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LEAF DAMAGE AND ASSOCIATED CUES INDUCE AGGRESSIVE ANT

RECRUITMENT IN A NEOTROPICAL ANT-PLANT

ANURAG A. AGRAWAL?

Center for Population Biology, University of California, Davis, California 95616 USA

Abstract. Induced chemical responses following herbivory are common in plants. Plant
responses that change the level of physical or biotic defense are less well documented and
poorly understood. Many Azteca spp. ants are obligate inhabitants of Cecropia spp. trees.
In such ant—plant associations the ants are thought to be analogous to chemical defenses;
previous experiments have demonstrated that ant occupation of C. obtusifolia reduced
herbivory and plant competition and increased growth. Experiments, conducted over two
years, on the dynamics of ant defense demonstrate that leaf damage caused a fivefold
increase in the number of Azteca spp. ants on damaged leaves of C. obtusifolia compared
to that on disturbed but undamaged control leaves. Ant activity peaked 8-12 min after
damage, and differences between damaged and control leaves remained evident for 24 h.
Such rapid induction of ant recruitment is likely to be particularly effective against un-
predictable and mobile herbivores. The magnitude of the induced ant response to damage
was strongly correlated with the number of ants patrolling the leaves before damage oc-
curred. Ant responses to disturbance were not influenced by the presence of damage that
had been applied 24 h previously. However, ant responses to subsequent damage, 24 h after
initial damage, resulted in greater recruitment than to previously undamaged |leaves.

Ant recruitment to several other cues associated with herbivory was al so tested. Presence
of pyralid caterpillars that naturally feed on C. obtusifolia induced a low level of ant
recruitment, and most larvae were removed from leaves by the ants within 10 min. Exposure
to plant sap collected from damaged conspecifics and a commercially available green |eaf
volatile (hexanal) commonly released by plants after damage, both resulted in a doubling
of ant numbers relative to controls. However, the levels of recruitment in response to these
stimuli were insufficient to account for the high numbers of ants and persistence of re-
cruitment observed on experimentally damaged leaves. Experimental wounding of leaves
with minimal leaf tissue removal (using pin pricks) revealed that leaf wounds per se can
only partially explain the induced ant recruitment following leaf damage. The type of
herbivory and size of leaf wounds may be important cues for ant recruitment. Severed C.
obtusifolia leaves that were freshly damaged failed to elicit an induced ant response when
held adjacent to conspecific leaves with ants. However, induction of ant recruitment on
damaged plants did significantly induce a low level of ant recruitment on neighboring
conspecifics, providing evidence for interplant communication. Induced ant responses in
the Cecropia—Azteca system are the result of multiple physical and chemical cues associated
with herbivory. Ant responses to herbivory, although not previously studied in detail, are
likely to be common among myrmecophytic plants and are likely to be an important com-
ponent of antiherbivore defense in such systems.
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INTRODUCTION

Induced defensive responses to herbivory appear to
be nearly ubiquitous in plants (Schultz 1988, Karban
and Myers 1989, Karban and Baldwin 1997). In ad-
dition to induction of chemical (Baldwin 1994) and
physical (Young 1987, Baur et al. 1991) defenses, for
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many plants herbivory induces emission of de novo
produced volatile compounds that attract natural ene-
mies of herbivorous arthropods (Dicke et al. 1990, Tur-
lings et al. 1990, Whitman and Eller 1990, Takabayashi
and Dicke 1996, Pare and Tumlinson 1997). Induced
responses in plants that feed and house mutualist de-
fenders (e.g., ant-plants), however, have been little
studied (but see Fiala and Maschwitz 1990, Cronin
1998). If mutualist ants are analogous to defensive sec-
ondary compounds as proposed by Janzen (1966), Rehr
et al. (1973), McKey (1984, 1988), and others, there
should be a well-developed rapidly induced response
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syndrome in tightly evolved ant-plant systems, es-
pecially where herbivory is unpredictable (see Zangerl
and Rutledge 1996). | tested this prediction for the
well-known mutualism between Cecropia obtusifolia
(Moraceae) trees and ants in the genus Azteca.
Defense by antsin ant-plant systems haslargely been
viewed as a static process (but see Tilman 1978, Le-
tourneau 1983, Cronin 1998; A. A. Agrawal and M. T.
Rutter, unpublished manuscript). Defense of plants by
ants has been studied most often by one of two meth-
ods: (1) ant removal experiments (e.g., Janzen 1966,
Schupp 1986, Vasconcelos 1991, Fisher 1992, Fonseca
1994), and (2) study of the production of ant rewards
(e.g., Risch and Rickson 1981, Steward and Keeler
1988, Koptur 1989, 1992, Smith et al. 1990, Davidson
and Fisher 1991, Folgarait et al. 1994, Folgarait and
Davidson 1995, Frias and Dirzo 1996). This body of
work has demonstrated that ants often defend plants
and have the potential to increase plant fitness. Al-
though few studies have tested the dynamic nature of
ant defense, some authors have speculated that ant re-
sponses are inducible (Koptur 1989, Smith et al. 1990;
A. A. Agrawal and M. T. Rutter, unpublished manu-
script). Previous studies, however, have focused on po-
tential mechanisms for induced responses, such as in-
creased attractiveness or additional production of
extrafloral nectar; previous studies have not focused on
induction of defending ants patrolling near damaged
sites (but see Fiala and Maschwitz 1990). There are
many biotic and abiotic components of the ant’s and
the plant’s environment that can have important con-
sequences for the induction and persistence of patrol-
ling by ants (reviewed by A. A. Agrawal and M. T.
Rutter, unpublished manuscript). | speculate that ant-
plants often employ ants as induced defenses. Defend-
ing ants are ideal inducible defenses because of their
mobile, rapidly deployable, and recoverable nature.
The significance of ants as an induced biotic defense
is manifold. Induced chemical response systemsinclude
rapidly induced responses, operating over minutes to
hours, and delayed induced responses, operating over
weeks to years (Clausen et al. 1991, Haukioja 1991,
Tallamy and McCloud 1991). Many induced ant re-
sponses in ant-plant systems may be anal ogousto rapidly
induced chemical responses, and effective against mo-
bile herbivores that can damage plants over a short pe-
riod. Alternatively, delayed induced responses may also
be common, influencing the longer term growth of an
ant colony (see Passeraet al. 1996). Ant-plants may also
employ other delayed induced responses (chemical or
otherwise) that are more effective against predictable
subsequent attackers (see Karban and Adler 1996; A. A.
Agrawal and M. T. Rutter, unpublished manuscript). In-
duced chemical responses can be highly localized (Olson
and Roseland 1991, Zangerl and Berenbaum 1994/5) or
systemic, changing throughout the whole plant (Baldwin
1994, Pare and Tumlinson 1997). Such responses po-
tentially have different consequences for the plant. For
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example, rapidly induced localized responses may serve
to make the herbivore flee the plant or at least disperse
herbivore damage over different portions of the plant
(Marquis 1996). Systemic responses may serve to pro-
tect the whole plant, but may be more delayed in nature,
and if delayed they are also dependent on the predict-
ability of future herbivory (Karban and Adler 1996).
Localized and systemic responses are not mutually ex-
clusive and are often found in the same system (Clausen
et al. 1991, Haukioja 1991).

