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abstract: How ecological context shapes mutualistic relationships
remains poorly understood. We combined long-term tree census data
with ant censuses in a permanent 25-ha Amazonian forest dynamics
plot to evaluate the effect of the mutualistic ant Myrmelachista schumanni (Formicinae) on the growth and survival of the common Amazonian tree Duroia hirsuta (Rubiaceae), considering its interactions
with tree growth, population structure, and habitat. We found that
the mutualist ant more than doubled tree relative growth rates and
increased odds of survival. However, host tree size and density of conspeciﬁc neighbors modiﬁed the effect of the ant. Smaller trees hosting the mutualist ant consistently grew faster when surrounded by
higher densities of conspeciﬁcs, suggesting that the beneﬁt to the tree
outweighs any negative effects of high conspeciﬁc densities. Moreover, our ﬁndings suggest that the beneﬁt afforded by the ant diminishes with plant age and also depends on the density of conspeciﬁc
neighbors. We provide the ﬁrst long-term large-scale evidence of how
mutualism affects the population biology of an Amazonian tree species.
Keywords: age-structured populations, ant-plant interactions, Duroia
hirsuta, mutualism, Myrmelachista schumanni, ontogeny.

Introduction
It is broadly recognized that ant-plants are generally well
protected by their mutualist partners: ants provide protection
from herbivores, increase nutrient availability, and promote
seed dispersal of ant-plants (Mayer et al. 2014). However,
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mance and thereby higher ﬁtness of the plant is less clear
(Chamberlain and Holland 2009; Rosumek et al. 2009; Trager
et al. 2010). For example, among myrmecophytic tropical
trees there is strong evidence that the beneﬁt conferred by
mutualist ants to their host plants varies strongly, depending
on the ecological context (i.e., local biotic and environmental
neighborhoods; Bronstein 1994; Bronstein et al. 2006). Indeed, long-lived tropical trees may even experience reduced growth rates because of the high costs of maintaining mutualist ants (Stanton and Palmer 2011; Frederickson
et al. 2012). Because growth is tightly linked to survival and
ﬁtness, hosting a mutualist partner may not necessarily result in substantial net beneﬁts for these trees (Stanton and
Palmer 2011; Lange and Del-Claro 2014). Assessing the longterm net beneﬁts of mutualism on plant performance and
ﬁtness therefore requires careful quantiﬁcation of associated
biotic and abiotic covariates alongside the mutualism itself.
Over the long term, plant ontogeny may determine the relative importance of direct and indirect defense and the beneﬁt afforded by different mutualist partners. In general,
ant-plants seem to be better protected by their mutualist
partners as they age (Boege and Marquis 2005), and older
plants may host more aggressive types of mutualist ants
(Koch et al. 2016). Indeed, various species of Amazonian
trees have size-dependent interactions with their mutualistic partners. For example, the interaction between Duroia
hirsuta and Myrmelachista schumanni ants may result in
positive size-dependent growth for both mutualistic partners as larger trees exhibit exponential growth rates (Fred
erickson and Gordon 2009). African Acacia trees have different ant partners throughout ontogeny, trading off the
costs and beneﬁts associated with each type of partnership
(Palmer et al. 2010). Thus, understanding ant-plant sys-

This content downloaded from 128.135.181.207 on August 31, 2016 08:10:36 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

