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We compare the dynamic nature of anti-herbivore defense in ant-plants to other
plant-herbivore systems. Previous studies have neglected the dynamic nature of
defense in ant-plants. Changes in environmental cues can trigger modifications in a
plant’s defensive strategy (induced responses). In ant-plants, many cues and signals
controlled by the plant and the environment can enhance defense by influencing
recruitment, patrolling, and persistence of ants. Leaf damage may trigger plant
signals such as the release of plant sap or green leaf volatiles that attract ant
defenders. Similarly, disturbance and mammalian breath may themselves induce ants
to recruit.

We also review studies that have looked for changes in extrafloral nectar production
induced by herbivory. Induced responses to herbivory that stimulate changes in
nectar volume, sugar concentration, and amino acid concentration of extrafloral
nectar have been reported. This should increase patrolling by defending ants. We
propose that non-nectary mediated ant recruitment should also occur, but may be
restricted to tightly linked ant-plant systems. We suggest that induced responses to
herbivory are common in ant-plants.

A. A. Agrawal, Dept of Entomology and Center for Population Biology, One Shields
Avenue, Univ. of California, Davis, CA 95616-8584, USA (aaagrawal@ucdavis.edu). —
M. T. Rutter, Dept of Zoology, Duke Univ., Durham, NC 27708-0325, USA.

Plants have a variety of defensive strategies against
herbivores. Chemical, physical, and biotic defenses can
reduce herbivory and increase plant fitness. Most plants
employ multiple defenses, which vary in intensity and
effectiveness, and can operate over different temporal and
spatial scales against different attackers. For example, the
leaves of some solanaceous plants have trichomes which
exude toxins (Duffey 1986), as well as suites of interacting
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constitutive and inducible chemical compounds that are
assumed to confer resistance against various herbivores
(Duffey and Stout 1996). Trichomes provide a physical
hazard, while constitutive chemical defenses may be
poisonous or anti-nutritive. Induced responses boost the
defensive phenotype and may produce an unpredictable
environment for herbivores (Karban and Myers 1989,
Karban and Baldwin 1997, Agrawal 1998a).
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Some ant-plants (e.g., neotropical Cecropia) have a
combination of chemical (tannins and phenolics), phys-
ical (leaf toughness), and biotic (Millerian and pearl
bodies as food for ants) defenses (Coley 1986, Davidson
and Fisher 1991, Folgarait and Davidson 1995). Al-
though it is currently recognized that most plants prob-
ably have multiple and dynamic defenses, these patterns
are still being uncovered, especially in ant-plant sys-
tems. Studies which incorporate a multifaceted ap-
proach looking at various defenses over different scales
will be more likely to define the nature, trade-offs, and
constraints of plant defenses. In this paper we focus on
the factors that may influence ants as defenders of
myrmecophytic plants and specifically on induced plant
responses in ant-plant systems. We conclude that in
facultative ant-plant associations plants may actively
recruit ant defenders, while in more obligate associa-
tions, ants may themselves be responsible for induction
of recruitment.

Defense in ant-plant systems

Ant-plants provide food and/or domicile for ants. Re-
search on anti-herbivore defenses of ant-plants has
focused on the ants as plant protectors (Janzen 1967,
Schemske 1980, O’Dowd and Catchpole 1983, Koptur
1984, 1992, Schupp 1986, Davidson and McKey 1993;
but see Coley 1986, Folgarait and Davidson 1995).
Direct evidence that ants defend plants comes from
experiments which show that ant removal increased
herbivory and decreased plant fitness (Janzen 1967,
Schemske 1980, Koptur 1984, 1992, Schupp 1986, Vas-
concelos 1991, Fisher 1992, Del-Claro et al. 1996,
Oliveira 1997, Letourneau 1998, and see reviews in
Beattie 1985, Huxley and Cutler 1991, Davidson and
McKey 1993). Although observations suggest a grada-
tion in the nature of ant-plant associations from inci-
dental to obligate, the actual benefits are best quantified
by an experimental approach, as the tactics of biotic
defenders may not always be obvious (Letourncau
1983, 1998, O’'Dowd and Catchpole 1983, Rashbrook
et al. 1991, Koptur 1992, Gaume et al. 1997).

