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Abstract Predators can reduce herbivory by consuming
herbivores (a consumptive effect) and by altering herbi-
vore behavior, life history, physiology or distribution
(non-consumptive effects). The non-consumptive, or trait-
mediated, effects of predators on prey may have impor-
tant functions in the dynamics of communities. In a
facultative ant-plant mutualism, we investigated whether
these non-consumptive effects influenced the host plants
of prey. Here, predaceous ants (Forelius pruinosus)
consume and disturb a dominant lepidopteran folivore
(Bucculatrix thurberiella) of wild cotton plants (Gossyp-
ium thurberi). Season-long ant exclusion experiments
revealed that ants had a larger proportional effect on
damage by B. thurberiella than on caterpillar abundance,
a result that suggests ants have a strong non-consumptive
effect. Behavioral experiments conducted in two popula-
tions over 2 years demonstrated that B. thurberiella
caterpillars were substantially less likely to damage wild
cotton leaves in the presence of ants due to ant-induced
changes in caterpillar behavior. In the absence of ants
caterpillars spent more time stationary (potential feeding
time) and less time dropping from leaves by a thread of
silk than when ants were present. Furthermore, ants
altered the spatial distribution of both caterpillars and
damage; caterpillars spent relatively more time on the
upper surfaces of leaves and caused damage further from
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the leaf margin in ant exclusion treatments. Both direct
encounters with ants and information conveyed when ants
walked onto leaves were key events leading to the anti-
predator behaviors of caterpillars. This study contributes
to a small body of evidence from terrestrial systems
demonstrating that the trait-mediated effects of predators
can cascade to the host plants of prey.
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Introduction

The effects of predators can cascade through communities
of organisms (reviews: Polis 1999; Polis et al. 2000;
Schmitz 2000; Schmitz et al. 2000; Halaj and Wise 2001).
While predators can reduce prey in at least two ways — by
consuming them (a consumptive or density-mediated
effect) or by altering their behavior, morphology, phys-
iology, distribution, or life history (a non-consumptive or
trait-mediated effect) (Abrams 1995; Lima and Dill 1990;
Lima 1998), the relative importance of these two
mechanisms in the dynamics of communities is not well
resolved. Recent models have shown that incorporating
the non-consumptive effects of predators can dramatically
alter the conclusions drawn from classic models of
predation (Abrams 1995; Schmitz and Booth 1997,
Abrams and Schmitz 1999; Luttbeg and Schmitz 2000).
In addition, a number of empirical studies in aquatic
communities have found important non-consumptive
effects of predators (e.g., Power 1987; Werner 1992;
Persson 1999; Bernot and Turner 2001; Peacor and
Werner 2001). However, in terrestrial habitats, such
effects have been explored in only four systems (e.g.,
Messina 1981; Beckerman et al. 1997; Schmitz 1998;
Gastreich 1999; Pusenius and Ostfeld 2000; Schmitz and
Suttle 2001), all of which suggest that non-consumptive
effects can influence other community members, namely
plants. The non-consumptive effects of predators may be
particularly important when there is a strong link between
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predators and plant fitness for example, in mutualistic
systems such as ant-plant associations. Despite an exten-
sive literature documenting that ants benefit plants by
reducing herbivory (reviewed in Koptur 1992; Bronstein
1998; Agrawal and Rutter 1998), few studies have
examined potential behavioral mechanisms underlying
these interactions (but see Lees and Smith 1991; Freitas
and Oliveira 1994). Whether these benefits to plants result
from ants’ consumptive or non-consumptive effects (or
both) remains unclear.

Using an ant-plant association from the Sonoran
Desert, we investigated the effects of a predator on both
the density and behavior of an herbivore. We then
explored the consequences for a third community mem-
ber, the herbivore’s host plant. By conducting trials in the
field with prey that had prior exposure to predators, we
avoid important shortcomings of many previous experi-
ments (identified by Sih et al. 2000), which have isolated
prey in the laboratory for extended time periods and
subjected them to only short bouts of predation risk. Our
experiments were conducted in the wild cotton system
(Gossypium thurberi), in which mutualistic ants visit
extrafloral nectaries and enhance seed production by
reducing herbivory from a specialist lepidopteran (Buc-
culatrix thurberiella) as well as other folivores (Rudgers
2002). Specifically, we addressed the following ques-
tions: (1) What are the relative effects of ant exclusion on
B. thurberiella caterpillar numbers versus B. thurberiella
caterpillar damage? (2) Do ants modify the spatial
distribution of caterpillar damage? (3) Does the presence
of ants influence the amount of time caterpillars engage in
foraging and anti-predator behaviors? (4) Are caterpillars
more likely to damage leaves when ants are absent? (5)
Do ants alter caterpillar location within a plant? (6) What
information do caterpillars use to assess the risk of
predation?

