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Abstract Many plants are defended indirectly by mutualistic animals. In this field study, we investigated the efficacy of indirect antiherbivore defence in symbiotic and
non-symbiotic ant-plant associations in three Macaranga
species. We tested whether obligate interactions are more
effective than facultative ones by comparing ant-free
plants, or parts of plants, with untreated controls. All
three species gained significant protection from the ants’
presence. The efficacy of defence was higher in the obligate associations represented by M. triloba and M. hosei
than in the facultative interaction (M. tanarius). After
40 days of ant exclusion, missing leaf area amounted to
1.7% in M. hosei (compared to 0.2% in untreated, antdefended controls), 2.6% in M. triloba (controls 1.2%)
and 4.2% in M. tanarius (controls 3.2%). In a long-term
study of M. triloba and M. hosei, ant protection was orders of magnitude higher than in the short-term results.
Short-term experiments obviously are unsuited to obtaining a realistic picture of the long-term efficacy of antiherbivore defence. Within 1 year, ant-free plants lost, on
average, between 70% (M. hosei) and 80% (M. triloba)
of their total leaf area. Both species appear to require
their mutualistic ants for survival. Defence via symbiotic
ants is obviously a very effective form of antiherbivore
protection. Ants are highly mobile and defend preferentially young, vulnerable leaves and shoot tips, and they
fulfil several functions which normally have to be provided by different chemical substances. This may be a
general benefit of indirect plant defence, which makes
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use of “animal-specific” traits rather than intrinsic plant
properties.
Keywords Ant-plant · Biotic defence · Macaranga ·
Mutualism · Herbivory

Introduction
Most field studies on antiherbivore defence suffer from
the fact that a low damage level may result either from a
low herbivore pressure or from an effective defence.
These factors are difficult to separate experimentally,
since most kinds of antiherbivore defence cannot be removed selectively from the plants. However, plants have
evolved different mechanisms of defence. Direct defences (acting via toxins, digestibility reducers, repellents, or
by morphological properties) can be distinguished from
indirect mechanisms (also called “extrinsic” defence by
Price 1986). These use interactions via the third trophic
level, i.e., plants emphasise the suppressive effects of
predators or parasitoids that attack herbivorous arthropods (Price et al. 1980; Baldwin and Preston 1999; Vet
1999). For example, “ant-plants” are predominantly defended by mutualistic ants. Ants represent a defence
mechanism that can easily be removed from the plant.
Such systems offer the opportunity to create plants with
reduced defence under field conditions (McKey 1988).
Two strategies can be distinguished within defensive
ant-plant interactions. Myrmecophytic plants (for example, in the genera Acacia, Cecropia, Leonardoxa and
Macaranga) offer nesting space (so-called domatia) as
well as ant food (extrafloral nectar or food bodies) which
is specifically adapted to nourish ants (Heil et al. 1998).
These plants are permanently inhabited by specialised
ant colonies which protect their hosts, predominantly against herbivores and climbers (for reviews, see
Buckley 1982; Beattie 1985; Davidson and McKey
1993). The mutualistic hypothesis (Belt 1874) has been
supported by several studies comparing plants that were
naturally ant-free with inhabited ones (e.g., Janzen 1972;
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Letourneau 1983; McKey 1984; Fiala et al. 1989; Fowler
1993), and by experimental studies including the artificial removal of ants (Janzen 1967; Schupp 1986;
Vasconcelos 1991; Fiala et al. 1994; Fonseca 1994;
Gaume et al. 1997; Letourneau 1998; Gaume and
McKey 1999). Myrmecophilic plants, in contrast, just
attract ants from the vicinity by offering food, and they
gain protection resulting from these ants’ foraging behaviour. Especially in the case of plants with extrafloral
nectaries, many studies have demonstrated the protective
function of the attracted ants (for reviews, see Buckley
1982; Koptur 1992).
Though both phenomena are widespread and wellknown, few studies have directly compared the outcomes
of facultative, myrmecophilic with obligate, myrmecophytic ant-plant associations. These strategies differ in
the plants’ investments (Heil 1998; Heil et al. 1998) and
in the specificity of the interaction (Fiala and Maschwitz
1990). Moreover, knowledge of the long-term effects of
mutualistic ants in general is scarce. Several studies have
demonstrated that short-term studies measuring only
missing leaf area or leaf area loss over a short time span
may not be suitable for estimating the herbivores’ effects
on plant fitness. Coley (1982), Lowman (1984, 1992)
and Filip et al. (1995) demonstrated that the “real” leaf
damage over the whole lifetime of the leaf can be much
higher than that estimated from short-term experiments.
Furthermore, defence may not be restricted to avoidance
of leaf area loss.
We therefore compared the results of short-term experiments on leaf damage with those of long-term studies. Three Macaranga species were chosen that have
evolved different types of interactions with ants, and two
species were studied at three sites. We assumed that defence, despite being “indirect” in the sense of Price et al.
(1980) or Baldwin and Preston (1999), should be more
effective in the myrmecophytic interactions represented
by M. triloba and M. hosei than in the myrmecophilic
M. tanarius.