Indirect evidence for the defensive role of ants in
ant-plant systems comes from the study of defensive
characters among closely related plant taxa. Rehr et al.
(1973) found that leaves of non-ant Acacia spp. con-
tained cyanogenic glycosides, which have been impli-
cated in defense, while these compounds are absent in
ant-Acacia spp. (but see Seigler et al. 1978, Seigler and
Ebinger 1987). Further indirect evidence for a cost of
maintaining ant defense was found by Janzen (1973).
Production of Miillerian food bodies is almost com-
pletely lacking in Cecropia species in Puerto Rico,
where ants do not inhabit the trees. Thus, it can be
hypothesized that where some defenses are ineffective
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they may be selected against. Such “costs” are a crucial
assumption of proposed trade-offs between plant de-
fenses (Herms and Mattson 1992). A general pattern of
trade-offs between defenses, especially in highly obli-
gate ant-plant systems, is consistent with the notion
that ants protect plants in these systems (see also other
examples of trade-offs in plant defenses: Bjérkman and
Anderson 1990, Twigg and Socha 1996). McKey (1988)
and Davidson and Fisher (1991) generalized this idea
and suggested that there should be a lack of redun-
dancy of defenses that act over the same temporal,
spatial, and/or herbivore scales.

An absolute (presence/absence) trade-off between de-
fense systems, however, is not always found (e.g., Wa-
terman et al. 1984, Steward and Keeler 1988, reviewed
by Herms and Mattson 1992). A general model for
allocation to different defenses in ant-plant systems
should take into account the relative effectiveness of
each defense, since no single defense is likely to elimi-
nate damage by all herbivores. In highly mutualistic
and obligate associations such as that between neotrop-

- ical Acacia trees and Pseudomyrmex ants (Janzen 1967)

there are examples of trade-offs: plants with defending
ants have no obvious chemical defenses (Janzen 1966,
1967, Rehr et al. 1973), although both Central Ameri-
can and African Acacia have large thorns which may
defend against large mammalian herbivores (Young
1987, Milewski et al. 1991, Gowda 1996). Ant and
thorn defenses may act independently depending on the
environment (Madden and Young 1992). Induction of
increased thorn length stimulated by simulated her-
bivory in an African Acacia was not accompanied by
changes in phenolics or tannins, which are putative
chemical defenses (Gowda 1997).

In associations like that between Cecropia trees and
Azteca ants, plants may employ several defensive tactics
(see above, Folgarait and Davidson 1995), and adjust
each of them as necessary to the environmental condi-
tions. For example, Cecropia trees employ non-ant
defenses (chemical and physical) in greater quantity as
juveniles before ants inhabit them {Coley 1986, Mar-
tinelli et al. 1993, Folgarait and Davidson 1995, D.
Schemske pers. comm.). Martinelli et al. (1993) ob-
served that adult leaves of ant-inhabited Cecropia trees
were found to be overwhelmingly more palatable to
generalist orthopterans than were leaves from juvenile
plants without ants. This suggests that leaves of ant-less
plants were better defended by chemical or physical
agents. Where ants are geographically unavailable (i.e.,
high elevation), myrmecophytic plants typically en-
hance other anti-herbivore defenses (e.g., Bentley
1977a). Koptur’s (1985) classic study on multiple de-
fense strategies of Inga found that upland plants em-
ployed “a novel complex of facultative defenses in the
absence of protection by ants”, including higher con-
centrations of defensive phenolics. At the interspecific
level, Fiala et al. (1994) have found that Asian
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Macaranga species exhibit a range of associations
with ants from facultative to obligate. Their studies
indicate that extrafloral nectaries are especially effec-
tive. as attractants of generalist ants and parasites of
herbivores, while food bodies may be an adaptation
to more obligate ants (Fiala and Maschwitz 1990,
1991, 1992, Fiala et al. 1994).