000

The American Naturalist

tems requires long-term ﬁeld assessments that consider
the effects of mutualism on ant-plants at different ontogenic stages.
Feedbacks resulting from the effect of the mutualist ant on
plant performance can affect plant population demography.
To maintain the mutualism, both ants and plants must beneﬁt in terms not only of performance of individuals but also of
increased ﬁtness and maintained or growing populations.
Over long periods of time, mutualism may enhance population growth rates of myrmecophytic trees. For example, in
highly diverse Amazonian forests, monospeciﬁc stands of
the tree D. hirsuta result from its mutualistic interaction
with the ant M. schumanni, which kills non–D. hirsuta
seedlings and enhances recruitment rates of new D. hirsuta
trees into the ant-plant populations (Frederickson 2005b;
Edwards et al. 2009). Myrmelachista schumanni may also
increase the probability of survival of D. hirsuta trees (Frederickson and Gordon 2009). However, high population
densities of ant-plants may reach a plateau of growth because of negative density dependence (NDD; Wright 2002)
and herbivory or pathogen attack (Frederickson and Gordon
2007; Comita et al. 2014). Therefore, both ontogenic stage
and density of neighboring ant-plants may be important
controllers of the effect of the mutualist ant on any individual ant-plant (Miller and Rudolf 2011). Depending on
the age structure of the population, the inﬂuence of the
mutualist ant on ant-plants can have strong effects at the
population scale (Miller and Rudolf 2011).
Moreover, mutualistic relationships between ants and
plants are often shaped by environmental conditions. Plant
investment in biotic defense may vary with aspects of the
environment, including light incidence, soil moisture, and
nutrient availability. For example, high light availability increases ant protection against herbivory in Inga vera (Kersch
and Fonseca 2005). Higher soil nutrient availability and moisture enhance the production of food rewards, which increases
ant densities and results in improved protection of the tree
Macaranga triloba (Heil et al. 2002). Improved light and soil
nutrient conditions enhance the production of food rewards
for mutualist ants in Cecropia spp., enhancing ant protection to the plant (Folgarait and Davidson 1995). In tropical rain forests, soil nutrient concentrations, soil moisture,
and light incidence tend to covary with habitat (Tuomisto
et al. 2003; John et al. 2007). Thus, environmental heterogeneity across habitats may affect the mutualism between
ants and plants, as ant-plants in certain habitats may experience greater long-term beneﬁts from a given mutualist
partner.
Building a more complete picture of the effects of ant
mutualism on plant performance and ﬁtness therefore requires estimating the balance between the positive and negative effects of tree size (as a proxy for ontogenic variation)
and habitat on focal plants, along with their interaction