Materials and methods
Study site and species
The Macaranga species chosen for this study represent different
types of interaction with ants: M. triloba (Bl.) Muell. Arg. is an
obligate myrmecophyte, while M. tanarius (L.) Muell. Arg. has
evolved only myrmecophilic interactions. Macaranga hosei King.
ex Hook changes its strategy from myrmecophilic to myrmecophytic during its early ontogeny. For detailed information on the
ecology of these species see Fiala and Maschwitz (1992a, 1992b)
and Fiala et al. (1994, 1999). Species were determined according
to Whitmore (1973), but M. triloba as described there probably
must be re-named as M. bancana (T.C. Whitmore and S.J. Davies,
personal communication; see also Slik 1998).
The study was carried out at the Ulu Gombak Field Studies
Centre (UFSC) in Selangor, Peninsular Malaysia. The vicinity of
the Studies Centre is covered by a secondary forest approximately
30 years old. Plants were chosen from four sites:
1. Site A: roadside A. This road crosses the forest at the UFSC.
The roadway is about 6 m wide; the road verge between road-

way and forest edge is about 4 m wide and is mown regularly.
At this site, several different Macaranga species can be found
under the trees forming the forest edge, but M. tanarius clearly
dominates the most insolated parts.
2. Site B: logging path, an approximately 3-m-wide trail in the
forest that begins at the road (site A). The investigated plants
were all growing less than 3 km from site A. Mainly myrmecophytic Macaranga species grow at this site, most of them in
large clusters.
3. Site C: isolated plants growing along small paths and in gaps
in the forest crossed by the logging path, about 5–10 km from
the road (site A). We included only plants that were growing at
least 100 m from the nearest conspecific.
4. Site D: roadside D. A road in the Genting Highlands; its main
site characteristics are comparable to site A. However, this site
is about 35 km away from the UFSC and at an elevation of
530 m above sea level (a.s.l.) (compared to 250 m a.s.l. at the
UFSC).
Short-term experiments on herbivory
Preparatory experiments: the method of selective ant exclusion
Preparatory experiments were conducted from January to March
1994 to establish the method of selective ant exclusion and to
check for detectable detrimental effects of Spruzit (Neudorff,
Emmerthal, Germany), a neurotoxic pyrethroid insecticide used to
remove ants from the experimental branches or plants. From five
M. triloba plants, three branches per tree were chosen and their
leaves were marked individually and divided into four age classes
(age class 3, mature leaves which were already fully expanded and
hardened; age class 2, unfolded but not yet hardened leaves; age
class 1, leaves which were still unfolding; age class 0, leaves that
emerged during the experiment).
The branches were treated in three ways:
1. Treatment A: untreated control.
2. Treatment B: ants in treatment B branches were poisoned by
injecting a 1% solution of Spruzit into the domatia. The surviving ants of the colony were prevented from entering these
branches by the application of a ring of sticky resin (Tangletrap, Tanglefoot Corp., Grand Rapids, Mich., USA) around the
base of the branch and by injecting Tangletrap into the branch
to block the domatium (Fig. 1).
3. Treatment C: in treatment C branches, ants were poisoned,
holes were bored and Tangletrap was applied as in treatment
A, but 3 days after the injection of Spruzit the surviving ants
were allowed to enter these branches again by covering the
Tangletrap ring with earth and small twigs.
The same treatments were conducted in 15 unbranched saplings
arranged in five groups of three plants each (one devoted to treatment A, B and C, respectively). In these saplings, treatment C
plants were connected to untreated, inhabited ones serving as a
“source” for living ants which colonised them within a few days.
The plants were monitored weekly for ant activity and occasionally for the presence of herbivorous insects. In treatment B, if ants
were still present on the treated branches, ant removal and Spruzit
injection were repeated once. After 40 days, leaves were harvested
and dried to measure damage levels.
Measuring herbivory
Leaf damage was measured for each leaf using the computer program DIAS (Delta-T Devices, Cambridge, UK) and was expressed
as percentage of missing leaf area. Leaves do not shrink by more
than 3% during drying, so data from dried leaves give a reliable
estimate of missing leaf area (M. Heil, unpublished work). Since
leaves were marked individually and plants were visually monitored weekly, several leaves that were destroyed completely by
herbivores or leaf suckers were observed: these leaves were included in the results with a damage level of 100%.
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ple comparison was conducted within each leaf age class, separately for unbranched saplings and branched twigs.
In the short-term experiment on herbivory, the statistical analysis of the results followed the pairwise experimental arrangement.
A median was calculated for all leaves of a distinct branch which
belonged to the same age class, and the two medians of the sameaged leaves of control and experimental branch forming an experimental pair were used as pairs in the Wilcoxon test for matched
pairs. Since statistical analyses were conducted only within single
age classes and were based directly on comparisons between
leaves produced by neighbouring branches of the same tree, variations due to site effects or due to differences between individual
trees did not influence the results. These data pairs consequently
fulfil the requirements of the Wilcoxon test for matched pairs (H.
Klinger, personal communication, see also Wilcoxon 1945; Sachs
1992). All statistical evaluations were conducted with SPSS for
Windows 8.0 (SPSS Inc., Chicago, Ill., USA).
Long-term study in plant growth
Preparatory experiments