Many plant species with extrafloral nectaries and
defending mutualist ants also employ a diverse array
of other defensive tactics. For example, many Gossyp-
ium species have well developed extrafloral nectaries
known to attract biotic defenders (Maxwell et al.
1976, Treacy et al. 1987) as well as suites of constitu-
tive and inducible chemical and physical defenses
(Karban and Carey 1984, Brody and Karban 1992,
Gershenzon and Croteau 1992, Matthews and Tun-
stall 1994, Bi et al. 1997, Thaler and Karban 1997).
Many, if not most, ant-plant associations are faculta-
tive, and in such cases, biotic defense in plants with
extrafloral nectaries or ant domatia may be minimal
or difficult to detect (O'Dowd and Catchpole 1983,
Rashbrook et al. 1991, Koptur 1992). Intraspecific ex-
pression of extrafloral nectaries is sometimes variable
depending on the presence of ants (e.g., Bentley
1977a), while in other cases, nectaries are present and
secrete nectar even in the absence of ant protectors
(e.g., Koptur 1985). In facultative associations it is
not known if having so-called “adaptations” for bi-
otic defenses is incidental, due to phylogenetic inertia,
or if these “adaptations” only function in certain en-
vironments (see also Mithen et al. 1995). The major-
ity of anti-herbivore defense in such plants may be
unrelated to ants.

The less effective a particular defense, the more ef-
fective the alternative strategies should be. For exam-
ple, Letourneau and Barbosa (1998) found that plants
of myrmecophytic Endospermum labios had new
leaves with denser trichomes on plants with evidence
of stem-borer damage. The authors postulate that this
pubescence may be an induced plant response (sensu
Baur et al. 1991) in individual plants with poor ant
defense. Similarly, the high concentrations of pheno-
lics found in high elevation Inga plants (without
ants), compared to lower elevation plants with ants,
may have been induced by initial herbivory. Further
evidence for plasticity of multiple defenses in ant-
plants comes from studies of African ant-Acacias in
which thorn length and density have been demon-
strated to be inducible traits affecting resistance to
mammalian herbivores (Young 1987, Milewski et al.
1991, Gowda 1996, 1997). This pattern suggests that
aggressive ants may be less effective defenders against
large ungulates, and thorns compensate for this (see
Madden and Young 1992). It should be emphasized
that there are alternative explanations to the appar-
ently adaptive plant responses outlined above; how-
ever, plants may still benefit due to such shifts in
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defense allocation. We predict that our extension of
McKey’s (1988) and Davidson and Fisher’s (1991)
verbal model should not only apply across different
species of plants, but across ontogenetic changes
(within individuals) or environments (between individ-
uals) where each defense has a different effectiveness.
We also predict that there will rarely be an absolute
presence/absence trade-off between multiple defenses
because the myriad attackers are themselves dynamic.

Induced biotic defenses

There has been considerable interest in measuring the
costs and benefits of ant defense in ant-plant systems.
This approach answers two important questions: (1)
how effective are biotic defenders? and (2) what pat-
tern of costs or trade-offs are responsible for the
maintenance of variation for a given defense? The
defensive phenotype for biotic defense is often mea-
sured as the number of food bodies or other ant
rewards produced by the plant (O’Dowd 1980, Risch
and Rickson 1981, Davidson and Fisher 1991, Kop-
tur 1992, Folgarait et al. 1994, Folgarait and David-
son 1995, Frias and Dirzo 1996, Heil et al. 1997).
Alternatively, studies measure the net effectiveness of
ant presence by ant removal {e.g., Janzen 1967,
Schemske 1980, Schupp 1986, Fisher 1992, Le-
tourneau 1998). These studies do not consider short-
term dynamics of the ants. It has been known
anecdotally for over one hundred years (e.g., Belt
1874) that ant activity is not static on ant-plants. For
example, disturbance has been known to excite, and
induce biting and stinging in the ant inhabitants of
many ant-plants {e.g., Madden and Young 1992). Ap-
parently passive behavior by non-aggressive ants may
also be quite deceptive and observations alone may
not be suggestive of the dynamic defenses (Le-
tourneau 1983, 1998, Gaume et al. 1997). What is the
significance of dynamic behavior and potentially in-
duced ant responses?