Materials and methods
Natural history of the study species

Gossypium thurberi (Malvaceae, wild cotton) is a perennial shrub
native to canyons of the Sonoran Desert of Arizona, USA and
Sonora, Mexico (Hanson 1923). Our experiments occurred in two
populations in the Santa Rita Mts., Pima Co., Ariz.: Florida Canyon
in the north (31°45.664'N, 110°50.763'W, elevation 1,426 m) and
Agua Caliente Canyon in the south (31°41.539'N, 110°57.378'W,
elevation 1,225 m). Following the monsoon rains beginning in July,
G. thurberi plants produce a main flush of leaves. Flowering begins
in early September, and plants typically yield mature fruits and
drop their leaves by mid-December. Many Gossypium species
(including G. thurberi) bear extrafloral nectaries that attract
arthropods, such as predaceous ants (e.g., Henneberry et al. 1977,
Rudgers 2002). In G. thurberi, extrafloral nectaries occur singly on
the undersides of leaves and also beneath the bracts (Fryxell 1979).

Bucculatrix thurberiella (Lepidoptera: Lyonetiidae, cotton leaf
perforator) is a common folivore of G. thurberi (Karban 1993a,
1993b; Karban and Adler 1996). A specialist on Gossypium, B.
thurberiella spends the first three instars as a leaf miner, then
emerges and feeds externally. Emerged caterpillars are small (3—
5 mm) (Rejesus 1968) and seldom move between plants. Whereas a
single leaf mine rarely occupies more than 1% of a leaf (J.A.

Rudgers, personal observations), a newly eclosed fourth instar
caterpillar will consume approximately 10-20% of one leaf before
pupating (Karban 1993b). Bucculatrix thurberiella caterpillars
cause a unique pattern of leaf damage by leaving a layer of leaf
epidermis and avoiding gossypol glands (J.A. Rudgers, personal
observations), pigmented cavities that harbor plant secondary
metabolites such as terpenoid aldehydes (Bell et al. 1978).
Caterpillar damage has been shown to reduce the growth and
reproduction of G. thurberi (Rudgers 2002). Adult moths are
nocturnal, consume nectar, including G. thurberi extrafloral nectar,
and lay eggs on wild cotton leaves (Rejesus 1968, J.A. Rudgers,
personal observations).

Forelius pruinosus (Hymenoptera: Formicidae) dominates the
ant assemblage on G. thurberi in both Florida and Agua Caliente
canyons; in 2000, approximately 93% +27.2 SE and 98% +13.4 SE
of all ant visitors were F. pruinosus, respectively. Forelius
pruinosus is an aggressive, generalist species that kills free-feeding
B. thurberiella caterpillars (both fourth and fifth instars). In
addition, encounters with F. pruinosus frequently cause caterpillars
to drop from leaves and hang from a thread of silk (silking).
Forelius pruinosus is a diurnal visitor.

Ant exclusion experiment

Ants were excluded from naturally occurring, randomly chosen
plants as part of a larger experiment that also manipulated
extrafloral nectar (Rudgers 2002). Data discussed here include
only the subset of plants that had ambient levels of extrafloral
nectar because these plants represented the natural conditions in
which ants and caterpillars interact. We used a sticky barrier
(Tanglefoot, Tanglefoot Co., Grand Rapids, Mich.) to reduce ant
visitation to G. thurberi for entire growing seasons (July—Decem-
ber). At Florida Canyon plants received treatments from 1998 to
2000; at Agua Caliente Canyon treatments lasted from 1999 to
2000. Plant stems were protected with masking tape (1998-1999)
or Tangleguard (2000, Tanglefoot Co.), and Tanglefoot was
reapplied as necessary (approx. monthly). Samples sizes were
unequal (Agua Caliente: Ants=28, No Ants=25; Florida: Ants=31,
No Ants=15). At peak ant abundances, exclusion barriers on G.
thurberi substantially reduced ant visitation by 98% at Agua
Caliente Canyon and by 54% at Florida Canyon (Rudgers 2002).
Our experiments were conducted in the context of a diverse
interaction web, including more than 100 arthropod species that
visit G. thurberi plants (J.A. Rudgers, unpublished data). However,
exclusion barriers had no significant effects on other common
predators (spiders in Dictynidae, Oxyopidae, Thomisidae) (Rudgers
2002).