Several cues could be responsible for rapidly induced
responses in biotically and chemically defended plants.
Leaf damage alone does not always simulate herbivory
(Baldwin 1990, Turlings et al. 1990). Cues associated
with the herbivores, including disturbance, pattern of
feeding, and saliva may influence the plant response.
Similarly, different aspects of plant damage, including
emission of volatiles (Takabayashi and Dicke 1996), ex-
udation of plant sap (Naganuma and Hespenheide 1988,
Dussourd and Denno 1994, McCloud et al. 1995, Jolivet
1996), and visual signs of herbivory (Niemela and
Tuomi 1987) may directly or indirectly affect subsequent
preference or performance of herbivores. In addition,
plant cues may affect the defensive phenotype and re-
sponse of neighboring plants (Baldwin and Schultz
1983, Rhoades 1983, Farmer and Ryan 1990, Bruin et
al. 1995, Shonle and Bergelson 1995, Shulaev et al.
1997). Studies of interplant communication are rarely
conducted in the field and have not been repeatable.

Cues associated with herbivory are likely to be es-
pecially important for biotically defended plants be-
cause the plant defenders must recognize and recruit
to the damage site. Previous damage itself may be a
cue for rapid recruitment of biotic defenders; for ex-
ample, ants may be poised to recruit more strongly to
previously damaged plants than to undamaged plants.
Such an association could facilitate ‘“memory’ as a
component of the induced response. Memory is an im-
portant component of animal immune responses and
has been recently reported in an induced plant chemical
response (Baldwin and Schmelz 1996). In biotically
defended plants the mechanism of memory could be a
more rapidly induced emission of plant cues, or could
be based within the ants themselves (i.e., existing pher-
omonal trailsor alarm motivation). In either case, mem-
ory could be important, even in systems with mobile
and ephemeral herbivores, if certain parts of the plant
will be predictably attacked or if dispersion of herbiv-
ory is beneficial to the plant (see Marquis 1996).

In this paper | report the results of experiments con-
ducted over two years that tested the hypothesis that ant
defense of host plants in the Cecropia—Azteca system is
induced by cues associated with herbivory. Specifically
| asked: (1) Does simulated herbivore damage induce
localized ant recruitment to the leaves with damage; (2)
What is the time course of induction of ant recruitment
and relaxation of patrolling following foliar damage; (3)
Does ant recruitment result after fresh damageonly, rath-



Fic. 1. A young Cecropia obtusifolia tree at La Selva
Biological Station, Costa Rica. (A) This tree, although in-
habited by ants, showed signs of herbivory by orthopterans.
Such damage was commonly found on young C. obtusifolia
and was experimentally simulated in this study by using a
hole puncher. (B) A different tree was not inhabited by ants
and was producing Mullerian food bodies on the trichilia at
the base of the petioles.

er than disturbance or previous damage; (4) Does the
induction of ant recruitment have a component of mem-
ory, whereby new damage to a previously damaged |eaf
results in a faster or greater ant response than to pre-
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viously undamaged leaves; (5) What is the time course
of ant recruitment to a herbivore; (6) How do ants re-
spond to different cues that are associated with leaf dam-
age (plant sap, green leaf volatiles, and visual and tactile
cues); and last (7) Is there any evidence for interplant
communication, whereby a damaged plant with elevated
numbers of ants influences ant patrolling on closely
neighboring plants.