Induced responses in non-ant-plant systems have
been characterized extensively, and reduced perfor-
mance and/or preference of herbivores on damaged
plants has been documented for over 100 systems (re-
viewed in Karban and Baldwin 1997). The occurrence
of induced resistance demonstrates that plant defenses
are more dynamic than once thought, and present
changing defensive phenotypes which should compli-
cate herbivore strategies (Karban et al. 1997). Ants,
being spatially and temporally mobile and having de-
veloped mechanisms for recruitment, are an ideal can-
didate for deployment as induced defenses. Table |
lists some of the potential mechanisms that can influ-
ence the location and persistence of ant patrolling.
Inducing ant recruitment may be an important way
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of manipulating the level of defense in ant-plant sys-
tems. Most previous studies of costs and benefits of
biotic defense have neglected the dynamic nature of
biotic defenses. Below we review the current state of
knowledge about nectary and non-nectary mediated
induced responses in ant-plants.

Extrafloral nectar induction

Induced responses to herbivory that result in changes
in the quality and/or quantity of extrafloral nectar
have been reported in several systems (Table 2).
Stephenson (1982) noted that Caralpa leaves damaged
by caterpillars produced more sugar (and/or dissolved
solutes) in extrafloral nectaries, and Smith et al.
(1990) found increased amino acid contents in the
extrafloral nectar of artificially damaged Impatiens
leaves. Amino acids are known to be important -to
potentially beneficial nectary visitors (see Smith et al.
1990). Other studies on Gossypium species have noted

Table 1. Potential cues that influence the location, aggressive-
ness and persistence of ant patrolling on ant-plants.

Cues References

Age of plant tissue Downhower 1975, McKey 1984,
Madden and Young 1992, Moog

et al. 1998

Rocha and Bergallo 1992,
Agrawal 1998b

Fiala and Maschwitz 1990, Jolivet
1996, Agrawal 1998b

Way 1963, Agrawal 1998b

Colony size
Damaged plant tissues

Density of conspecific
worker ants

Disturbance Young et al. 1990, Madden and

Young 1992, Cronin 1998, Federle
et al. 1998

Janzen 1966, 1967, O’'Dowd 1980
Agrawal 1998b

Food bodies

Green leaf volatiles
(e.g., hexanal)

Insect exudates Way 1963, Buckley 1987, Koptur

1992, Cushman et al. 1994

Mammalian breath Agrawal and Rutter pers. obs.,

(CO,N T. P. Young pers. comm,
Nectaries and nectar  Bentley 1977a, b, Tilman 1978,
production Koptur 1992
Plant sap Fiala and Maschwitz 1990, Jolivet

1996, Agrawal 1998b, J. Longino
pers. comm,

Fiala and Maschwitz 1990, Rocha
and Bergallo 1992, Cronin 1998,
Agrawal 1998b, Moog et al. 1998

Fiala and Maschwitz 1990

Presence of herbivores

Presence of foreign
conspecific ants

Time of day Bentley 1977a, b, Cronin 1998,
M. Heil pers. comm., R. Marquis
pers. comm,
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increases in nectar volume stimulated by herbivory by
various herbivores (Table 2). Such responses in
Gossypium herbaceum and Ricinus communis appear
not to be “herbivory-specific” as similar responses in
extrafloral nectar production were noted following
caterpillar damage and artificial damage. Finally, in
promising experiments by Swift and colleagues (Swift
and Lanza 1993, Swift et al. 1994), Passiflora vines
were found to have locally inducible extrafloral nectar
(volume). In field experiments, damaged plants were
found more quickly and maintained higher numbers
of ants than undamaged controls. Although few other
studies measured ant activity in response to damage
and nectar flow, the studies listed in Table 2 suggest
that plants under attack may recruit biotic defenders
by increasing the quality and/or quantity of extraflo-
ral nectar. Other studies have demonstrated significant
increases in ant patrolling with increased nectar flow
(Bentley 1977a, b, Tilman 1978).