Fig. 1 Selective ant exclusion from experimental branches by injection of Tangletrap. To prevent surviving ants from the untreated
plant parts entering the poisoned experimental branches, two holes
were drilled into these branches about 5 cm apart, and Tangletrap
was injected into one hole until it came out of the other

To check for any long-term effects of Spruzit on plant growth,
16 M. triloba saplings inhabited by ant colonies were protected
against herbivorous insects by nylon-mesh field cages. Height and
total leaf area were measured. Plants were arranged in pairs according to these two parameters, and one plant per pair was chosen randomly as the experimental plant. Over 2 months, a 5% solution of Spruzit (5 times the concentration used in the real experiment) was injected once per week into the domatia of the experimental plants, while the control plants received injections of pure
water. At the end of the 2 months, plants were checked for visible
effects (e.g., chlorosis, wilting leaves) and were measured again.

Experimental design
For the short-term experiment (August-October 1994), 28 M. triloba and 19 M. hosei trees and saplings were selected from sites
B–D. Since M. tanarius is restricted to the roadside, it was not
possible to compare different sites and all 36 individuals originated from site A. Overall, there were seven parts to the experiment
(ST1–ST7) which used different numbers of branch pairs (bps):
ST1: M. triloba, site B, 27 bps; ST2: M. hosei, site B, 31 bps;
ST3: M. tanarius, site A, 49 bps; ST4: M. triloba, site C, 13 bps;
ST5: M. hosei, site C, 6 bps; ST6: M. triloba, site D, 20 bps; ST7:
M. hosei, site D, 12 bps. Each two neighbouring branches were regarded as a pair, and one branch per pair was selected randomly as
the experimental branch. Leaves of experimental and control
branches were assigned to age classes, and all young leaves (age
classes 1 and 2) and the five youngest of the mature leaves were
marked individually. Ants were removed from the experimental
branches as described in treatment B in the preparatory experiments (Fig. 1), and for the next 40 days, plants were monitored
weekly for ant activity. All pairs in which the experimental branch
was recolonised by ants more than once were excluded from the
experiment. After 40 days, all marked leaves and the younger ones
which had emerged during the experiment (age class 0) were harvested from the remaining pairs of branches, dried, and their leaf
damage was measured as described above.
Data analysis
Data on leaf area losses were, in general, not normally distributed.
In addition to a high number of small values, a small number of
high values up to 100% can occur. Furthermore, intrinsic patterns
of leaf development mean that on each twig the four age classes
may be represented by very different numbers of leaves. For these
reasons, multifactorial ANOVA was not possible.
Box-whisker plots were chosen to present all data on herbivory. In the preliminary experiment, data were log-transformed to
achieve normal distributions (P>0.10, Kolmogorov-Smirnov test),
and a unifactorial one-way ANOVA with a Scheffé post hoc multi-