MATERIALS AND METHODS
Study site and organisms

This study was conducted in July 1995 and Septem-
ber 1996, at the Organization for Tropical Studies, La
Selva Biological Station, near the town of Puerto Viejo
de Serapiqui, Heredia Province, Costa Rica. All study
organisms were located within 100 m of the 6-km Sen-
dero Tres Rios trail. Thisis afrequently disturbed hab-
itat, since station workers clear plants along the path.
Further information about the site and climate is pro-
vided in McDade et al. (1994).

| studied the induction of ant recruitment following
foliar damage in the native neotropical ant-plant C. ob-
tusifolia (Fig. 1). Azteca (Dolichoderinae) ants inhabit
most of the C. obtusifolia trees at La Selva. The mu-
tualism between Cecropia spp. and Azteca spp. has been
intensively studied and the nature of the relationship is
well known (Janzen 1969, 1973, Schupp 1986, Longino
1989, 1991, Jolivet 1990, Davidson and Fisher 1991,
Rochaand Bergallo 1992, Folgarait and Davidson 1995,
Vasconcelos and Casimiro 1997). Like aimost all mem-
bers of the genus Cecropia, C. obtusifolia has a hollow
stem and produces Milllerian and pearl food bodies (A.
A. Agrawal, personal observation). Azteca ants consume
the food bodies, raise their brood in the hollow stems,
patrol the plant and, in many cases, successfully reduce
herbivory and increase the fitness of plants relative to
conspecifics without ant protectors (Schupp 1986, Rocha
and Bergallo 1992, Vasconcelos and Casimiro 1997).
Schupp (1986) demonstrated that C. obtusifolia without
its ant inhabitants experienced higher herbivory, in-
creased vine cover, and significantly stunted growth. |
studied young C. obtusifolia trees inhabited by A. xan-
thocroa or A. constructor. Both ant species are extremely
aggressive defenders of Cecropia spp. and are difficult
to distinguish without examining the queen (J. Longino,
personal communication). Worker ants were sampled
from each tree to make sure that the ants were not A.
alfari, the apparently less aggressive and less defensive
species of Azteca ant that inhabits Cecropia spp. (Lon-
gino 1991, but see Vasconcel os and Casimiro 1997). The
latter species can be easily distinguished by examining
workers (J. Longino, personal communication). Azteca
xanthocroa and A. constructor are both obligate mu-
tualists with Cecropia spp.

Ant responses to damage

To test if ants would rapidly recruit to sites of foliar
damage, | monitored ant numbers on experimentally
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damaged and control leaves of C. obtusifolia using a
paired-leaf design. In 1995, | selected 15 young trees
between 1.5 and 2.5 m tall, lacking signs of recent
herbivory, and with established colonies of A. xantho-
croa or A. constructor. On each tree, | haphazardly
chose two of the youngest, fully expanded |eaves com-
ing off the main stem (~1-2 m apart) and randomly
assigned one to the ‘‘damaged”’ treatment and one to
the ““undamaged control’’ treatment. | censused the
number of ants on the leaves prior to imposing the
treatment.

Immediately after the initial census | simulated her-
bivory by punching five holes (~30 mm? each) in each
lobe of the damaged leaf. Natural herbivory by gen-
eralist orthopterans often results in small bullet-like
holes very similar to those created by a hole puncher
(Fig. 1A). Each leaf consisted of 7—12 lobes, and had
a total area <0.25 m?2 The control leaf was disturbed
inavery similar way to the damaged leaf: it was shaken
(by tapping with the hole puncher) for an equal length
of time and with equal disturbance as the damaged | eaf.
| aso clicked the hole puncher in the air next to the
leaf so the sound was present in both treatments. The
only difference was that the holes were not actually
made in the control treatment leaf. | randomly chose
which treatment to execute first on each tree. | made
visual censuses of ants at 4, 8, 12, 16, and 20 min, and
at 1, 2, 4, and ~24 h after the manipulation. | repeated
this experiment in 1996 with 24 additional trees, using
identical procedures.

To test whether ants would recruit to previous sites
of damage (without further leaf wounding), | heavily
disturbed both previously damaged leaves and control
leaves by vigorously shaking the petioles after the 24-
h census in 1995 (n = 11 pairs). This tested the hy-
pothesis that ants only recruit to recently damaged
leaves, and that disturbance to a previously damaged
leaf would not induce greater recruitment than distur-
banceto an undamaged | eaf. Antswere censused before
the disturbance and again 5 min after the disturbance.