The physiological mechanisms underlying induced
extrafloral nectar responses to herbivory are com-
pletely unknown. Herbivory can physiologically alter
the source-sink and carbon-nutrient balance relation-
ships in many systems (e.g., Bryant et al. 1991, Lar-
son and Whitham 1991, 1997, Reichardt et al. 1991,
Inbar et al. 1995) and such alterations could result
in channeling of excess carbohydrates through ex-
trafloral nectaries (Bentley 1977b, Koptur 1992). This
has been termed the “sap-valve” hypothesis. The
sap-valve function of extrafloral nectaries could po-
tentially explain induction of increased nectar volume
or concentration, although no real evidence exists to
supports this (see also Baker et al. 1978). Alterna-
tively, plants have several distinct biochemical path-
ways that regulate wound induced responses and
induced responses to other plant parasites (Bennett
and Wallsgrove 1994, Hammerschmidt and Schultz
1996). Sophisticated changes in the composition and
amino acid contents of extrafloral nectar (e.g., Smith
et al. 1990) are less likely to be explained by the
sap-valve mechanism, and may be regulated by such
pathways.

A new form of induced “nectary” responses to her-
bivory has recently been reported by Young et al.
(1997). The African Acacia drepanolobium has an ap-
parently mutualistic relationship with several species
of ants in four genera. When the trees are inhabited
by Crematogaster nigriceps they have significantly
more active nectaries than trees inhabited by other
species of ants. The mechanism behind this phe-
nomenon appears to involve C. nigriceps chewing the
shoots, which causes new growth with increased num-
bers of nectaries. This bizarre behavior may be com-
mon in plant-ants (see Yu and Pierce 1998). It is not
known at this stage whether grazing mammals also
cause this induction of new foliage with more active
nectaries.
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Table 2. Studies to date that have investigated changes in extrafloral nectar following leaf damage.

Species Environment Damage type Measurement Effect Reference
Gossypium field whitefly nectar droplet size positive  Mound 1962
barbadense
field Jjassid nectar droplet size positive  Mound 1962
field thrips nectar droplet size n.s. Mound 1962
Catalpa field caterpillar nectar concentration  positive  Stephenson 1982
speciosa
Vicia sativa greenhouse scissors nectar volume positive  Koptur 1989
Ipomea carnea field scissors nectar volume n.s. Koptur 1989
Inga brenesii field scissors nectar volume n.s. Koptur 1989
Inga punctata field scissors nectar volume n.s. Koptur 1989
Impatiens greenhouse scissors amino acid concen- positive  Smith et al. 1990
sultani tration
nectar volume n.s. Smith et al. 1950
nectar concentration  n.s. Smith et al. 1950
Campis radicans  field simulated nectar volume positive  Stevens 1990
Passiflora spp. Greenhouse simulated nectar volume positive  Swift and Lanza 1993
Passiflora field Simulated time to discovery/ant positive  Swift et al. 1994
incarnata attendance
Hibiscus field hole nectar volume n.s. Agrawal and Rutter, unpubl.
tiliaceous puncher ant visitation n.s.
Acacia field Ants eating number of nectaries  positive  Young et al. 1997
drepanolobium shoots
Gossypium greenhouse caterpillar nectar volume positive  Wunderlin et al. 1997, Waeckers
herbaceum et al. unpubl.
artificial nectar volume positive
Ricinus commu-  greenhouse caterpillar nectar volume positive
nis
artificial nectar volume positive
sugar composition/ n.s.
concentration
Macaranga field natural (various) nectar volume positive M. Heil pers. comm.
tanarius

n.s. = no significant effect.