Experimental design and estimation of total plant leaf area
Two series of long-term experiments were conducted using different sets of plants, all growing along the logging path or in the adjacent forest (site B in the short-term experiments). The first experiment was carried out from March to August 1994 on 20 pairs
of M. triloba with heights of 1.2–3.6 m. In the second experiment
(September 1994–September 1995), 20 pairs of M. triloba and 15
pairs of M. hosei with heights of 1.0–5.3 m were used. In both
Macaranga species, the area of a single leaf can be estimated by
measuring its length and width and multiplying their product with
the slope of a regression line based on data derived from 100
leaves. Both regressions have a r2>0.97 (see Fig. 1 in Heil et al.
1997). To quantify the actual leaf area of whole trees, we measured length and width of the five youngest and every other of the
older leaves from all branches and the main stem. Additionally,
the age and actual damage level of these leaves were estimated,
and their area was corrected by the missing leaf area. The areas of
those leaves which were not measured directly were estimated as
the mean of the two adjacent ones.
The initial total leaf area of a plant was estimated as the sum of
all individual leaf areas, and trees were arranged in pairs according to height, total leaf area, and site: Trees forming a pair did not
grow more than 30 m apart from each other and did not differ by
more than 10% in their total leaf area. One tree per pair was chosen randomly as the experimental tree and ants were poisoned by
injecting a 1% solution of Spruzit, while pure water was injected
into the control tree. For the next 6 weeks, plants were monitored
weekly for ant activity. In six M. triloba and in five M. hosei
plants, Spruzit injection was repeated once since ants were still
alive in some parts of the plants. During the 1-year experiment,
monitoring as well as estimation of total leaf area was repeated after 6 months as described above. At this time, one or two twigs of
each of four M. triloba and of three M. hosei plants were re-colonised by ants and had to be poisoned a second time.
At the end of the experiment, monitoring was repeated, and all
pairs whose experimental plant had been inhabited by ants more
than once were excluded from the experiment. From the remaining
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pairs, final total leaf area was estimated as described above, and a
relative growth in total leaf area (∆A) was calculated by relating
the increase in total leaf area to the plants’ initial value. If total
leaf area of a plant increased, e.g., from 3,000 to 4,500 cm2, ∆A of
this plant would be 50%. If there was a loss of leaf area, ∆A could
have values of down to –100%.

Results
Preparatory experiments
In neither preliminary experiment was there any visible
influence of Spruzit on plant features such as leaf colour
or viability. In the 40-day experiment, we found no significant difference in leaf damage between ant-protected
controls (treatment A) and poisoned, but recolonised
(treatment C) branches or plants within any leaf age
class (P>0.05 in all cases). We consequently exclude any
detectable influence of Spruzit on Macaranga plants for
this special experimental design. On the other hand, herbivory was significantly higher (P<0.01) on the poisoned
branches or plants (treatment B) as compared to the controls for the leaf age classes 0–2 in the unbranched saplings, and for age classes 0 and 1 in the branched trees.
(all tests: unifactorial ANOVA within single age classes,
Scheffé post hoc test, n=5 cases per treatment in each
group; Fig. 2.)
In the 2-month experiment, concentration of Spruzit
was 5 times higher and frequency of application was also
much higher than in the long-term experiment. Nevertheless, there was no significant difference between experimental and control plants with respect to shoot growth
and total leaf area (Mann-Whitney U-test: P>0.05, n=8
plants each), and no visible effects such as chlorosis or
wilting leaves were evident.
Short-term experiments on herbivory
Damage to leaves on ant-free branches was higher than
on control branches in all three species investigated and
at most, but not all, experimental sites. These differences
were significant in all groups except the isolated M. triloba and M. hosei trees (Tables 1, 2, Fig. 3). Taking data
from the different sites and all leaf age classes together,
ant-free leaves of M. triloba had an average damage level of 2.6% after 40 days of ant exclusion (median, n=318
leaves). In untreated, and therefore protected, control
leaves, on average only 1.2% of the area was missing
(n=312). In M. hosei and M. tanarius, values for experimental leaves were 1.7% (n=334) and 4.2% (n=401), respectively, while the medians of the missing area of control leaves amounted to 0.2% (n=335) in M. hosei and
3.2% (n=357) in M. tanarius.
The ants’ protective effect (estimated as difference between ant-free and control leaves) was much higher for
younger leaves (Fig. 3, Table 1). When only those leaves
which had emerged during the experiment (age class 0)
are considered, leaf damage in M. triloba amounted to

