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Abstract Many ant–plants have pubescent leaves,

but the extent to which leaf trichomes enhance the

defensive capabilities of ant–plants is poorly known.

Here, we examined the influence of foliar trichomes

and ants on herbivory in the Neotropical ant–plant

Tococa guianensis. We performed a feeding prefer-

ence test and a field experiment in which we manip-

ulated the presence of ants and trichomes in three

distinct populations of T. guianensis; two associated

with obligate mutualistic ants and one associated with

opportunistic ants. We found that both mutualistic ants

and leaf trichomes act as mechanisms of defense

against herbivores in T. guianensis. However, the

relative importance of each of these two mechanisms

was context dependent. The magnitude of the effect of

trichomes (as measured by the effect size) was

relatively low and varied little among plant popula-

tions. The effect of ants on foliar herbivory was up to

seven times stronger than the effect of the trichomes.

Nevertheless, because the magnitude of ant effects

was spatially variable—depending on whether mutu-

alistic ants were present or not, and probably also on

the local abundance of herbivores—the relative con-

tribution of ants and trichomes for plant defense was

also spatially variable. These findings indicate that

mechanical defenses (leaf trichomes) alone cannot

replace the biotic defenses of T. guianensis. However,

trichomes can play a comparatively more important

role in plant defense at times or places where

mutualistic ants are not present.

Keywords Biotic defenses � Context dependency �
Obligate mutualisms � Mechanical defenses �
Plant–insect interactions � Spatial variation

Introduction

A large number of plants rely on predatory ants as a

mechanism of defense against herbivores (Rosumek

et al. 2009; Trager et al. 2010). Protective ant–plant

mutualisms are particularly common in tropical habi-

tats, where many plant species produce nectar or other

types of food rewards to attract ants to their leaves

(Heil and McKey 2003; Oliveira and Freitas 2004;

Rico-Gray and Oliveira 2007). Most of these interac-

tions are facultative to both plants and ants. However,

some species of ants and plants have engaged in

obligate mutualistic interactions. The most classical

examples include a suite of independently evolved

plant species—known as myrmecophytes or ant–

plants—which, in addition to food resources, provide

nesting space for their ant partners (Davidson and

McKey 1993). In exchange, many of the ant species

that live on ant–plants repel the herbivores that attack
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their host-plants and often increase plant fitness

(Rosumek et al. 2009; Trager et al. 2010).

Direct (chemical or physical) and indirect (biotic)

defenses are known or assumed to be costly and,

therefore, it is expected that plants should avoid

investing in redundant defenses (Strauss et al. 2002;

Koricheva et al. 2004). Therefore, one would expect

that myrmecophytes would invest comparatively less

in direct defenses than non-myrmecophytes (Janzen

1966). Furthermore, one would expect a lower

investment in direct defenses by myrmecophytes in

the presence of mutualistic ants. Although several

studies have found support to this hypothesis (Seigler

and Ebinger 1987; Eck et al. 2001; Dyer et al. 2001;

Latteman et al. 2014), the existence of a trade-off

between direct and indirect defenses in ant–plants is

still matter of debate (reviewed in Heil et al. 2002).

One possible explanation for the absence of a trade-off

between direct and indirect defenses is that direct

antiherbivore defenses can play other roles (e.g.,

phenolics have anti-pathogenic properties), and thus

reducing the investment in such defenses may not

always be advantageous to myrmecophytes (Heil et al.

2002). In addition, direct defenses can have a

complementary role in the anti-herbivore defense

system of myrmecophytes. For instance, in the ant–

plant Piper cenocladum mutualistic ants (Pheidole

bicornis) are effective against specialist herbivores,

whereas direct defenses (amides) are effective against

generalist orthopterans and leaf-cutter ants (Dyer et al.

2001).