Non-nectary mediated interactions

Young et al. (1990) showed that the activity of Pseu-
domyrmex spinicola and P. flavicornis inhabiting Acacia
trees more than doubled when the trees were disturbed.
Cronin (1998) extended this work on the Pseu-
domyrmex-Acacia interaction by demonstrating that
ant activity can be induced by the arrival of the herbi-
vores. In experiments with katydids, he found that ant
activity increased in the presence of herbivores and
disturbance. Furthermore, Cronin found an intriguing
species by time interaction, whereby different species of
Pseudomyrmex ants responded to herbivore presence
differently at various times of the day. Nectar flow and
the associated ant activity often have diurnal variation
(e.g., Bentley 1977a), and in Asian Macaranga in-
creased flow of nectar at dusk is correlated with the
nightly emergence of herbivores (M. Heil pers. comm.).
Repeatable differences in ant activity over even short
temporal scales are consistent with our analysis of
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plasticity in ant defense. Rocha and Bergallo (1992)
have shown that Azfeca ants inhabiting Brazilian Ce-
cropia trees recruited to the presence of a herbivorous
beetle. Induction of ant recruitment was positively cor-
related with colony size and the larger the recruitment
event, the shorter was the time to removal of the
herbivore. Finally, Fiala and Maschwitz (1990) demon-
strated that protective Crematogaster ants recruited to
leaf damage, leaf extracts, and foreign conspecifics
when patrolling Macaranga trees. Similar results have
recently been reported from Camponotus ants inhabit-
ing Macaranga puncticulata (Federle et al. 1998). Al-
though more studies are needed, it appears that induced
responses commeonly influence the patrolling patterns of
ants on ant-plants.

We have found that in the neotropical Cecropia-
Azteca system, ants recruit heavily to herbivores and
local sites of leaf damage (Agrawal 1998b). 4zteca ants
do not consume the herbivores to which they recruit,
but rather drop them off the plant. On average, ant
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numbers increased 400% on leaves artificially damaged
with a hole puncher. The induced recruitment and
subsequent patrolling of foliage began within four min-
utes after the damage and continued for several hours.
As Cecropia do not have extrafloral nectaries, nectar
production cannot be the mechanism for induced re-
cruitment in this system. Furthermore, it seems improb-
able that production of food bodies could account for
the rapid and localized induced recruitment. To test for
alternative cues that could be inducing the ant recruit-
ment, we have measured ant recruitment responses to
abiotic disturbance, plant sap, and a green leaf volatile
(hexanal). Each of these factors appeared to induce a
mild level of short term ant recruitment, but did not
induce persistent recruitment for hours, as did leaf
damage.

In non-ant-plant systems several examples have been
reported in which foliar damage induces attraction of
predators and parasites of herbivores. This interaction
may result from volatile cues released locally from
damage sites or systemically throughout the plant
(Turlings et al. 1990, Pare and Tumlinson 1996, Rose et
al. 1996, Takabayashi and Dicke 1996, Shimoda et al.
1997). For example, foliar wounds served as a cue for
tachinid parasitoids to oviposit on damaged red oak
leaves (Embree and Sisojevic 1965). Wilcox (1996)
found that damaged stems of bush lupine attracted
formicine ants to sites of damage and significantly
increased ant density on damaged bushes within 24 h as
compared to undamaged bushes. Such responses often
only occur when herbivore saliva contacts leaf wounds
(e.g., Turlings et al. 1990, Alborn et al. 1997), and leaf
damage or herbivore presence alone may not produce
the response. Lastly, plant wounds themselves can re-
sult in the attraction of natural enemies which may
drink plant sap at the “nectary-like” site of damage
(Embree and Sisojevic 1965, Jolivet 1996, G. Gentry
pers. comm.). For example, Naganuma and Hespen-
heide (1988) observed high levels of herbivore natural
enemy visitation to insect created wounds on Baccharis
sarothroides bushes.