Memory of the induced response

To test if ants recruit faster or in greater abundance
to sites of previous damage, | conducted experiments
on the set of trees used in the experimentsin 1996 (see
Materials and Methods. Ant responses to damage).
Twenty-four hours after the leaveswereinitially treated
and ant recruitment had relaxed nearly to control levels,
| initiated the memory experiment. Both previously
damaged leaves and control leaves received five hole
punches per lobe. Ants were censused before the ma-
nipulation and again at 4, 8, and 12 min after the treat-
ment. My prediction was that if the ant response had
memory, recruitment would be faster on a previously
damaged leaf, or would result in higher levels of re-
cruitment than on a previously undamaged leaf.
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Ant recruitment to herbivores

In this experiment | tested whether ants recruit to
the mere presence of a herbivore (not herbivory, a py-
ralid moth caterpillar that commonly feeds on C. ob-
tusifolia [L. Dyer, personal communication]). Fourth
or fifth instar caterpillars of the unidentified species of
leaf rollers were collected from several young C. ob-
tusifolia trees that lacked ants. On each of 19 treeswith
ants, ant numbers were censused on two randomly cho-
sen undamaged leaves prior to the experimental treat-
ments, then one caterpillar was laid onto the leaf sur-
face on one of the leaves, and a small twig the size of
a caterpillar was placed on the other leaf. Ants were
censused at 4, 8, 12, 16, and 20 min and 1 h after
manipulation. If the caterpillar or twig was removed
from the leaf by the patrolling ants, the time when this
occurred was noted.

Mechanisms of the induced response

Plant chemical cues.—To test if ants were recruiting
to plant cues, | measured the recruitment that followed
elicitation using plant sap, acommon green leaf volatile
found in many plants, and unidentified volatile cues
from severed damaged leaves. Previous anecdotal ob-
servations of C. obtusifolia and other myrmecophytic
plants suggested that ants may be drinking plant sap
at sites of damage (A. A. Agrawal, personal obser-
vation; M. T. Rutter and J. Longino, personal com-
muni cation; see also Naganumaand Hespenheide 1988,
Jolivet 1996). Plant sap experiments were conducted
by collecting plant sap from damaged C. obtusifolia
trees not used in the experiments and blotting sap onto
1-cm? squares of filter paper. On 21 trees | placed one
piece of filter paper soaked in plant sap on a randomly
selected leaf and an equal-sized square of filter paper
soaked in water on an adjacent leaf. Antswere censused
before and at 4, 8, and 12 min after adding the squares
of filter paper.

A similar paired-leaf design experiment was con-
ducted using the green leaf volatile, hexanal (Sigma
Chemical Company, St. Louis, Missouri). Hexanal is
an aromatic compound often released from damaged
green leaves (Whitman and Eller 1990). Such com-
pounds have been implicated in plant attractiveness to
natural enemies of herbivores (Whitman and Eller
1990, Takabayashi and Dicke 1996). On each of 21
trees, one randomly chosen leaf received a square of
filter paper with one drop of hexanal and an adjacent
leaf received a square of filter paper with one drop of
water. Ants were censused before and at 4, 8, and 12
min after adding the squares of filter paper.

A third experiment was conducted to test if uniden-
tified volatile constituents from damaged C. obtusifolia
leaves would induce ant recruitment on assay leaves.
Leavesonintact C. obtusifolia trees were damaged with
a hole puncher (5 holes/lobe) and after a few minutes
the damaged leaf and undamaged control were removed
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Fic. 2. Schematic diagram of the experimental design
used to test for evidence of interplant communication. L eaf
A was disturbed (not damaged), and leaf C was damaged.
Ant responses were then measured and compared on the **lis-
ten leaves” B and D.

at the base of the petiole. All ants were picked off the
leaves by hand. | then took these leaves to an assay C.
obtusifolia tree and simultaneously held the cut leaves
as close as possible (without touching, but no farther
than 5 cm) next to two unmanipulated assay leaves.
Ants were censused before the experiment began and
at 4 and 8 min after starting to hold experimental leaves
next to assay leaves. Cut leaves were only used once.
The experiment was replicated with 15 assay trees.

Visual and tactile cues—To test whether the per-
sistent ant recruitment induced by foliar damage was
due to visual or tactile cues, | attempted to damage
leaves without adetectable | oss of |eaf area. By lodging
50 insect pins through a small block of styrofoam, |
constructed a device to deliver a large number of tiny
foliar wounds. On each of 24 plants | randomly as-
signed two undamaged |eaves to receive either: (1) one
pin press per lobe (7-12 lobes, ~500 pin holes total)
or (2) undamaged controls that were disturbed by clap-
ping the leaf with the styrofoam side of the pin press.
Ants were censused prior to manipulation and at 4, 8,
12, 16, and 20 min afterwards.

Interplant communication and ant-borne signals

Here| tested the hypothesis that cues emanating from
a damaged plant induce biotic defenses in undamaged
neighbors. To test if induced ant recruitment on one
tree would cause closely neighboring trees to have el-
evated ant activity, | selected 15 pairs of trees growing
together with leaves that were within 5 cm of each
other. Two pairs of touching or nearly touching leaves
were selected for each pair of plants (Fig. 2). Because
ant recruitment is very localized in this system (see
Fig. 3), each pair of |eaves was considered independent.
The first pair (A, B) was randomly chosen to serve as
the control pair: leaf A was disturbed but not damaged
and ants were censused on both leaves before and 4,
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8, 12, 16, and 20 min after the treatment. The second
pair of leaves (C, D) was the treatment pair: leaf C was
damaged as in the previous experiments, by punching
five holes in each lobe, and ants were censused on both
leaves before and 4, 8, 12, 16, and 20 min after the
treatment. To test for interplant communication, leaves
B and D were compared to see if ants on the “‘listen
tree’”’ recruited to leaves next to damaged leaves and
not to leaves next to disturbed leaves.