Fig. 2 Preparatory study on herbivory. Leaf area losses after
40 days for three different treatments in relation to leaf age class
(solid bars class 0, shaded bars class 1, dotted bars class 2,
hatched bars class 3). Sample sizes (n) appear below the bars.
Five unbranched saplings were used per treatment in the first part
of the experiment, and three branches from each of five plants in
the second part. Asterisks indicate significant differences within
single leaf age classes between leaves on twigs in which defending ants had been poisoned and the other two treatments (P<0.05,
unifactorial ANOVA and Scheffé post hoc test). See insert for explanation of box-whisker plots

1.4% in control and 4.2% in ant-free leaves (median of
age class 0 leaves, n=44 and 31, respectively). In M.
hosei, these values were 0.2% and 3.3% (n=66 and 66),
and in M. tanarius 2.4% and 3.8% (n=114 and 133). Differences between treated and control leaves were significant (P<0.05) for age class 0 leaves in all cases where
Wilcoxon tests could be conducted (first column in
Table 2), while leaves of age classes 2 and 3 showed no
significant effect (P>0.05) in M. tanarius plants (site A)
and in M. triloba plants from site C (Table 2, last two
columns). Age class 2 leaves of M. triloba further had no
significant increase in herbivory at site B; the same was
true for those of isolated M. hosei plants. Since sample
numbers were much higher for older leaves, this disparity cannot result from different sample sizes.
The effect of ant defence varied strongly between the
Macaranga species. At site A, the missing area of antfree leaves of both M. triloba and M. hosei was at least
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Table 1 Results of short-term experiments on herbivory. Medians,
first and third quartiles of damage level (% missing leaf area after
40 days of ant exclusion) for controls (0) and ant-free branches (1)
Part of experiment

separately for all leaves and for the distinct leaf age classes (n values represent the number of leaves in each distinct group from
which the medians and quartiles were calculated)

Leaf age class
0

1

2

3

Treatment

ST 1 (Macaranga triloba, site B)

ST 2 (M. hosei, site B)

ST 3 (M. tanarius, site A)

ST 4 (M. triloba, site C)

ST 5 (M. hosei, site C)

ST 6 (M. triloba, site D)

ST 7 (M. hosei, site D)

Table 2 Results of Wilcoxon
pair tests for matched pairs
(P values, numbers of tested
pairs in parentheses) in different parts (ST 1–7) in the shortterm experiment on herbivory.
No Wilcoxon test was conducted (– instead of P values) when
sample numbers were too small
(n<6, see Sachs 1992)

n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile
n (leaves)
1st Quartile
Median
3rd Quartile

Part of experiment
(see Table 1)
ST 1
ST 2
ST 3
ST 4
ST 5
ST 6
ST 7

0

1

0

1

0

1

0

1

26
0.3
1.3
3.1
52
0.0
0.2
0.4
114
0.6
2.1
4.2
7
1.5
2.6
3.4
1
0.5
0.5
0.5
11
1.2
2.8
5.0
13
0.0
0.2
0.8

15
2.1
4.0
4.4
57
1.1
3.3
8.5
133
1.3
3.9
14.9
4
9.3
16.6
18.9
4
1.3
1.9
3.7
11
2.4
3.8
6.5
5
0.9
1.2
37.1

25
0.2
0.5
1.3
35
0.0
0.1
1.1
59
0.7
2.0
4.6
8
0.2
0.5
19.1
2
1.1
1.2
1.3
17
0.3
0.6
3.6
11
0.0
0.1
0.4

30
0.8
2.1
3.7
38
0.7
2.5
6.5
66
2.2
5.3
9.8
8
1.5
4.2
18.9
3
0.2
0.2
1.4
20
1.6
3.0
4.3
10
2.0
3.2
5.4

24
0.5
0.8
1.8
39
0.1
0.3
0.9
53
1.0
2.6
5.5
8
0.9
1.5
4.4
2
2.1
3.2
4.2
15
0.4
0.8
1.4
15
0.0
0.2
0.6

19
0.8
1.8
4.4
43
0.3
1.6
4.3
55
1.3
3.0
11.0
9
2.4
3.1
6.4
2
0.6
1.1
1.6
14
1.9
4.1
16.9
14
0.1
0.3
2.4