We assessed B. thurberiella numbers and damage in both
populations during 2000. Caterpillars were counted once every
2 weeks, and damage was estimated approximately monthly
between July and December. The peaks of caterpillar density and
damage were used in our analysis and occurred between 25 October
and 15 November. Damage was assessed for 15 randomly selected
leaves per plant. Leaf area was measured with a transparent grid
comprising 1.0 cm? cells by counting the number of grid squares
containing >50% of leaf tissue; missing leaf area was visually
estimated. Leaf damage was estimated to the nearest 0.25 cm? using
the grid. Because ant exclusion reduced plant size (Rudgers 2002),
caterpillar density was adjusted by dividing by the number of late-
season leaves per plant (25 October). Ant exclusion had no
significant effect on leaf area (F=0.32, P=0.57). Both the number of
caterpillars per leaf and proportional leaf damage were angular-
transformed. Populations were examined separately using ANOVA
because experiments ran for different lengths of time (SAS 1999).
For each population, we determined the proportional effect of ant
exclusion [(I1-least squares (LS) mean for Ants/LS mean for No
Ants)]. To test the null hypothesis that the effect of ant exclusion on
caterpillar damage was equivalent to the effect on caterpillar
number, we bootstrapped the difference in proportional effects
(proportional effect on damage—proportional effect on number) for
each population with the SAS Jackboot macro (SAS 1995). We



employed the bias-corrected bootstrap method to approximate 95%
confidence intervals for the difference, although basic, accelerated,
and percentile bootstraps gave similar results (Dixon 2001). If the
confidence limits for the difference do not include zero, then the
effect of ants on damage significantly differs (P<0.05) from the
effect of ants on caterpillar number.

Spatial patterns of caterpillar damage

We predicted that ants would alter the spatial distribution of
damage within leaves by causing B. thurberiella caterpillars to feed
near the leaf margin. Caterpillars may prefer leaf margins to
facilitate abandoning the leaf and because they typically return to
the margin when recovering from silking. During 25-30 October
2000, five randomly selected leaves were collected from ant
exclusion plants and controls in each population (n=17 plants
treatment™! population™). To describe the proximity of damage to
the leaf margin, we measured the shortest distance from the margin
to the nearest B. thurberiella perforation (to the nearest 0.01 mm)
with digital calipers. We also assessed the total number of
perforations per leaf and the proportion of perforations that
extended to the leaf margin such that one side of the perforation
was the edge of the leaf.

To evaluate the effects of ants on the distribution of damage, we
used mixed model MANOVA (SAS 1999). We report Pillai’s Trace
values following Scheiner (2001). The distance of perforations
from the leaf margin, the number of perforations per leaf, and the
proportion of perforations on the margin were reciprocal-, log- and
angular-transformed for normality, respectively. Fixed effects in
the model included population, ant treatment, and population X ant
treatment. Population was considered fixed because sites were
selected non-randomly to represent high and low densities of ants.
The fixed effects were tested explicitly using the random effect of
plant (nested within population x ant treatment) as the error term
because a Satterthwaite approximation of the denominator degrees
of freedom could not be used for the multivariate test. The error
term was no more than 1% larger than the expected value for the
quasi-F statistic, which included residual error; therefore, this test
was conservative (N. Willits, Department of Statistics, University
of California, Davis, Calif., personal communication). F statistics
were reported for univariate analyses only when factors were
significant in the MANOVA.

Behavior of experimentally introduced caterpillars

In 1999, B. thurberiella caterpillars were introduced to plants on
which ants were experimentally manipulated. For each population
we selected plants with F. pruinosus ant visitors (Agua Caliente
n=30, Florida n=27). Two similar branches (same number of fruits,
flowers, and buds) were chosen per plant and assigned randomly to
ant access or ant exclusion. The ant accessible treatment had
unrestricted ant visitation. For ant exclusion we brushed ants from
the branch and prevented visitation using a Tanglefoot barrier.
Observers were assigned randomly to treatments with two
observers per plant. Each observer simultaneously placed a
caterpillar in the center lobe of the topmost, fully expanded leaf
of a branch using a paintbrush. Caterpillars were introduced
immediately after ants were removed, and no acclimation period
was permitted. Observers recorded the foraging and anti-predator
behaviors of caterpillars (see below) continuously for 10 min using
a hand-held tape recorder. Observations occurred on 16-24 October
1999. During this time, unmanipulated plants in the two popula-
tions had similar mean numbers of ants (Agua Caliente 4.8+1.69
SE, n=30; Florida 4.1+3.70 SE, n=34).