with the mutualist ant. This information would allow us
to infer how mutualism affects the demography of agestructured populations (Miller and Rudolf 2011). Assessing
critical aspects of the performance, including growth and
survival, of large and long-lived organisms requires monitoring substantial numbers of individuals over large spatial
and temporal scales. Permanent forest dynamics plots offer
a unique opportunity to investigate these questions, which
are of particular relevance in species-rich and ecologically
complex tropical systems. In this article, we explore how
mutualism, ontogeny, density of conspeciﬁcs, and habitat
affected the growth and survival of 334 D. hirsuta trees over
18 years in a 25-ha permanent Amazonian lowland forest.
We investigated the following hypotheses: (1) ant mutualism has a beneﬁcial effect on the short- and long-term growth
and survival of D. hirsuta; (2) however, the effect of mutualistic ants on plant performance varies according to host tree
ontogeny, density of conspeciﬁcs, and habitat, with greater
beneﬁt experienced by larger trees with few conspeciﬁc
neighbors in resource-rich environments.
Material and Methods
Study Site
The study was conducted in the Yasuní National Park and
Biosphere Reserve in eastern Amazonian Ecuador. Yasuní
has an aseasonal climate, with a mean monthly temperature
of 257C and annual precipitation rates of about 3,000 mm
(Pérez et al. 2014). This evergreen lowland rain forest is recognized worldwide for having extremely high biological diversity (Bass et al. 2010). The study was conducted in a 25-ha
permanent forest dynamics plot (latitude 0.697S, longitude
76.397W; Valencia et al. 2004; Pérez et al. 2014). The plot
lies at 230 m above sea level, and within the plot there is variation in elevation of 33.5 m. All tree stems at least 1 cm in
diameter at breast height (DBH; breast height is 1.3 m) have
been mapped, identiﬁed, and measured with standard methods every 5 years since 1995 (Valencia et al. 2009; Pérez et al.
2014).
Study System
The tropical tree Duroia hirsuta K. Schum. (Rubiaceae) is a
subcanopy tropical tree that frequently forms monospeciﬁc
stands in Amazonian rain forests known as “devil’s gardens,”
or supay chakras in the native Quichua language (Frederickson 2005b). Duroia hirsuta’s domatia (hollow stems) shelter hemipteran coccoids, which provide honeydew to symbiotic ants. Most frequently, D. hirsuta hosts colonies of the
mutualistic, polygynous ant Myrmelachista schumanni Emery (Formicinae), although other ant species in the genera
Azteca, Brachymyrmex, Pheidole, and Solenopsis may also
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be present. Myrmelachista schumanni affords various types
of beneﬁts to its host trees. This mutualist ant protects
D. hirsuta from herbivore attack, clears neighboring vegetation around ant-plants, and may increase the establishment
of new D. hirsuta by galling the trunks of heterospeciﬁc trees
surrounding supay chakras (Frederickson 2005a; Edwards
et al. 2009). In our study site, however, none of the 178
heterospeciﬁc trees with DBH ≥ 1 cm located in eight 10 #
20-m plots within 20 m of four supay chakras had gallings
due to M. schumanni (S. Báez, unpublished data). Myrmelachista schumanni is the only species of ant associated with D.
hirsuta that has this understory-clearing behavior (Frederickson 2005b).
Supay chakras vary in size. Studies conducted in Peruvian
Amazonia report large monospeciﬁc stands of D. hirsuta
(mean of 23 individual trees) as well as the largest D. hirsuta
aggregation ever recorded, with 594 individuals (Frederickson and Gordon 2009). Stands of D. hirsuta in our study site
are smaller, with a maximum of 11 individuals (Jaramillo
2012), but the presence of clearings is still indicative of the
presence of M. schumanni. Here, 96% (in 2010) and 70%
(in 2013) of D. hirsuta hosting M. schumanni had understory clearings. In Peru, colonies of M. schumanni have a
life expectancy of 11 years (Frederickson and Gordon 2009),
and certain supay chakras have been estimated to be 800 years
old (Frederickson 2005b).
Field Surveys
Tree growth and survival. We used diameter measures of
all D. hirsuta with DBH ≥ 1 cm taken in 1995, 2007, and
2013. Tree survival was evaluated in 2013 only for trees
that were checked for ant clearings (as a proxy of the presence of M. schumanni) in 2010.
Ant mutualism. Mutualistic relations between D. hirsuta
and M. schumanni were evaluated through two censuses conducted 3 years apart. In 2010 and 2013, D. hirsuta trees measuring at least 1 cm DBH in the 25-ha plot were checked for
the presence of M. schumanni in their domatia. When ants

were present, these were collected, preserved, and identiﬁed.
For each tree, understory conditions were classiﬁed as “ant
clearing,” if the understory was reduced in vegetative cover
and height, or “closed understory,” when there were no
signs of reduced cover. In the 2010 census, understory conditions were documented for 213 ant-plants, and 151 individuals chosen randomly were examined for the presence
of ants in their domatia. In the 2013 census, all D. hirsuta
trees with DBH ≥ 1 cm (234 individuals) in the 25-ha plot
were examined (table 1).
Density of conspeciﬁcs. On the basis of tree distribution
maps for the Yasuní permanent plot, we measured the number of conspeciﬁc neighbors with DBH ≥ 1 cm within 5 m
for each D. hirsuta in 1995 and 2007.
Habitat. Elevation and habitat in tropical forests have
been shown to correlate with water, light, and soil nutrient
availability (Losos and Egbert 2004), including at Yasuní
(John et al. 2007; Queenborough et al. 2007). Thus, one of
the three main habitats was assigned to each 20 # 20-m
subplot of the permanent plot: ridge, slope, or valley, following Valencia et al. (2004). Each habitat category correlates
with environmental features relevant for plant growth; for
example, valleys have higher soil nutrient concentrations
than slopes and ridges (John et al. 2007).
Data Analysis
We used generalized linear models to evaluate the relative effect of mutualistic ants on D. hirsuta growth over 6
(2007–2013) and 18 (1995–2013) years, accounting for density of conspeciﬁcs and habitat. For the 6-year period, trees
that had M. schumanni during both censuses were considered to have hosted the mutualist ant during the entire interval. Given that the life span of ant colonies is longer than
6 years, missed ant turnover was probably very small in our
data set. For the 18-year period, D. hirsuta hosting M. schumanni were deﬁned as plants that consistently hosted
M. schumanni over the 3-year ant census interval and also
presented ant understory clearings in 2010. Thus, these