82
0.7
1.4
3.9
117
0.1
0.4
1.4
130
1.3
3.4
6.8
34
1.7
2.5
6.1
10
0.1
0.3
1.0
54
0.8
1.6
3.2
39
0.0
0.1
0.4

91
0.9
2.2
3.8
116
0.3
1.5
4.6
145
3.0
5.5
10.7
39
0.9
1.9
6.3
9
0.1
1.4
2.4
58
1.4
4.1
11.5
33
0.1
0.3
1.2

Leaf age class
0

1

2

3

0.007 (12)
<0.001 (18)
0.021 (25)
– (4)
– (1)
0.046 (11)
– (5)

0.016 (21)
0.002 (24)
<0.001 (25)
0.384 (9)
– (2)
0.027 (16)
0.014 (6)

0.092 (18)
0.001 (26)
0.230 (25)
0.069 (10)
– (2)
<0.001 (18)
0.086 (7)

0.043 (21)
0.008 (26)
0.147 (25)
0.084 (10)
– (2)
0.002 (18)
0.014 (7)

twice as high compared to protected control leaves. This
remained true for all leaf age classes. In contrast, the
missing area of M. tanarius leaves increased only from
2.1 to 3.9% in the youngest and from 3.4 to 5.5% in mature leaves when ants were kept off the plants (Table 1).
On average, the ants’ protective efficacy (as estimated
by the relative increase in leaf damage in experimental
compared to control leaves) amounted to 1.2 in M. triloba, 7.5 in M. hosei and 0.3 in M. tanarius, while the
respective values calculated separately for the youngest
leaves were 2.0, 15.5 and 0.5, respectively.

In M. triloba, unprotected leaves suffered most from
herbivory in the Genting Highlands (site D) and less at
the logging path (site B), while in M. hosei, absolute values were highest at site B and lowest at site D. However,
in both species protected leaves suffered most from herbivory when growing on isolated plants (site C), although no differences in ant activity were observed on
those plants (M. Heil, personal observations). No significant differences between protected and control leaves
could be detected in M. triloba trees from site C
(Table 2), since protected leaves also tended to show
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Fig. 4A–C Relative plant growth in the long-term study. Plant
growth is calculated as relative change in total leaf area (∆A) experienced by ant-free (filled bars) and by control plants (open
bars). Values of the two plants forming a pair are plotted side by
side. A Preparatory experiment on Macaranga triloba (n=19 plant
pairs).B 1-year study on M. triloba (n=17 plant pairs). C 1-year
experiment on M. hosei, only those pairs are shown in which both
plants were still living at the end of the experiment (n=9). Arrows
indicate experimental plants which had been recolonised by ants
during the study
Fig. 3 Herbivory and ant defence in relation to leaf age. Herbivory (percent leaf area loss after 40 days) of leaves on ant-free (filled
bars) and control (open bars) branches is given separately for the
four leaf age classes. Leaves from all sites are combined for each
species. Sample sizes (n) of leaves appear below the bars

higher damage levels than at the other sites. Consequently, the protective efficacy of ants was highest in the
Genting Highlands (site D) and lowest in the isolated
plants (site C) for both species. In spite of these differences, there were at least tendencies towards a protective
effect at all sites, since control leaves had lower damage
levels in all but three single comparisons. Only in isolated plants (site C) did some single leaf age classes show a
reversed pattern (Table 1), and none of these was significant (Table 2). Since sample sizes were too different between the single leaf age classes and sites, no further statistical analyses on effects of these two factors could be
conducted.
Long-term study in plant growth
In the 5-month study of M. triloba, the relative growth
rate in total leaf area, ∆A, was significantly higher in the
control group than in the plants that had been experimentally deprived of ants (P<0.001, Wilcoxon pair test,
n=19 plant pairs). While 13 control plants showed an increase in total leaf area, all but one of the experimental
plants had suffered from a decrease in leaf area, with