B. thurberiella caterpillars used in the experiment originated
from two sources. At Florida Canyon we used caterpillars naturally
occurring on cultivated cotton plants (G. hirsutum) grown outdoors
approximately 0.8 km away. At Agua Caliente Canyon caterpillars
were collected haphazardly from naturally occurring G. thurberi.
Caterpillars from both sources were very likely to have had prior
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exposure to F. pruinosus. We collected caterpillars on the day of
experimentation and assigned them randomly to treatments.

Behavior of naturally occurring caterpillars

To observe behavior under less artificial conditions, we used
naturally occurring B. thurberiella in 2000. In each population we
selected 60 plants that had both F. pruinosus visitors and at least
one caterpillar. Plants were randomly assigned to either an ant
access (not manipulated) or ant exclusion treatment. Ants were
excluded with an application of Tanglefoot to the base of a branch,
and ants were gently brushed from the branch without disturbing
the caterpillar. As in 1999, caterpillar behavior was recorded for
10 min, and observations began immediately after ants were
removed. Caterpillars were observed on 15-19 October 2000 when
unmanipulated plants in the two populations had different mean
densities of ants (Agua Caliente 31.6+8.46 SE, n=28; Florida
5.8+£2.51 SE, n=31).

Behavior experiments: response variables

We characterized a number of foraging and anti-predator behaviors
of caterpillars. In both years we determined the total time
caterpillars engaged in the following activities: stationary (not
moving), walking, and silking (hanging by a thread of silk from the
leaf). Due to the small size of B. thurberiella, we could not visually
assess the amount of time caterpillars consumed leaf tissue without
disturbing them; however, caterpillars only appear damage leaves
when they are stationary (J.A. Rudgers, personal observation). We
documented the following locations of caterpillars during each
behavior: the upper surface or underside of the leaf, the stem (and
petiole), or off the plant (while silking). The number of leaves
visited by each caterpillar was also recorded. At the end of each
trial, leaves were examined for new perforations caused by focal
caterpillars.

Behavior experiments: statistical analyses

Foraging and anti-predator behaviors were examined with separate
MANOVA models for each experiment (SAS 1999). Because the
response variables were proportions that summed to one (angular-
transformed), one behavior was chosen at random (walking) and
excluded from the multivariate analysis (e.g., Cisneros and
Rosenheim 1998). For this behavior, a separate univariate test
was conducted. In all models we evaluated the fixed effects of
population, ant treatment, and population x ant treatment. ANOVA
was used to decompose effects for each response, and F statistics
are given only for factors significant in the MANOVA.

Analysis of the propensity for caterpillars to damage leaves
required different statistical methods for each year. Because a
caterpillar typically caused a single, small perforation (<5 mm?)
during a trial, the binary response variable in both experiments was
whether or not a caterpillar initiated damage. To accommodate the
paired nature of the introduced caterpillar experiment (1999), the
effect of population was examined first with a chi-square test (SAS
1999). Because the population effect was not significant at P<0.05,
we conducted a sign test to evaluate the effect of ant treatment on
the pooled data from both populations. For naturally occurring
caterpillars (2000), we used logistic regression with the fixed
effects of population, ant treatment, and population x ant treatment
(SAS 1999), and we present likelihood ratio tests with chi-square
(%) statistics (Stokes et al. 1995).

We evaluated the influence of ants and population on the
location of caterpillars with MANOVA on (1) the proportion of
time caterpillars spent on the underside of leaves divided by the
proportion of time caterpillars spent on the upper side of leaves, (2)
the proportion of time caterpillars spent on the stem divided by the
proportion of time caterpillars spent on leaves, and (3) the mean
number of leaves visited during trials. Using relative proportions
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allowed us to explore location responses without confounding these
data with the absolute proportion of time caterpillars devoted to
different behaviors. Because of extreme non-normality, location
responses were rank-transformed to make the analysis non-
parametric (Conover and Iman 1981). F statistics from univariate
analyses were reported for significant effects in the MANOVA.