Why might ant-plants employ an inducible defense
system? If ants serve a defensive function, more should
be better. Indirect evidence suggests that housing and
feeding ant defenders may be costly and divert re-
sources from plant growth (Janzen 1973, Rehr et al.
1973). Although ant-plants such as Piper withhold food
body production until ant occupation (Risch and Rick-
son 1981, Letourneau 1990), others such as Cecropia do
not, and uninhabited plants can be found with drop-
ping food bodies (Agrawal pers. obs. but see Folgarait
et al. 1994). Similarly, although most untended extraflo-
ral nectaries produce nectar, without nectar removal,
nectaries often become clogged and secretion may stop
(Bentley 1977b, pers. obs.).

In addition to the allocation cost argument, which
suggests that plants employ induced defenses to save
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diversion of resources, other hypotheses exist. High
densities of patrolling ants may be a host-finding signal
for specialist herbivores. In addition, ants could be
“autotoxic” to the plants. The presence of aggressive
ants could lead to fewer pollinators visiting the flowers
of ant-plants (Janzen 1966, Buys 1990, Jolivet 1996,
Willmer and Stone 1997). Consistent with this idea,
Bentley (1977a) reported that extrafloral nectar produc-
tion dropped off when the flowers of Bixa orellana were
open, and resumed during fruit maturation. Willmer
and Stone (1997) demonstrated that ant activity on the
flowers of African Acacia trees was quite dynamic over
two temporal scales: 1) during the course of a day, ant
activity on flowers was the lowest during peak pollina-
tor visitation, and 2) over the phenology of flowers
(unopened through dehiscence), high ant activity kept
unopened flower buds pristine, low activity on open
flowers allowed for pollination, and finally returning
high ant activity protected developing seeds from seed
predators. Willmer and Stone argue that the plant
mediates this dynamic ant behavior through the use of
ant deterring volatiles. Although there are several hy-
potheses to explain why plants may employ induced
responses in general (see Agrawal and Karban 1998),
none of the hypotheses has been well explored
empirically.

Why ants might be self-inducing

Patrolling and defending plants can be a relatively
dangerous activity, and occupies ant workers that
might otherwise be tending larvae or gathering food
(Oster and Wilson 1978). As a result, it may be in
the best interest of the ant colony to minimize the
time workers spend externally patrolling leaves. We
speculate that, in some cases, this may be the driving
force behind the inducible nature of ant recruitment
to damaged leaves or disturbance. Many non-plant-
ants forage in this inducible manner, and this may be
a pre-adaptation for induction of recruitment in ant-
plants (Holldobler and Wilson 1990). A basal consti-
tutive defense of a few patrolling ants can become an
induced swarm of hundreds of workers as soon as the
colony is alerted to the presence of damage or a her-
bivore. The result is an effective defense with a mini-
mal continuous defense. This explanation leads to the
critical question: why should cues related to plant
damage provoke any recruitment response from the
ant colony?

There are three explanations for this behavior.
First, if the herbivore is a recognized food source,
the induced response may be nothing more than a
foraging expedition by the ants (e.g., the biotic re-
sponses in many non-myrmecophytic plants reviewed
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by Takabayashi and Dicke 1996). Secondly, as de-
scribed above, the plant may have secreted a reward
substance that recruits more ants to the vicinity of
the herbivores (Table 2). The ants then opportunisti-
cally attack the herbivores, but the induced response
was a result of plant-controlled changes. Finally, the
ants may be responding to prevent further plant dam-
age that would lead to a decline in the quality of
resources offered by the plant (see Frias and Dirzo
1996).

We suggest that this final explanation, driven by
ants suffering from diminished plant vigor, will be
stronger for obligate (for both partners) mutualistic
associations. If ants are not able to easily relocate to
another host plant, and they depend on the plant for
nearly all resources, any decrease in plant quality
may have detrimental effects on the ant colony. In
this situation, selection will favor ant colonies which
respond to damage cues regardless of any stimulus
from the plant itself. Our observations of the Ce-
cropia system are consistent with the idea of rapid
response without induced reward production. In sev-
eral other systems, obligate ants recruit to disturbance
or damage without any apparent rewards (Fiala and
Maschwitz 1990, Madden and Young 1992, Rocha
and Bergallo 1992, Cronin 1998, Federle et al. 1998).
In these systems, the ants do not eat the herbivores
that they vigorously attack. Additional information
regarding our hypothesis was presented by Frias and
Dirzo (1996), who found that 40% defoliation had no
measurable effect on the long-term production of
food bodies in Cecropia obtusifolia. Although in the
case of C. obtusifolia most of the ant inhabitants are
obligate associates of the plant, it did not appear that
damage to the plant affected vigor enough to reduce
food body production. Thus, our notion about obli-
gate systems and ant-controlled induced responses re-
mains a hypothesis.