Satistical analysis

All analyses were conducted using the MGLH rou-
tine in Systat (Wilkinson et al. 1992). All experiments
were conducted with a paired design, where each tree
or experimental unit had both treatments, with no rep-
lication within each unit. Repeated measures analysis
of variance procedures were used to test for treatment
effects in all experiments except in the ant response to
disturbance experiment in which a paired t test was
used. Treatments were considered fixed effects and tree
was considered a random effect. In such designs, the
between-subjects (remainder) mean square and degrees
of freedom are used in the denominator to calculate the
F statistic (Zar 1996:267). In all ant recruitment trials
the first census (time 0) was conducted immediately
prior to treatment and was strictly used to verify that
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Fic. 3. Time course of ant recruitment to |eaves damaged
by punching holes vs. undamaged (disturbed) controls for
experiments conducted over two years.
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TaBLE 1. Repeated-measures ANOVAS for the effects of induction treatments on ant recruitment.
Experiment Source df MsS F P G-G H-F

Time-course 1995 Treatment 1 30549.57 12.01 0.004
Error 14 2542.25
Time 8 1321.49 12.48 <0.001 <0.001 <0.001
Time X Treatment 8 719.21 6.79 <0.001 <0.001 <0.001
Error 112 105.92

Time-course 1996 Treatment 1 38552.22 23.66 <0.001
Error 23  1629.74
Time 8 884.95 9.21 <0.001 <0.001 <0.001
Time X Treatment 8 656.60 6.83 <0.001 0.001 <0.001
Error 184 96.09

Memory Treatment 1 6413.34 8.85 0.007
Error 23 724.75
Time 2 50.90 0.67 0.516 0.491 0.516
Time X Treatment 2 426.92 5.63 0.007 0.01 0.007
Error 46 75.873

Recruitment to Pyralid caterpillar Treatment 1 338.97 411 0.058
Error 18 82.42
Time 5 12.42 1.27 0.283 0.294 0.283
Time X Treatment 5 16.77 1.717 0.139 0.177 0.139
Error 90 9.76

Plant sap Treatment 1 516.07 13.55 0.001
Error 20 38.09
Time 2 10.72 2.86 0.069 0.072 0.069
Time X Treatment 2 6.88 1.84 0.173 0.175 0.173
Error 40 3.75

Green leaf volatiles Treatment 1 557.34 18.71 <0.001
Error 20 29.79
Time 2 23.01 2.87 0.068 0.077 0.068
Time X Treatment 2 16.44 2.05 0.142 0.149 0.142
Error 40 8.01

Damaged cut leaf Treatment 1 13.61 7.76 0.015t
Error 14 1.75
Time 2 35.83 12.57 <0.001 0.001 <0.001
Time X Treatment 2 0.21 0.07 0.929 0.855 0.929
Error 28 2.85

Pin wounds Treatment 1 288.20 4.88 0.037
Error 23 59.09
Time 4 46.80 491 0.001 0.013 0.001
Time X Treatment 4 26.10 2.74 0.033 0.078 0.033
Error 92 9.530

Interplant communication Treatment 1 110.94 4.66 0.049
Error 14 23.80
Time 4 4.48 1.49 0.217 0.239 0.217
Time X Treatment 4 3.09 1.03 0.400 0.378 0.400
Error 56 3.00

Note: Probabilities corrected for sphericity are provided using the Greenhouse-Geisser (G-G) and Huyn-Feldt (H-F) cor-

rections.

T This difference, although statistically significant, does not reflect a treatment effect. Differences were apparent before
treatments were imposed (no time X treatment interaction, even when time O is included in the analysis).

there were not differences between leaves prior to treat-
ment. Similar analyses using MANOVA and profile
analysis yielded the same conclusions. Only repeated-
measures analysis of variance are reported (Table 1).
All error bars shown in the graphs are standard errors
of the mean. Data were transformed if necessary to
meet the assumptions of normality and equal variances.

REsULTS

Ant responses to damage

Ant recruitment to artificially damaged leaves was
much greater than to control leaves on the same tree
in both years of this study (Fig. 3). Induction of re-

cruitment was rapid and localized. The ant recruitment
seen in these experiments demonstrates the importance
of leaf damage per se, as disturbance without damage
elicited minimal change in ant activity (Fig. 3). In both
years, ant recruitment peaked between 8 and 12 min
after leaves were damaged. Up to 150 ants per |leaf
were counted during peak recruitment. After 24 h ant
levels relaxed to nearly premanipulation levels.

The number of ants patrolling |eaves before damage
was agood predictor of ant recruitment following dam-
age (Fig. 4). Plants with high levels of ants before
damage had higher subsequent ant recruitment than
plants that started out with lower numbers of ants. This
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1995 and 1996). Linear regression: R? = 0.424, Y = 23.128
+ 2.164X, F,5 < 0.001. Only 35 points show because of
overlap.

is consistent with the observation of lower average
peak recruitment in 1996 (35 ants/leaf) vs. 1995 (45
ants/leaf) because ant numbers before damage were
lower in 1996 than 1995.