Many ant–plants have pubescent leaves (Davidson

et al. 1989), but the extent to which leaf trichomes

enhance the defensive capabilities of ant–plants is

poorly known (but see Piovia-Scott 2011). Here, we

examined the influence of foliar trichomes and ants on

herbivory in the Neotropical ant–plant Tococa guia-

nensis (Melastomataceae). T. guianensis is the most

widespread species of the genus Tococa, ranging from

southern Mexico to Bolivia (Michelangeli

2003).Throughout most of its range T. guianensis is

associated with one or more species of obligate plant–

ants, mostly species of the genera Azteca and

Allomerus (Bizerril and Vieira 2002; Michelangeli

2003; Frederickson 2005; Dejean et al. 2006). How-

ever, in some marginal populations T. guianensis

either has no ants or is associated with opportunistic

ants that presumably provide less protection than its

obligate ant associates (Moraes and Vasconcelos

2009).Furthermore, previous studies indicate that at

least one putative direct defensive trait of T. guianen-

sis—the density of non-glandular leaf trichomes—can

vary among plant populations (Michelangeli 2003).

We asked the following questions: (i) Do leaf

trichomes act as a physical anti-herbivore defense in

T. guianensis? (ii) If so, what is the magnitude of

this effect compared to the effect of indirect

defenses (ants)? (iii) Are the effects of trichomes

and ants on leaf herbivory in T. guianensis additive

or interactive? (iv) Are any of these effects context

dependent? To answer these questions, we per-

formed a feeding preference test and a field

experiment in which we manipulated the presence

of ants and trichomes in three distinct populations of

T. guianensis. We predicted that (i) trichomes would

have a lesser effect on herbivory, compared to the

effects of ants, and that (ii) the magnitude of effect

of trichomes and ants—and thus their relative

importance—would be spatially variable depending

on the characteristics of the ant, plant, and herbivore

populations.

Methods

Study sites

We performed the experiments with three populations

of T. guianensis. These plant populations were found

near the towns of Uberlândia (hereafter UB), Ara-

garças (AR), and the village of Cachoeira da Fumaça

(CF) (Table 1). All these three sites have a seasonal

climate, characterized by a dry winter from May to

September and a rainy summer from October to April.

The habitat characteristics and local density of T.

guianensis were similar among the three populations

studied (Table 1). Individuals from these populations

were found adjacent to a small stream or to the stream

headwater in the understory of a gallery forest. Plants

in AR and CF were associated with Allomerus

octoarticulatus, an obligate plant–ant. This ant species

does not occur in UB where plants are colonized by a

suite of opportunistic ants from the genera Brachy-

myrmex, Camponotus, Cephalotes, Crematogaster,

Linepithema, Pheidole, Solenopsis, Tapinoma and

Wasmannia (Moraes and Vasconcelos 2009).
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Density of trichomes

To quantify the density of leaf trichomes in plants

from AR, CF, and UR we randomly selected three

young and three mature leaves from 15 adult individ-

uals in each population. Leaves were classified as

young or mature depending on differences in leaf color

(young leaves have a light green color whereas mature

leaves a dark green color) and toughness (young

leaves are much less tough). The number of trichomes

was counted in six randomly selected 0.25 cm2

sections of each leaf (avoiding the mid-vein), of

which three were located in the upper surface and three

in the lower surface of the leaf.

Laboratory bioassay

A laboratory test was performed to determine the

influence of trichomes on the consumption of leaves

of T. guianensis by one unidentified generalist species

of caterpillar from the family Noctuidae. The cater-

pillars (2nd–4th instars) were collected in the field

and maintained in plastic boxes. Two leaf disks (of

9 cm2 each), removed from the same young leaf,

were presented to each caterpillar. Leaves used in this

experiment were collected in UB. One leaf disk was

intact (control) whereas the other had its trichomes

removed using an electric shaver. After 72 h, the area

consumed from each disk was measured using the

software ImageJ v. 1.42 (Rasband 2014). The test was

replicated 50 times, and each test was done using

leaves from a different plant and a different

caterpillar.

