, 112-13, 119, 120
strawberry-coral model, 133-4
Streptocalyx, 68
stress, 138-40
Suaeda, 96
sucrose, 115
sugars, 110, 111, 124; in extrafloral nectar,

115-16; in honeydew, 119-20
sulphate, 66
survivorship: ant, 114; homopteran, 57;

seed, 126; seedling, 77, 82, 126
Syssphinx, 32

Tachiga/ia, 31, 33; T. paniculata, 32
Tapinoma melanocephalwn, 5, 87;

T. sessile, 92
territory, 123
Tetramohum aculeatus, 23; T. caespitwn,

91
Thamnopteris, 71
thieves, 49, 96, 131
Thlaspi at'pestre, 96
thrips, 49
Tillandsia, 68
Tortrix vividana, 22
Towneyella liriodendri, 60
transplantation: ant nests, 23;

homopterans by ants, 56; lepidopteran
larvae by ants, 61-2

Trichoderma viride, 108
triglycerides, 112, 119
Trillium, 88
Triplaris, 31, 33, 50

Trirhabda boreal is, 59; T. virgata, 59
trophallaxis, 16, 19, 111
trophic level, 7
trophobiosis, 54

Uncaria, 68
Uragoga, 68
undecane, 112

Vanda, 68, 71
Vanilla, 71
variation: in ant services generally, 123-7,

130-1; in ants at extrafloral nectar, 125;
of ants on plants, 43-5; in ants taking
seeds, 80, 91-5, 122, 125; of ants tending
homopterans, 56-7, 65

variation, genetic, 132, 139-40
vascular system, 10
vegetation patterns, 94-5
vegetative adaptations: evolution, 10, 11
vernal dam, 6
Veromessor, 94
Vespidae, 48
viability, pollen, 101, 102-3
Vicia, 141; V. sativa, 48
Viola, 81-3, 88, 89, 93, 122; V. cucullata,

126; V. nut tall ii, 74, 89; V. odorata, 91,
114

vitamins, 113, 114, 119

Wasmannia auropunctata, 46
wasp guards, 47-50, 60, 117
waste dump, 94
Wittmackia, 68

xylose, 113