Disturbance and memory

Disturbance (without damage) to the petioles of
leaves that had been damaged 24 h earlier did not cause
higher or more rapid ant recruitment than did similar
disturbance to control leaves not receiving prior dam-
age (Fig. 5). Surprisingly, fewer than 15 ants per |eaf
were observed following the disturbances, suggesting
that even severe disturbance does not induce the mag-
nitude of recruitment observed after foliar damage. In
addition, this trial shows that ants do not recruit to the
presence of damage unless it is fresh, suggesting that
only cues associated with fresh leaf damage induce
recruitment.
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DISTURBANCE
Fic. 5. Recruitment of ants to paired leaves that were

heavily disturbed; one leaf was previously undamaged, and
the other was damaged 24 h previously (t test: t = —0.688,
df = 10, P = 0.51).
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Fic. 6. Recruitment of ants to paired leaves that were

damaged; one leaf was previously undamaged, and the other
was damaged 24 h previously.

Induced ant recruitment to previously damaged
leaves was greater than that to previously undamaged
leaves (Fig. 6). Although ant recruitment was higher
on previously damaged plants, initial levels of ant pa-
trolling had not fully relaxed in previously damaged
plants.

Ant recruitment to herbivores

There was a marginally significant effect of ant re-
cruitment to the presence of a pyralid caterpillar (Fig.
7). Control leaves that were disturbed with asmall twig
of the same size as a caterpillar did not accumulate
ants. In 2 of the 19 trials, the caterpillars sewed |eaf
rolls and subsequently were not bothered by Azteca
ants. In al other trials the ants attacked the caterpillar
as soon as they recognized it and drove it to the edge
of the leaf until it dropped off the plant. In none of the
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Fic. 7. Recruitment of ants to the presence of a pyralid

moth caterpillar. Control leaves had a caterpillar-sized twig.
The average time to eviction of the caterpillars was 7.24 +
2.27 min.
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Fic. 8. Recruitment of ants to extracted plant sap, green
leaf volatiles (hexanal), and volatiles emitted from adamaged
severed conspecific leaf.

trials did the caterpillar commence feeding during the
1-h period of monitoring.

Leaf damage is probably not necessary to induce ant
recruitment. However, ant recruitment to the caterpillar
did not usually exceed 30 ants per leaf (14 of 19 trials,
Fig. 7). The magnitude of the response to herbivores
was fourfold lower than to leaf damage (compare Figs.
3 and 7). This suggests that leaf damage is a more
potent inducer of ant activity than presence of a her-
bivore. The signals associated with leaf damage may
be more important cues because they may be more
easily detected by ants than those produced by the her-
bivores themselves.

Mechanisms of the induced response

Plant chemicals.—M ore antsrecruited to leaves with
filter paper squares containing either plant sap or hex-
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anal than to control leaves with filter paper and water
alone (Fig. 8). Although the numbers of ants prior to
manipulation were low in both cases (three ants/leaf),
peak ant responses to these cues were weak (<eight
ants/leaf) and declined too early to explain the mag-
nitude of ant recruitment following actual leaf damage.
| observed no differencein recruitment of antsto leaves
adjacent to damaged leaves compared to recruitment
on leaves adjacent to undamaged leaves in the exper-
iment that used severed damaged and undamaged C.
obtusifolia leaves to elicit ant recruitment on another
tree (Fig. 8).

Visual and tactile cues.—Treating aleaf with several
hundred pin wounds induced significant ant recruitment
beyond the recruitment observed on paired leaves that
were disturbed but not damaged (Fig. 9). In this ex-
periment leaf wounds and the presumed associated vol-
atile cues (quantification of the emitted volatiles was
not possible) associated with damage were present;
however, gaping holes in the leaves were not present.
The magnitude of the response to pinning was fourfold
lower than to leaf damage caused by holes being
punched (compare Figs. 3 and 9).

Interplant communication and ant-borne signals

Leaves (listen D) next to damaged leaves (talk C)
accumulated significantly more ants than did control
leaves (listen B) next to disturbed but undamaged
leaves (talk A) (Fig. 10, see also Fig. 2). | found ev-
idence for interplant communication; induction of ant
recruitment on a damaged plant resulted in induction
on neighboring plants.

DiscussioN

Ant responses to damage

Experiments conducted over two years indicate that
Azteca ants rapidly recruit to localized sites of foliar
damage on C. obtusifolia. Thisisthefirst detailed study
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Fic. 9. Recruitment of antsto leaveswith several hundred
pin wounds compared to recruitment on paired leaves that
were disturbed but not damaged.