Experimental removal of leaf trichomes

and resident ants

Within each population, we located and marked a total

of 44 plant individuals ([1.5 m in height). These

plants were randomly allocated to one of the following

treatments: (i) Unmanipulated controls (ants and leaf

trichomes present), (ii) ants and trichomes removed,

(iii) ants removed and trichomes maintained, and (iv)

ants maintained and trichomes removed. Only one

treatment was applied to each plant individual. The

treatments were applied to all emerging new leaves

(located in up to three different branches) that had no

prior damage at the beginning of our experiment. The

treatments were applied to leaves from only a few

branches per plant because some plant individuals

were fairly large, and thus would have been very

difficult to apply our removal treatments to the entire

plant.

To remove the resident ants we applied a few drops

of a pyrethroid insecticide (Cypermethrin� at a

concentration of 0.5 ml per liter of water) inside the

domatia (Fig. 1a). Ant recolonization was prevented

by applying a stick resin (Tanglefoot�) at the base of

the branch (Fig. 1b) and by blocking the entrance of

the domatia with a small cotton ball. Leaf trichomes

were removed from the upper and lower surfaces of

each leaf using an electric shaver (Fig. 1c). Care was

taken as to not cause any damage to the leaf surfaces.

At the beginning of the experiment we marked all

undamaged, emerging leaves from our focal branch

using colored plastic wires. We also measured the

maximum length and width of each marked leaf in

order to estimate their total leaf areas using the

Table 1 Geographical location and characteristics of the three populations of Tococa guianensis studied

Population

(code)

Coordinates Altitude

(m)

Annual

precipitationa

(mm)

Forest canopy

cover (%)b
Density of

T. guianensis

(plants/m2)c

Associated ants

Aragarças (AR) 15�5304900S, 52�0703700W 700 1625 90.5 ± 1.5 0.15 ± 0.07 Allomerus octoarticulatus

Cachoeira da

Fumaça (CF)

15�0303700S, 52�4601900W 400 1620 76.8 ± 11.4 0.12 ± 0.03 Allomerus octoarticulatus

Uberlândia (UB) 18�5702800S, 48�1203700W 850 1450 88.9 ± 2.0 0.14 ± 0.04 Various, opportunistic

Values are mean ± SD
a Derived from WorldClim (Hijmans et al. 2005; http://www.worldclim.org/)
b Estimated following the methodology described by Engelbrecht and Herz (2001)
c Measurements made in each site within 10 randomly located plots of 10 9 10 m each
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following equation: leaf area = -0.325 ? 0.732 9

(leaf width 9 leaf length) (R2 = 0.984, P\ 0.001,

n = 111) (Moraes and Vasconcelos 2009). The area of

each leaf damaged by herbivores was determined

using a transparent plastic grid (with a precision of

1 cm2) (Fig. 1d). The percentage of damage was

calculated as follows: (damaged area/total leaf

area) 9 100.

The experiment was run almost simultaneously at

the three sites. Marked leaves were checked at

approximately two-month intervals, during a total

period of 6 months, in order to re-measure their

sizes and amount of damage. In each sampling

interval, we also marked and measured all leaves

that emerged during the previous 2 months. The

trichomes of these leaves were removed as described

before.

Statistical analysis

Differences in the density of leaf trichomes among

plants from different sites were assessed using one-

way ANOVA. Randomized-block ANOVA was used

to compare the leaf area consumed by individual

caterpillars (blocks) from leaves with or without

trichomes. Repeated measures ANOVA was

employed to assess the influence of ants and trichomes

on herbivory in plants from each of the three

populations studied. The dependent variable (i.e., the

repeated measures) represented the average amount of

damage on leaves that were under observation for 2, 4,

or 6 months. From four to 20 leaves (mean = 9.5)

were marked in each experimental plant, and data on

leaf herbivore damage in each sampling period was

logit transformed (Warton and Hui 2011) prior to the

statistical analyses. As a measure of the effect size of

each individual factor (ants, trichomes, and their

interaction) we calculated the Partial Eta Square (g2
P)

statistic as follows: SSeffect/(SSeffect ? SSresiduals)

where SS is the sum of squares. In all analyses above,

assumptions about data normality and homoscedas-

ticity were checked using, respectively, the Lilliefors

and Levenés test.