Table 1: Summary of variables and data included in the statistical models over 6 and 18 years
Short term (6 years)
Parameter
Growth (mm year21)
Tree size (mm)
Density of conspeciﬁcs (n)
Myrmelachista (n)
No ant (n)
Ridge habitat (n)
Slope habitat (n)
Valley habitat (n)

000

Long term (18 years)

Mean (SD)

Range

Mean (SD)

Range

.01 (.05)
48.29 (22.53)
1.04 (1.45)
88
146
50
154
54

2.38 to .26
10–112
0–6
...
...
...
...
...

.99 (1.21)
46.06 (22.62)
1.14 (1.72)
84
136
55
167
58

22.72 to 4.59
11–110
0–7
...
...
...
...
...
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trees were more likely to have hosted the ant species for a
longer time before the ﬁrst ant census. We calculated individual relative annual tree growth rates as the relative increase in the cross sectional area of the tree, [(DBHt1 =2)2 2
(DBHt0 =2)2 ]=[(DBHt0 =2)2 # (t)], where t1 is the later DBH
measurement, t0 is the initial DBH measurement, and t is
the time in years between censuses.
To model tree performance, we used simple linear models
to estimate D. hirsuta growth rate as a function of ant presence, initial tree size (DBH in cm) as a proxy of tree age,
the number of conspeciﬁc D. hirsuta within 5 m, and habitat
(ridge, slope, or valley; table 2). Then, to examine the relative
effects of these predictor variables on tree performance, we
compared a suite of nested and nonnested multiple-regression
models using the Akaike information criterion (AIC) and
R2 (Burnham and Anderson 2004; Symonds and Moussalli
2011). Models differing by no more than 2 in their AIC
values were considered of equal validity.
We used a logistic-regression model to evaluate the relative effect of mutualistic ants on tree survival, testing survival
from 2010 to 2013 as a function of ant incidence (presence/
absence of ants), tree size, number of conspeciﬁc neighbor
trees, and habitat. We used the software JMP (SAS Institute
2008) and R (R Development Core Team 2014) for statistical
analyses.

Results
Plant population. Over the course of this study, we measured
growth rates of 314 individual trees. The Duroia hirsuta population decreased over the duration of the study. In 1995
there were 280 D. hirsuta trees of at least 1 cm DBH, and
80 of them died by 2013. Between 1995 and 2013, 34 trees
were recruited that reached DBH ≥ 1 cm. By 2013, the population had 234 individuals.

Ant incidence and dynamics. Myrmelachista schumanni
was present in 67% (101 of 151 individuals) of the trees
examined in the 2010 ant census and in 56% (133 of 234 individuals) of the entire population of D. hirsuta in the 2013
ant census (table 1). Of the 101 D. hirsuta that hosted M.
schumanni in 2010, 11 had lost their mutualistic ant by
2013.
Tree growth rates. As we predicted, over the short term
(6 years) the effect of ants was beneﬁcial: D. hirsuta that
hosted M. schumanni grew twice as fast as trees that hosted
other types of ants or no ants (mean relative growth rate
0:60 5 0:18 mm year21 for trees with M. schumanni vs.
0:28 5 0:12 mm year21 for trees with other species of ants
or no ants; table 1; ﬁg. 1). Trees hosting M. schumanni also
grew faster than trees with Azteca sp. (nonparametric Wilcoxon test, P ! :001). In addition, tree growth rates declined
signiﬁcantly with increasing initial tree size, but habitat type
and density of conspeciﬁc trees did not have a statistically
signiﬁcant effect on focal tree growth when modeled as individual simple least squares regressions (ﬁg. 1). Data underlying ﬁgure 1 are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.42p15 (Báez et al.
2016).
Over the long term (18 years), presence of the mutualist
ant also signiﬁcantly increased growth rates (ﬁg. 1). Trees
with M. schumanni and growing in ant clearings grew faster
than trees without M. schumanni (0:35 5 0:26 mm year21
for trees with M. schumanni vs. 0:07 5 0:21 mm year21
without). As with short-term growth, tree growth rate over
18 years decreased with tree size and was not affected by
variation in habitat or density of conspeciﬁcs when modeled
as individual regressions (ﬁg. 1).
When we evaluated the relative effects of all the variables
on growth, using AIC and R2 values to compare our models,
we found that over the short term most variation was
explained by the interaction between ant incidence and tree