2108
—=— DISTURBED (A)
—— LISTEN (B)
35 —e— DAMAGED (C)
—O— LISTEN (D)
30
<
o254
|
@ 20
=
Z 15
O 10+
pd
5 —
0 \ T 1 T \ T

0 4 8 12 16 20
TIME (MINUTES)

Fic. 10. Recruitment of ants on pairs of leaves of neigh-
boring conspecifics (see Fig. 2. for experimental design).
There were significantly more ants on listen leaves (D) next
to damaged leaves (C) than on listen leaves (B) next to dis-
turbed leaves (A).

of ant recruitment to sites of leaf damage in an ant-
plant system (see also Fiala and Maschwitz 1990). In-
duction of ant recruitment depended on leaf damage
and several associated cues. It should be noted that the
ant responses measured in these experiments cannot
necessarily be equated with resistance to herbivores
and defense of the plants (Karban and Myers 1989:
Table 1). However, Rocha and Bergallo (1992) found
a negative correlation between number of Azteca ants
patrolling Cecropia leaves and time to discovery of
herbivores, residence time of invading herbivores, and
plant damage. In addition, occupation of C. obtusifolia
trees by Azteca ants did increase fithess of juvenile
plants (Schupp 1986); further experiments will have to
be conducted to determine if induction of ant recruit-
ment per se deters herbivores, reduces herbivory, and
increases plant fitness.

The positive relationship between *‘constitutive”
levels of ant defense (number of ants before damage)
and the magnitude of *‘induced’” ant numbers (recruit-
ment of ants following damage) is contrary to the pre-
dictions of theory (Herms and Mattson 1992), although
it is consistent with the finding of workers who have
measured other types of constitutive and induced re-
sistance and found positive rel ationships between these
two (Zangerl and Berenbaum 1990, Rochaand Bergallo
1992). Other workers have found no clear relationship
between constitutive and inducible resistance (Brody
and Karban 1992, Thaler and Karban 1997). The pos-
itive association between pre- and post-induction ant
numbers may depend on colony size (i.e., Rocha and
Bergallo 1992); trees with larger ant colonies may have
more ants patrolling undamaged leaves as well as have
more ants available for recruitment subsequent to dam-
age. Communication between ants, which occursin the
recruitment process (presumably viapheromones), may
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also be an important cause of the association between
ant numbers pre- and post-induction (see Fiala and
Maschwitz 1990). Effects of colony size and inter-ant
communication are not mutually exclusive.

If ants could function as induced responses gener-
aly, then defense by antsin myrmecophytic plants may
be more dynamic than once thought. Costs and benefits
of ant defense to plants depends on ant activity in ad-
dition to measurement of allocation to ant rewards such
as food bodies or extrafloral nectar (Tilman 1978, Ste-
phenson 1982, Koptur 1989, 1992, Smith et al. 1990,
Davidson and Fisher 1991, Folgarait et al. 1994, Fol-
garait and Davidson 1995). If costs of ant defense were
measured in the absence of herbivores (with and with-
out ants), the costs may be obscured because the plants
will never experience antsin the induced state (see al so
Rausher et al. 1993).

Induced ant recruitment in myrmecophytic plantsis
likely to be common. In obligate ant-plant associations
where ant fitness is tightly linked to plant health, ant
recruitment to damage may require no direct reward
(A. A. Agrawal and M. T. Rutter, unpublished manu-
script). Recruitment of Azteca ants to damaged C. ob-
tusifolia leaves may be such an association. Extrafloral
nectar is not secreted by C. obtusifolia and increased
production of food bodies is not likely to act over the
spatial and temporal scales necessary to induce the sort
of recruitment seen in Fig. 3 (A. A. Agrawal, personal
observations; B. Fisher, personal communication). Is
Azteca fitness tightly linked to the vigor of the plant?
Frias and Dirzo (1996) showed that 40% defoliation of
C. obtusifolia in a controlled environment lacking ants
did not reduce production of Millerian food bodies
over several weeks following treatment compared to
undamaged controls. This suggests that C. obtusifolia
supports its ant inhabitants (probably with food body
production) even when levels of defoliation are high.
C. obtusifolia may continue to produce food bodies
because ant protection is crucial for plant survival. It
is not known whether Frias and Dirzo's (1996) results
are general. In more facultative associations damaged
plants may have to increase reward production in order
to recruit biotic defenders because facultative defend-
ers do not necessarily rely on individual plants for
housing and food.

Memory in immune responses is common among
vertebrates; however it is unknown whether it is a gen-
eral component of induced defense systems in inver-
tebrates and plants (Harvell 1990a, b). In the current
experiment ant induction was greater on previously
damaged leaves than on previously undamaged |eaves.
However, the finding of memory in the ant responses
(Fig. 6) may be an artifact of the positive relationship
between initial ant numbers and level of the induced
recruitment (Fig. 4). The initial numbers of ants on
previously damaged leaves were higher than on pre-
viously undamaged leaves. This result further dem-
onstrates that the pretreatment number of ants on in-
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dividual leaves can affect the level to which the ants
will recruit. Karban and Niiho (1995) failed to find
evidence of plant memory for induced resistance of
cotton seedlings against spider mites. However, Bald-
win and Schmelz (1996) did find that induction of nic-
otine accumulation was faster in previously damaged
wild tobacco plants than in undamaged plants. Memory
in an induced defense might not only minimize overall
herbivory, but may also reduce areas of concentrated
damage. Because spatial patterns of herbivory may
have differential fithess effects for plants (Lowman
1982, Marquis 1992, 1996, Mauricio et al. 1993, Cole-
man and Leonard 1995), memory could serve the im-
portant function of dispersing herbivore damage.