Results

Plants from AR had a significantly higher density of

trichomes on their leaves compared to plants from CF

and UB, and such difference was detected both in

young (F2.42 = 5.8, P = 0.006) and mature leaves

(F2.42 = 3.3, P = 0.047) (Fig. 2). The removal of

trichomes significantly increased the consumption of

young leaves by caterpillars during our laboratory

assay (Mean ± SD proportion of the leaf disks

consumed: with trichomes = 0.15 ± 0.17, trichomes

Fig. 1 Experimental protocol. a Application of insecticide, b sticky barrier to prevent ant access to treatment leaves, c Removal of the

leaf trichomes, and d quantification of the herbivore damage
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removed = 0.30 ± 0.27; F1.36 = 9.4; P = 0.004).

Our field experiment showed that, in the three plant

populations studied, there was a trend towards finding

higher herbivore damage in leaves whose trichomes

were removed than in the control leaves (Fig. 3).

However, this effect was statistically significant in

only one plant population (the UB population)

(Table 2). Ant removal had a strong positive and

significant effect on herbivory in plants from the AR

population, a marginally significant effect in the CF

population, and no effect in the UB population

(Table 2; Fig. 3).

Discussion

Overall, the results of our study indicate that both A.

octoarticulatus and leaf trichomes act as mechanisms

of defense against herbivores in T. guianensis. How-

ever, we also found that the relative importance of each

of these mechanisms can vary strongly among plant

populations. In the AR population the magnitude of the

effect of ants on leaf herbivory was much stronger (ca.

7 times greater) than the effect of the trichomes. This

suggests that direct mechanical defenses (leaf tri-

chomes) alone cannot replace the biotic defenses of T.

guianensis. Similarly, studies with myrmecophytic

Acacia have revealed that mechanical defenses

(thorns) alone do not deter mammalian herbivores;

however, thorns increased the effectiveness of resident

ants in repelling these animals (Stapley 1998). In

contrast, here, trichomes tended to reduce herbivory in

both the presence and absence of ants, indicating that

the effects of mutualistic ants and trichomes are

additive and not interactive.

In contrast to the pattern observed in the AR

population, the experimental removal of A. octoartic-

ulatus ants from plants in CF did not result in a

dramatic increase in herbivory. Rather, the effect of

the ant treatment was weak (and only marginally

significant) and similar in magnitude to the effect of

trichomes. Similarly, studies with ant–plants of the

genus Cecropia (Fáveri and Vasconcelos 2004) and

with the extrafloral nectar-bearing plant Chamaecrista

fasciculata (Barton 1986) have revealed that although

mutualistic ants have a key role in the defense of these

plants, there are sites in which ant removal has no

effect on plant fitness. In both studies, herbivory

abundance was found or assumed to be very low in the

sites where the ant effects were null (Barton 1986;

Fáveri and Vasconcelos 2004). Similarly, here, spatial

variation in herbivore abundance may help explain the

inter-populational difference in the outcome of the

interaction between A. octoarticulatus and T. guia-

nensis. Herbivory rates on ant-removed leaves were

much greater in plants from the AR population,

probably because herbivore abundance is much

greater in the AR than in the CF population.

Several studies have shown or suggested that the

outcome of ant–plant interactions is dependent on the

local conditions in which the interaction occurs (e.g.,

Kersch and Fonseca 2005; Abdala-Roberts and Mar-

quis 2007; Yamawo et al. 2014). Our findings

reinforce this view by indicating that the magnitude

of the protective effect of mutualistic ants on T.

guianensis can range from weakly to strongly positive

and that such variation appears to be related with the

biotic context in which the interaction occurs.