In contrast, when individual plants are interchange-
able to the ants (as is the case in many facultative
mutualisms), ants may avoid or abandon lower qual-
ity plants. To “induce” an ant response (recruitment)
in such cases, a plant will have to increase the re-
wards it provides. In summary, our hypothesis pre-
dicts that dynamic ant responses to damage should
largely be controlled by the plant in facultative inter-
actions, but be predominantly mediated by the ants
in obligate interactions. Although data are currently
scant, the observations of non-nectary mediated ant
recruitment in Acacia and Cecropia (see above) and
nectar induction in several facultative systems (Table
2) appear consistent with our predictions. An addi-
tional approach to test this hypothesis may include
observations of the behavior of facultative versus ob-
ligate ant species inhabiting plants without reward-
based induced responses.
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Talking trees and talking ants

Plants attacked by herbivores and pathogens may
provide cues or signals that affect the defensive pheno-
type and response of neighboring plants (Baldwin and
Schultz 1983, Rhoades 1983, Farmer and Ryan 1990,
Shulaev et al. 1997). However, these studies of “‘inter-
plant communication” were rarely conducted in the
field and there has been some question regarding their
validity (Fowler and Lawton 1985). Two studies on
ant-plants have provided some evidence for induction
of ant recruitment on undamaged trees neighboring
damaged trees (Janzen 1967, Agrawal 1998b). In
Janzen’s study of the Acacia-Pseudomyrmex interac-
tion, he reported that on trees downwind of a tree with
a riled up ant colony (i.e., disturbed by humans or deer)
the ants became more active. In a more controlled
experiment, Agrawal (1998b) reported that Cecropia
leaves next to damaged conspecific leaves on another
plant accumulated significantly more Azteca ants than
did leaves next to disturbed but undamaged control
leaves. The mechanism of this neighbor induction re-
mains unknown and may lie in plant-released volatiles
or ant-released pheromones.

Conclusion

Although anecdotal evidence abounds, quantitative
data are only now being collected to indicate the dy-
namic nature of anti-herbivore defense in ant-plant
systems. Recent studies show that various mechanisms,
including induced changes in extrafloral nectar quality
and/or quantity, may be responsible for inducing ant
recruitment. In other systems, ant fitness may be so
tightly linked to plant vigor that there is no need for a
direct reward for recruiting to sites of damage. What
seems clear is that ant-plants capitalize on the recruit-
ment behavior of ants. Ants are agile, highly mobile,
and reclaimable defenses. Organismal defense of food
sources and domicile are obvious throughout nature;
the benefit to the plants in ant-plant associations prob-
ably ranges from coincidental to highly evolved. In
either case, many ant-plants, from facultative to highly
obligate, are likely to employ induced defenses. These
dynamic defenses may benefit the plants by reducing
various costs of defense and by presenting changing
defensive phenotypes to herbivores. As in non-ant-plant
systems, future assessment of the various costs and
benefits of defenses will need to account for inducible
defenses. Future studies should also consider the multi-
plicity of function of the various defenses employed,
and the temporal, spatial, and herbivore scales upon
which the defenses operate. How phenotypically plastic
are the various defenses in the face of ontogenetic or
environmental changes (Martinelli et al. 1993, Le-
tourneau and Barbosa 1998)? And how has the geo-
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graphic mosaic of interactants (sensu Thompson 1994)
affected defensive strategies of ant-plants across the
range of widely distributed taxa such as Cecropia and
Acacia (Janzen 1973)?
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