Table 2: Comparison of nested models exploring growth rates of Duroia hirsuta as a function Myrmelachista schumanni presence
(ant), tree size, density of conspeciﬁc neighbors, and habitat over 6 and 18 years
Short term (6 years)
Model
Ant
Ant
Ant
Ant
Ant
Ant
Ant
Ant
Ant
Ant

#
#
#
#
#
#
#
#
#
#

DBH
density of conspeciﬁcs
habitat
DBH 1 habitat
DBH 1 density of conspeciﬁcs
DBH 1 ant # habitat
DBH 1 ant # density of conspeciﬁcs
DBH 1 ant # habitat 1 density of conspeciﬁcs
DBH 1 ant # habitat 1 ant # density of conspeciﬁcs
DBH # density of conspeciﬁcs

Long term (18 years)

AIC

DAIC

R2

AIC

DAIC

R2

27.22
37.72
36.80
28.87
29.18
31.31
31.04
30.85
35.08
34.99

.00
10.50
9.58
1.65
1.96
4.09
3.82
3.63
7.86
7.77

.05
.03
.02
.06
.05
.06
.05
.06
.06
.05

2163.24
2122.79
2115.46
2161.16
2164.66
2157.58
2163.65
2164.48
2160.92
2171.36

8.11
48.56
55.90
10.20
6.70
13.78
7.71
6.88
10.43
.00

.24
.07
.05
.25
.25
.25
.25
.26
.27
.30

Note: AIC p Akaike information criterion; DBH p diameter at breast height (1.3 m).
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Figure 1: Duroia hirsuta growth rates over 6 (top) and 18 (bottom) years as a function of the incidence of Myrmelachista schumanni, habitat, density of conspeciﬁc neighbors, and tree
size (DBH p diameter at breast height).
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size (R2 p 0:05; table 2). Equally valid models included
density of conspeciﬁcs or habitat, in addition to the interaction ant # tree size, but added little further explanatory
power. Over the long term, the best model included the
ant # tree size # density of conspeciﬁcs interaction and
had the greatest explanatory power of all models (R2 p 30).
Thus, these results suggest that the growth of D. hirsuta is
deﬁned mainly by the mutualist relation with the ant, tree
size, and the density of conspeciﬁc neighbors.
We illustrate these relationships with three-dimensional
plots for both short- and long-term predicted growth rates
as a function of ant incidence, tree initial size, and conspe-