Obligate mutualistic ants are not present in the UB

population and the experimental removal of ants that

forage or eventually nest opportunistically in plants

from this population did not have any measurable

impact on herbivory. This suggests—as also evidenced

earlier (Bizerril and Vieira 2002)—that opportunistic

ants do not engage in mutualistic interactions with T.

guianensis. In contrast, the removal of leaf trichomes

increased herbivory on plants from the UR population.

This indicates that trichomes play a comparatively

more important role in the defense of T. guianensis

where mutualistic ants are not present, and therefore

where direct defenses are presumably most needed.

However, by comparing the density of leaf trichomes

Fig. 2 Density of trichomes on a young and b mature leaves of

Tococa guianensis from three different populations
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Fig. 3 Effects of ants and

leaf trichomes on herbivore

damage in leaves with ca. 2

and 6 months of age. (a–

b) plants associated with

Allomerus octoarticulatus in

Aragarças, (c–d) plants

associated with Allomerus

octoarticulatus in Cachoeira

da Fumaça, and (e–f) plants

associated with

opportunistic ants in

Uberlândia

Table 2 Repeated measures ANOVA for the effects of ants and trichomes on leaf herbivory in Tococa guianensis from three

different populations

Source AR population CF population UB population

Df MS P Df MS P Df MS P

Antsa 1 63.91 0.001 1 2.89 0.086 1 0.29 0.637

Trichomesa 1 4.18 0.075 1 2.18 0.134 1 6.47 0.032

Ants 9 trichomes 1 0.09 0.788 1 0.28 0.587 1 2.23 0.199

Error 36 1.24 36 0.93 40 1.31

Time 2 7.52 0.001 2 3.88 0.001 2 42.93 0.001

Time 9 ants 2 0.17 0.127 2 0.01 0.931 2 0.29 0.75

Time 9 trichomes 2 0.17 0.127 2 0.16 0.373 2 0.02 0.99

Time 9 ants 9 trichomes 2 0.01 0.991 2 0.04 0.790 2 1.63 0.20

Error 72 0.08 72 0.16 80

Ant and trichomes removal treatments were applied to emerging new leaves and herbivory was measured 2, 4, and 6 months later
a Effect size (g2

P): ants (AR = 0.589, CF = 0.079, UB = 0.005); trichomes (AR = 0.086, CF = 0.061, UB = 0.109)
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among plant populations (Fig. 2) we did not find

evidence—as observed earlier (Moraes and Vascon-

celos 2009)—that T. guianensis invest more in the

production of leaf trichomes when not associated with

mutualistic ants. In fact, plants from the UB population

we studied had significantly fewer (and not more)

trichomes than plants from the AR population. Plants

from the AR population also presented a greater

density of trichomes than those from the CF population

in spite of the fact that plants from both populations

were associated with mutualistic ants. However, we

also found that plants from the AR population seem to

experience higher levels of herbivory than plants from

the other populations. This finding is consistent with

those from another ant–plant system (Cordia no-

dosa 9 Allomerus octoarticulatus) in which plants

respond to increased herbivory by investing in direct

defensive traits regardless of the presence or absence

of mutualistic ants (Frederickson et al. 2012).

In short, our study indicates that mutualistic ants (A.

octoarticulatus) have a much more important role in

the anti-herbivore defensive system of T. guianensis

than leaf trichomes. However, where these ants do not

occur (due to dispersal limitation or environmental

constraints), the role of trichomes in plant defense

becomes comparatively more prominent. Similarly,

trichomes may be of importance for plant defense

during the early stages of plant development when

mutualistic ants have yet not colonized their host-

plants. Furthermore, it may well be possible that the

leaf trichomes of T. guianensis play other roles, such

as reducing plant water loss (e.g., Woodman and

Fernandez 1991). Although further studies are need to

evaluate these hypotheses, they suggest that it is

selectively advantageous for T. guianensis to produce

trichomes, even though trichomes have a limited role

in plant defense in the presence of mutualistic ants.
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