Proximate information for risk assessment

To evaluate the importance of information used in risk assessment,
we recorded each time a caterpillar was touched by an ant (“direct
contact”) and each time that an ant walked on the same leaf as the
caterpillar without touching it (“indirect interaction”) during 2000
the behavioral trials. Ant movement on leaves may influence
caterpillars via leaf vibrations (e.g., Castellanos et al. 2000) or
through other information such as chemical signals (e.g., Kats and
Dill 1998; Grostal and Dicke 1999). From these data, we calculated
the percentage of direct contacts (n=16 trials; range 1-4 contacts
trial'') and the percentage of indirect interactions per trial (n=27
trials; range 1-6 interactions trial’') that resulted immediately in
silking by caterpillars. We compare these values qualitatively to
assess the relevance of each event for inducing anti-predator
behaviors.

Results

What are the relative effects of ant exclusion
on caterpillar numbers versus caterpillar damage?

Ant exclusion did not significantly increase the peak
number of caterpillars per leaf at Agua Caliente Canyon
(LS mean =SE, Ants=0.69+0.061, No Ants 0.84+0.065;
F=2.86, P=0.0967) or at Florida Canyon (Ants=
0.38+0.029, No Ants 0.45+0.043; F=1.79, P=0.1875),
although at both sites the trend was for more caterpillars
on plants without ants (see also Rudgers 2002). In
contrast, ant exclusion strongly increased damage by
caterpillars at both sites (Agua Caliente LS mean +SE,
Ants=0.18+0.021, No Ants 0.30+0.022; F=15.33,
P=0.0003; Florida Ants=0.14+0.013, No Ants 0.19+
0.020; F=5.26, P=0.0268). For both populations the
proportional effect of ant exclusion was substantially
greater for damage than for caterpillar number. The effect
of ants on caterpillar damage was 54% greater than the
effect on caterpillar number at Agua Caliente Canyon,
and the difference was significant at P<0.05 [Boot-
strapped difference (95% CI)=0.22 (0.04-0.40); Fig. 1].
At Florida Canyon, the effect of ants on damage was 43%
greater than the effect on number, but the difference was
not statistically significantly different from zero [0.13
(-0.10-0.36); Fig. 1]. These results suggest a strong non-
consumptive effect of ants.

Do ants modify the spatial distribution
of caterpillar damage?

Ant exclusion during an entire growing season signifi-
cantly altered the distribution of damage within leaves. As
predicted, when plants had ants, caterpillars were more
likely to cause damage near the leaf margin than when
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’ O Caterpillar damage
2 o5t
2
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= 02t
-0.1 1 ;
Agua Florida
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Fig. 1 The magnitude of the effect of season-long ant exclusion
(1-LS mean for ant treatment/ LS mean for no ant treatment) +95%
CI for caterpillar number and caterpillar damage at Agua Caliente
and Florida canyons
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Fig. 2A-C Effects of season-long ant exclusion on the spatial
distribution of damage. Means+SE for A the distance from the leaf
margin to the nearest Bucculatrix thurberiella perforation, B the
total number of perforations per leaf, and C the proportion of
perforations occurring directly on the leaf margin by ant treatment
and population. P values represent a significant effect of the ant
treatment

ants were excluded (Fig. 2a, Table 1). However, the
difference in distance to margin between ant access and
ant exclusion treatments represented only 5% of the
length of a caterpillar and 0.1% the mean width of a leaf
lobe. Ant exclusion also resulted in more perforations per



Table 1 Statistical results from M/ANCOVA assessing the effects
of population and ant treatment on the spatial distribution of
Bucculatrix thurberiella caterpillar damage, including the distance
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from the leaf margin to the nearest perforation, total perforation
number per leaf, and the proportion of perforations occurring on
the leaf margin

MANOVA ANOVA  Distance from margin  Perforation number Proportion of perforations
df Pillai F P df F P F P F P
Population 3,62 0.44 16.14 <0.0001 1,66 0.35 0.5584 38.53 <0.0001 6.95 0.0104
Ant 3,62 0.33 10.25 <0.0001 1,66 4.60 0.0356 5.89 0.0179 28.87 <0.0001
Populationx 3,62 0.10 221 0.0955
Ant
Plant 192,720 0.79 1.35 0.0038 64,246 1.22 0.1450 1.74 0.0014 1.22 0.1480

Table 2 Results from analysis of variance examining the effects of
population and ant exclusion on the proportion of time B.
thurberiella caterpillars spent walking, stationary, or silking.