Mechanisms of the induced response

Antsare likely recruiting to cues associated with | eaf
damage, such as the volatile constituents of plant sap
and green leaf volatiles. Ants must be able to recognize
host plants when colonizing the plants and especially
when pruning encroaching vines (reviewed by David-
son and McKey 1993). This identification may largely
be based in perceptions of volatile plant constituents
and leaf damage may release many of these compounds
(Fiala and Maschwitz 1990). | did not observe Azteca
ants drinking plant sap at sites of damage, although
this has been observed in other systems (Jolivet 1996;
J. Longino and A. Fraser, personal communication).
Although | tested for ant recruitment following expo-
sureto one green leaf volatile (hexanal), many different
volatiles and mixtures may be released following dam-
age. It is unlikely, however, that chemical cues asso-
ciated with leaf damage are solely responsible for the
high magnitude and persistence of ant recruitment seen
after leaf damage. Cut leaves did not induce ant re-
cruitment when held next to intact plants with ants.

In non-ant-plant systems there is mounting evidence
that cues released following damage are associated
with recruitment of predators of herbivores (Dicke et
al. 1990, Turlings et al. 1990, Whitman and Eller 1990,
Takabayashi and Dicke 1996). For example, number of
foraging formicine ants, Formica lasioides, increased
significantly within 24 h on artificially damaged bush
lupine, Lupinus arboreus, compared to undamaged
controls (Wilcox 1996). Recent evidence demonstrates
that some of these cues are volatiles produced de novo
by the plant, suggesting that plants may play an active
part in recruiting protectors (Pare and Tumlinson 1997).
In addition, insect damage on Baccharis can produce
nectary-like wounds that attract natural enemies of her-
bivores who drink the exuding sap (Naganuma and
Hespenheide 1988). In these systems, it is presumed
that the predators additionally benefit by finding prey
items at wound sites. Such signals may also be im-
portant cues in more facultative ant-plant systems
where the ants consume the herbivores attacking the
host plant. In obligate systems such as the Acacia—
Pseudomyrmex (Janzen 1966) and Cecr opia—Azteca as-
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sociations, ants do not consume herbivores found at
the wounds, but rather attack and discard them (A. A.
Agrawal, personal observation; J. Longino, personal
communication). As discussed, plants may not have to
entice their ant inhabitants to damaged leaves in in-
creasingly obligate systems.

Puncturing C. obtusifolia leaves with pin holes re-
sulted in elevated ant levels, although the magnitude
of response was less than a twofold increase compared
to disturbed but undamaged controls (Fig. 9). This re-
sult underscores the conclusion that chemicals asso-
ciated with leaf damage can induce recruitment, but
that leaf wounds alone, especially when made by small
pins, are insufficient to explain induced ant recruitment
to larger leaf wounds seen in this system (Fig. 3). |
predict that visual and tactile cues associated with larg-
er leaf wounds contribute significantly to the induction
of high and persistent levels of ant recruitment.

Results of the experiment to test for interplant com-
munication are contrary to the results of experiments
using severed leaves, suggesting that cues from other
ants may be more important than cues from plants in
some aspects of ant recruitment. When both damaged
leaves and induced ant recruitment were considered
(interplant communication experiment), ants on neigh-
boring control leaves increased in numbers. However,
when damaged severed leaves (with ants removed)
were held near control leaves, no induced recruitment
was detected. Other work on interplant communication
under field conditions is lacking, and it remains un-
known whether plants commonly have an altered de-
fensive phenotype because of signals from neighboring
plants.

CONCLUSION

Leaf damage to C. obtusifolia and associated cues
induce significant recruitment of Azteca ants. The in-
duction of ant recruitment is rapid and localized to
damaged leaves. Demonstration of this phenomenon
indicates that plant defense in myrmecophytic plants
is dynamic and not simply a function of ant presence
in the general vicinity or the level of production of
food bodies and nectar. Demonstration of induced re-
sponses in non-ant-plant systems has led to consider-
able insight into the constraints and selection pressures
on plant defense (Parker 1992, Simms 1992, Agrawal
and Karban 1998). Similarly, cost—benefit analyses of
ant protection should consider the dynamic behavior
of ants. Future studies should also consider additional
cues, including the amount and spatial spread of |eaf
damage, and how these cues are employed by plants
and ants in the induction process.

Induced responses to herbivory that attract predators
have been described from many non-ant-plant systems
and mechanisms whereby damaged plants attract pred-
ators of herbivores are accumulating. In the Cecropia—
Azteca system, multiple factors are involved in induc-
ing ant recruitment, including: disturbance, presence of
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herbivores, volatile constituents released from dam-
aged leaves, plant sap, and wound size. It appears that
wound size may be one of the most important factors
influencing the magnitude and persistence of recruit-
ment in this system. C. obtusifolia does not appear to
provide its mutualist ants with a direct or immediate
reward, enticing them to recruit to sites of damage.
However, the fitness of a colony of Azteca antsislikely
to be tightly linked to the vigor of individual C. ob-
tusifolia trees so that selection may have favored in-
duced responses without such a direct reward. In ap-
parently less obligate systems where food and housing
of the biotic defenders are not provided by individual
plants, the induced responses may be mediated by in-
duced production of rewards such as extrafloral nectar
(A. A. Agrawal and M. T. Rutter, unpublished manu-
script).
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