several plants having lost nearly all their leaves (see
Fig. 4A).
Similar effects were found in both species in the
1-year experiment (see Fig. 4B, C): In M. triloba, 17 of
20 plant pairs had survived this 1-year period. Only two
experimental plants showed an increase in total leaf area,
and one of these had been recolonised by ants during the
experiment (see Fig. 4 B). The median of ∆A values was
–78.8% in this plant group. On the other hand, 12 of the
17 control plants had a positive ∆A (median: +40.0%),
leading to a highly significant difference between these
two plant groups (P<0.001, Wilcoxon test, n=17 pairs).
In M. hosei, the effect was less obvious due to low
survivorship in both the control and the experimental
group. Since the reason for the plants’ death could not be
detected for all plants (several had simply been cut by
the local Orang Asli people), analysis of results was conducted only for those plant pairs where both plants survived (Fig. 4C). ∆A was 2.6% in the control group compared to –69.5% in the ant-free experimental group (medians, n=9 plants each; P<0.01, n=9 plant pairs, Wilcoxon test).
In addition to the direct effects of leaf-chewing herbivores, severe damage was caused by shoot borers and
pathogenic fungi, which killed whole twigs and, occasionally, also younger, still soft-wooden parts of the main
shoot. Of the 17 ant-free M. triloba trees which survived
the 1-year experiment 12 lost more than 50% of their total leaf area (Fig. 4); and nearly two-thirds (51 of 78) of
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these trees’ twigs died as a result of shoot borer activity
and fungal infections. In M. hosei, 10 of 15 ant-free
plants suffered from correspondingly severe damage. On
these trees, on average 80% of the twigs and six of the
ten shoot tips died during the experimental period. In
contrast, a single twig was destroyed by shoot borer activity and pathogenic fungi on one ant-defended M. triloba control plant, and no shoot borer activity or serious
fungal infections was observed on M. hosei control trees.

Discussion
The chosen insecticide, Spruzit, had no detectable effect
on plant vitality and growth (Heil 1998) and did not affect our measure of herbivory, the missing leaf area
(Fig. 2). The method of selective ant exclusion from distinct branches (Fig. 1) allows direct comparisons within
individual trees. These results are not influenced by variance among plants caused by e.g. site and/or genetic differences. Therefore, we consider that our data give a
quantitative estimate of the effects of the ants’ presence
and function in plant defence.
In the short-term study, leaves on ant-free twigs
suffered more from herbivory than protected leaves
(Table 1). This pattern occurred in 25 of 28 single comparisons made within leaves belonging to the same age
class, species, and site. Of 22 possible, independent statistical tests within these single groups, 15 were significant (P<0.05, see Table 2). The ants’ protective effect
differed between the three plant species depending on
their special type of ant-plant interaction. When ants
were excluded, the two obligate myrmecophytic species
suffered from a much higher relative increase in leaf
damage than did the myrmecophilic M. tanarius, which
is visited by ants only facultatively (Fig. 3).
As in the case of Piper (Letourneau 1998), our shortterm studies led to an underestimation of the long-term
effects of ant defence. From the increase in leaf damage
observed in the 40-day experiment one would hardly conclude that plants depend vitally on the ants’ protective
function, as was shown in the 1-year study (Fig. 4). Differences between data on leaf area losses derived from
discrete sampling studies and data from studies that took
into account the whole leaf life span have been reported
(Coley 1982; Lowman 1984, 1992; Filip et al. 1995).
However, in these studies the underestimation of herbivore-caused damage in discrete sampling was mostly due
to overlooking completely eaten leaves. This does not apply to our study, since we could include these leaves. In
both myrmecophytic Macaranga species studied, secondary effects such as pathogen infection contributed greatly
to the damage detected in the 1-year study.
Ants as antiherbivore defence and plant fitness
The damage level in our short-term experiments was
quite low. Even unprotected young leaves suffered from