Experimentally introduced caterpillars (1999) and naturally occur-
ring caterpillars (2000)

MANOVA ANOVA Walking Stationary Silking
dar Pillai F P af F P F P F P
1999
Population 2,100 006 326 00421 1,110 413 00445 657 00117  0.16  0.6875
Ant 2,109  0.17 11.14  <0.0001 1,110 2.08 0.1518 1.68  0.1981 21.89  <0.0001
PopulationxAnt 2,109 0.01 0.81 0.4487
2000
Population 2,117 0.03 1.91 0.1533
Ant 2,117 0.16 10.74  <0.0001 1,118 3.85 0.0520 11.81  0.0008 21.53  <0.0001
PopulationxAnt 2,117 0.02 1.01 0.3663
leaf compared to plants with ants (Fig. 2b, Table 1), 100 A Agos Calisnts Geeyon 1909 B Fisfics Caijon 190
which corresponded with the result that ant exclusion ' OAnts
increased leaf damage on whole plants (Fig. 1). Finally, 075 | s BNo Bt
plants without ants had a significantly smaller proportion I
of perforations occurring directly on the leaf margin 00 ; I
(Fig. 2c, Table 1). Thus, ant exclusion altered the spatial & .5 | L
distribution of damage such that damage was concentrat- % l_[_: *
ed toward the center of leaves when ants were absent. § 9% - — Calient.e me——— 5 Forida Camron 2000 =
While the populations differed in patterns of damage (at ‘é B * o g )
Florida Canyon leaves had fewer perforations and a 2
greater fraction of perforations on the margin than at 075 | i
Agua Caliente Canyon, Fig. 2), the effect of ant exclusion |
was consistent across populations (Table 1). ot [
025 % r *

Does the presence of ants influence the amount s FIL_L _~— [{—I _r_Lﬁ_ } s

. . . . . Walking  Stationary Silking Walking  Stationary Silking
of time caterpillars engage in foraging and anti-predator Behavior

behaviors?

The presence of ants significantly altered the behavior of
Bucculatrix thurberiella caterpillars. For experimentally
introduced caterpillars, this effect was largely attributable
to caterpillars spending approximately 28-fold more time
silking in the presence of ants (Fig. 3a, b; Table 2).
Naturally occurring caterpillars not only invested 10-fold
more time silking but also spent 2.3 times more of their
activity budget walking and 13% less time stationary in
the presence of ants (Fig. 3c, d; Table 2). While the
effects of ants were similar for both experiments,
averaged over treatments and populations, naturally

Fig. 3A-D Means+SE for the proportion of time caterpillars
engaged in different behaviors [walking, stationary (not moving),
or silking] by ant treatment and population. Introduced caterpillars
(1999) in A Agua Caliente Canyon and B Florida Canyon, and
naturally-occurring caterpillars (2000) in C Agua Caliente Canyon
and D Florida Canyon. Asterisks indicate significant univariate tests
for the effect of ants, averaged across populations (P<0.05)

occurring caterpillars spent 32% more time stationary
than introduced caterpillars (Fig. 3). The effects of ants
were also consistent across populations (Table 2), al-
though across treatments populations differed in the
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A. 1999 B. 2000 E Observed

2 60 P<0.008 |OExpected
5 P=0.01
T 40
£9
E -
2 20 I ‘

0

Ants No ants Ants No ants
Treatment

Fig. 4 Observed and expected frequencies for the number of trials
in which caterpillars damaged leaves in the Ants and No ants
treatments of the behavioral experiments, averaged over popula-
tions with A introduced caterpillars (1999) and B naturally
occurring caterpillars (2000)

responses of introduced caterpillars, which spent more
time stationary and less time walking at Florida Canyon
than at Agua Caliente Canyon (Fig. 3a, b; Table 2).

Predation by Forelius pruinosus occurred only when
caterpillars were experimentally introduced. Because we
observed only four predation events, statistical analyses
were not performed. Dividing the number of predation
events by the total amount of observation time, we
determined a predation rate of 4.8 caterpillars plant'day™!
at Florida Canyon and 14.4 caterpillars plant! day! at
Agua Caliente Canyon. This rate assumes that predation
is constant over time.

Are caterpillars more likely to damage leaves
when ants are absent?

The absence of ants increased the probability that
caterpillars damaged Gossypium thurberi leaves. With
ants excluded, caterpillars damaged leaves 22% more
often than expected by chance when they were introduced
[sign test, Pr(X=24) ~ Bin(P=0.5, n=35), P=0.01; Fig. 4a]
and 14% more often than expected by chance when they
occurred naturally (y 2=7.14, df=1, P<0.008; Fig. 4b).
Population did not affect the propensity for caterpillars to
damage leaves in either year (1999 y 2=0.09, df=1,
P=0.77; 2000 yx 2=0.40, df=1, P=0.53), and the effects of
ants were similar across populations (2000 only, popula-
tion x ant y 2=0.09, df=1, P=0.76).

Do ants alter caterpillar location within a plant?

Whether ants influenced caterpillar location within a plant
depended on the type of behavioral experiment. For
introduced caterpillars, ant treatment did not modify the
location of caterpillars within plants or the number of
leaves visited (Pillai’s Trace=0.02, F (3,07y=0.61,
P=0.61). However, for naturally occurring caterpillars,
ants altered location (Pillai’s Trace=0.09, F (3,116=3.70,
P=0.01). Caterpillars on plants with ants spent a greater
proportion of time on the undersides of leaves relative to
the upper surfaces (Ants: 0.40+0.295 SE, No Ants:

0.01+0.007 SE; F (1,118=10.49, P<0.002). There were
no differences between treatments in the initial location of
caterpillars on leaves in 2000 (y *=0.70, df=1, P=0.40). In
contrast, ants had no effect on the proportion of time
caterpillars spent on leaves versus stems (F (1,115=1.34,
P=0.25), and caterpillars visited the same number of
leaves, regardless of ant treatment (F (5118=0.35,
P=0.56). Population did not affect caterpillar location
in either experiment (1999 Pillai’s Trace=0.002,
F(3’107):0.09, P=0.96; 2000 Pillai’s Trace=0.02, F (3,116)=
0.94, P=0.42), nor were there ant treatment by population
interactions (1999: Pillai’s Trace=0.004, F (3,07y=0.13,
P=0.94; 2000: Pillai’s Trace=0.03, F (3116=1.22,
P=0.31).

What information do caterpillars use to assess the risk
of predation?

Both direct contact with ants and the indirect interaction
of ants walking on the same leaf were key events leading
to silking behavior in B. thurberiella. ITn 2000, we
observed 43 trials during which direct contact or indirect
interactions occurred at least once. In the ant-accessible
treatment, caterpillars silked on average 98+2.0% of
times immediately after an ant touched them (n=27 trials,
means *+SE), and they silked on average 41+9.6% of
times after an ant walked onto the same leaf (n=16 trials).
Of the 59 instances of silking behavior that occurred in
the ant-accessible treatment, 64% were preceded by one
of these two cues. In the remaining silking events, the
cues were unclear. Thus, physical contact with ants was a
more reliable trigger for caterpillar silking behavior than
ants walking onto leaves, but both cues provided infor-
mation that provoked anti-predator behaviors in B.
thurberiella.

Discussion

Behavioral mechanisms in ant-wild cotton mutualisms

Prior work has documented a mutualism between wild
cotton and ants, wherein ants reduced damage by
herbivores (including Bucculatrix thurberiella) and ulti-
mately enhanced seed production (Rudgers 2002). Our
work here shows that non-consumptive effects of ants
underlie this mutualism. While ants had some effects on
the abundance of caterpillars during season-long ant
exclusion (Rudgers 2002), these experiments demonstra-
ted that ants had a greater influence on damage caused by
B. thurberiella caterpillars than on caterpillar densities.
Thus, although ants do consume B. thurberiella caterpil-
lars, their non-consumptive effects appear to play a large
role in reducing herbivore damage and may ultimately
have important fitness consequences for wild cotton
plants.

Ants induced a number of behavioral changes in B.
thurberiella that provide mechanisms to explain their



non-consumptive effects. First, caterpillars spent less time
remaining stationary in the presence of ants than when
ants were excluded. Because caterpillars typically cause
damage when stationary on leaves, ant exclusion length-
ened the potential amount of time spent feeding. Second,
ants also caused caterpillars to spend more time silking.
Silking may ultimately reduce B. thurberiella fitness (e.g.,
via less time spent feeding or via the cost of silk,
Berenbaum et al. 1993), perhaps by decreasing develop-
ment time and causing caterpillars to pupate at a smaller
size. Silking may also increase emigration of caterpillars
from plants, an additional non-consumptive effect. Third,
ant exclusion significantly increased the probability that
caterpillars initiated damage to leaves, providing a direct
link between the behavioral modifications induced by ants
and the results of season-long ant exclusion. Lastly, ants
altered the distribution of prey within plants. Caterpillars
spent more time on the underside of leaves compared to
the upper surface when ants were present. This effect was
likely related to recovery from silking, as caterpillars
often return to the undersides of leaves after dropping
(J.A. Rudgers, personal observations). Ants’ modification
of the location of prey may influence the foraging
behaviors of parasitoids and other predators (e.g., Godfray
1994; Whelan 2001) and thereby affect additional inter-
actions in the community.