lower leaf damage than expected according to the results
of Coley and Barone (1996) for mean herbivore damage
in young leaves of tropical forest trees. However, Coley
(1983) has reported similar degrees of herbivory for another genus of ant-plants, Cecropia. In our long term
studies, ant-free Macaranga plants suffered from a significant increase in both leaf damage and shoot damage,
which made further survival of these plants very unlikely. Comparably severe effects of herbivory on ant-free
myrmecophytes has been reported by Janzen (1967,
1974) for Acacia and Janzen (1972) for Barteria, by
Vasconcelos (1991) for Maieta, and by McKey (1984)
for Leonardoxa. Ferguson et al. (1995) reported significantly higher rates of mortality in ant-free Cecropia
seedlings. Ants strongly decrease negative effects of herbivore attack and thus clearly represent an effective defence (sensu Karban and Baldwin 1997).
Direct observations of ant-free plants demonstrated
that, besides folivores, insects feeding on shoot tissue
were an important source of plant damage. Furthermore,
ant-free plants suffered severely from pathogenic fungi.
Recent studies have demonstrated that Macaranga plants
have low chitinase activities and, thus, are not effectively
defended against fungal pathogens, while the ants perform a direct and active defence against pathogenic
fungi (Heil 1998; Heil et al. 1999). Correspondingly,
Letourneau (1998) reported that, besides shoot borers,
pathogenic fungi can have strong detrimental effects on
ant-free myrmecophytic Piper plants. The importance of
an effective defence against shoot borers was further
demonstrated for Endospermum ant-plants (Letourneau
and Barbosa 1999). In Macaranga, detrimental effects of
pathogenic fungi or shoot borers become fully obvious
only after a time span covering at least half a year. In the
long run, the ants’ protective function against these factors may be of much greater importance than is defence
against folivores. More studies are needed to obtain an
estimate of the relative importance of the ants’ specific
defensive actions against different attackers such as
chewing herbivores, leaf miners, sap suckers, shoot
borers, and pathogens.
Ants as an efficient mobile, indirect defence
Provision of food to mutualistic ants involves metabolic
costs (O’Dowd 1979, 1980; Heil et al. 1997) and may
depend strongly on abiotic factors such as nutrient availability and light (Folgarait and Davidson 1994, 1995;
Heil et al., in press). Most theories on plant defence assume a positive relationship between the investment in
and the efficacy of defence. This assumption is met,
since an increased ant food production can lead to larger
ant colonies in M. triloba plants (Heil et al., in press),
and since larger ant colonies can be better defenders of
their hosts (Duarte-Rocha and Godoy-Bergallo 1992;
Heil et al., in press).
The optimal defence theory (McKey 1974, 1979;
Rhoades 1979) predicts that defence should be mainly

402

concentrated on “valuable” plant parts such as, e.g.,
young shoots and leaves. Moreover, young leaves are
more attractive to herbivores (Coley 1980; Kursar and
Coley 1991; Coley and Barone 1996). In contrast, Herms
and Mattson (1992) in their growth-differentiation balance hypothesis argued that young, developing plant
parts may be hard to defend due to a metabolic competition between pathways involved in plant growth and differentiation processes such as the synthesis of defence
chemicals. A spatial separation of the plant parts where
defensive compounds are produced from those which
must be defended would allow plants to meet the requirements formulated in the optimal defence theory and
simultaneously to circumvent the restrictions as formulated in the growth-differentiation balance hypothesis
(Cronin and Hay 1996).
Patrolling ants in general are concentrated on younger
plant parts. This holds true for e.g. Macaranga (Fiala
and Maschwitz 1990; Fiala et al. 1994), Acacia (Madden
and Young 1992), Barteria (Janzen 1972), Cecropia
(Downhower 1975), and Leonardoxa (McKey 1984).
Furthermore, ants can concentrate quickly on plant parts
where defence is actually required (Fiala and Maschwitz
1990) and thus may even be regarded as an induced response mechanism (Agrawal 1998; Agrawal and DubinThaler 1999). Correspondingly, our short-term experiments revealed a much higher effect of the ants’ presence on young than on mature leaves (Table 1, Figs. 2, 3).
On the other hand, food bodies in the two myrmecophytic Macaranga species are produced on specialised stipules, and highest production rates occur on stipules inserting beneath mature rather than beneath young leaves
(Heil et al. 1997; Heil et al., in press). By using ants as
defenders, plants can therefore effectively separate those
parts where defence compounds (here: ant food) are produced from parts which require defence.
The high efficacy of ant defence may result from both
the ants’ mobility and rapid “inducibility”, and from their
relatively low specificity: ants are effective against many
types of insects, climbers and pathogens. The ants in the
obligate myrmecophytic interactions are much more
closely adapted to their individual host, and many aspects
of the overall defence (such as pruning of competing
plants and the cleaning behaviour which leads to the removal of all foreign material from the plant surface) are
clearly restricted to these associations, since they require
that ants can distinguish between their specific host and
“other” plants or materials. These behaviours add significantly to defence against insects and may lead to the
higher efficacy of these as compared to the myrmecophilic interactions. Ants thereby fulfil several functions
which normally have to be provided by a variety of different chemical substances. This may be a general benefit
of indirect plant defence, which makes use of animal-specific traits rather than intrinsic plant properties.
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