Season-long ant exclusion also significantly altered the
spatial distribution of damage by B. thurberiella. Most
important in this respect was that the proportion of
perforations occurring directly on the leaf margin was on
average twice as great in the presence of ants than in the
absence of ants. These within leaf effects may have
resulted from increased caterpillar silking behavior in the
presence of ants (as a by-product of recovery from
silking) or from preferences for margins as quick escape
routes. In other species, the degree and pattern of
herbivore perforations within leaves can alter photosyn-
thetic rates and water-use efficiency (Oleksyn et al. 1998;
Zangerl et al. 2002). It is unlikely, however, that the small
effects of ants on the distribution of caterpillar damage
within leaves had important effects on Gossypium
thurberi fitness. Nevertheless, ants may alter the distri-
bution of caterpillars within plants because silking may
cause caterpillars to be concentrated on lower leaves.
While this effect has not yet been investigated in G.
thurberi, changes in the spatial distribution of damage
within whole plants can affect reproduction in other plant
species (Marquis 1988, 1992, 1996; Mauricio et al. 1993).

Trait-mediated predator-prey interactions
in natural interaction webs

Many prior studies have been criticized for assessing the
non-consumptive effects of predators only under con-
trolled laboratory conditions (Sih et al. 2002). Our work
supports the hypothesis that small differences in exper-
imental design can have large effects on animal behavior
and suggests a need for more natural experiments. In wild
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cotton, introducing caterpillars to plants appears to have
modified both ant and caterpillar behaviors relative to
naturally occurring animals. For example, we observed
predation events only when caterpillars were introduced
to plants; this result suggests that the consumptive effect
of ants was not as strong under natural conditions as when
caterpillars were experimentally added. Furthermore,
naturally occurring caterpillars spent more time stationary
on leaves (potential feeding time) than did introduced
caterpillars. More finely tuned experiments in this system
and others could help elucidate the contribution of
experimental design to the outcome of predator and prey
manipulations.

Assessing the risk of predation

Understanding the information content of cues can be
crucial for modeling the dynamics of predator-prey
interactions. For example, introducing a time lag in
which prey use cues to assess the risk of predation
destabilized predator-prey population dynamics in one
model (Luttbeg and Schmitz 2000). In our experiments,
B. thurberiella caterpillars responded to two distinct types
of events: direct physical encounters with ants and
indirect interactions caused by ants walking onto the
same leaf. In combination, these two events explained the
majority of caterpillars’ silking behaviors, with silking
occurring more frequently after direct contact than after
indirect interactions. These results demonstrate that anti-
predator behaviors in B. thurberiella (silking) can be
triggered by simple cues from predaceous ants.

Non-consumptive effects of predators
in terrestrial communities

The non-consumptive effects of predators may be wide-
spread in ant-plant interactions as well as in other
terrestrial systems. An obvious example occurs in some
myrmecophytic plants in which ants expel herbivores and
depend on specialized plant resources for food (e.g.,
acacias, Janzen 1966). A few additional ant-plant studies
also suggest a role for non-consumptive effects (Messina
1981; De la Fuente and Marquis 1999). Stronger evidence
comes from spider studies, where spiders’ presence alone
altered the host-use of grasshoppers (Schmitz 1998) and
unoccupied webs discouraged ant visitors (Gasterich
1999). Only one study found a contrasting pattern: vole
herbivory was greater when the risk of predation was
higher (Pusenius and Ostfeld 2000). Research in other
systems would help resolve how widespread and impor-
tant are the non-consumptive effects of predation in
terrestrial habitats. Results from wild cotton show that
ants alter herbivore foraging and anti-predator behaviors,
with effects that cascade to host plants; this work
contributes to the small body of evidence from terrestrial
systems that documents the non-consumptive effects of
predators on communities.
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