ciﬁc density (ﬁg. 2). Predicted growth rates were based on the
following models: ant # tree size 1 density of conspecifics
(short term), and ant # tree size # density of conspecifics
(long term). With zero neighbors, growth rates of D. hirsuta
declined with increasing tree initial size (the negative slope
parallel with the X-axis) whether ants were present or not
(ﬁg. 2). Further, with no ants, growth rates of small trees
declined with increasing density of conspeciﬁc neighbors
(Y-axis in ﬁg. 2B–2D). However, with ants present, growth
rates of small trees were less negative (ﬁg. 2A, 2C), counteracting the effects of high conspeciﬁc density. The effect
of ants on large trees is less clear (right-side Y-axis in ﬁg. 2).
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Figure 2: Predicted growth rates of Duroia hirsuta as a function of Myrmelachista schumanni incidence, tree initial size (DBH p diameter at
breast height), and conspeciﬁc density. Predicted growth rates are based on the following models: ant # tree size 1 density of conspecifics
(short term), and ant # tree size # density of conspecifics (long term).
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Large trees are less affected by conspeciﬁc density and may
even grow faster in large groups, although there is some sign
that they may be negatively affected by ant presence over
the long term when growing with few conspeciﬁc neighbors
(ﬁg. 2C).
Habitat affected the mutualist relationship only over the
short term. On ridges and slopes, tree growth declined with
tree size less strongly in trees hosting the ant than in trees
without the ant. In valleys, this pattern was reversed (ﬁg. A1,
available online).
Survival. Of the 213 trees with documented understory
conditions in 2010, 13 died by 2013. Of those trees, three
individuals had the mutualistic ant (i.e., were in understory
clearings), and 10 did not. Our logistic-regression analysis
revealed that D. hirsuta in ant clearings had higher probability of survival than those in closed understory (table 3).
However, D. hirsuta survival was not inﬂuenced by tree size,
the number of conspeciﬁc neighbors surrounding a given tree,
or habitat.
Discussion
The effect of mutualism on plant growth proved to be highly
context dependent in our study system. The effect of the mutualist ant on Duroia hirsuta growth rates was shaped by
complex interactions between tree ontogeny and population
density and, over a short window of time, by variation in
habitat. Our results support the idea that the effect of a given
mutualist partner may change throughout plant ontogeny
(Palmer et al. 2010; see also Dejean et al. 2008, 2015). In consequence, in our study system the mutualist relation plays a
critical role in the dynamics of the population of the antplant D. hirsuta, a widely distributed tree in the Amazon basin.
Indeed, our results did not support the hypothesis that
negative density dependence (NDD) intensiﬁes at higher
densities of D. hirsuta hosting the mutualist ant and proved
that NDD was conditional on tree size (or ontogeny), as ant
presence counteracted NDD in small ant-plants (and less

Table 3: Survival of Duroia hirsuta over 3 years (2010–2013) as a
function of Myrmelachista schumanni presence/absence, tree size,
density of conspeciﬁcs, and habitat
Term
Intercept
Ant presence
Ant absence
Tree size
Density of conspeciﬁcs
Slope habitat
Valley habitat

Estimate

SE

x2

P

1.16
2.82
.68
.01
2.28
2.20
.38

.84
.61
.49
.01
.23
.41
.53

1.84
42.12
2.11
.26
1.41
.25
.54

.175
!.001
.147
.619
.246
.628
.461

000

consistently so in large ones; table 2; ﬁg. 2). Thus, the positive effect afforded by the ant at the scale of individual trees
appears to result in improved advantages as the number of
trees in a supay chakra rises. For instance, light incidence
likely increases disproportionately from the scale of an individual ant-plant to that of an aggregation of several individuals hosting the mutualist ant. In addition, larger ant
colonies can be more efﬁcient at protecting ant-plants from
herbivory (Anderson and Ratnieks 1999) and perhaps from
encroaching vegetation. Further, dispersal limitation of colonies of mutualist ants decreases at higher local densities of
ant-plants (Türke et al. 2010), which enhances the rates of
colonization and recolonization in unoccupied ant-plants.
It was also unexpected that larger D. hirsuta trees had increased growth rates at higher densities of conspeciﬁc neighbors when Myrmelachista schumanni was absent (ﬁg. 2).
Thus, larger ant-plants probably beneﬁted to a larger extent from the environment of supay chakras when they
did not incur the costs of hosting M. schumanni—indeed,
large trees with the ant surrounded by few conspeciﬁcs had
extremely low growth rates (ﬁg. 2). These large plants
tended to host other types of mutualist ants (the probability of D. hirsuta hosting M. schumanni decreases with tree
size: x2 p 5:14, P p :023, census data of 2013) that probably afforded them other types of beneﬁts, including improved protection from herbivore attack (Koch et al. 2016).
This combination of factors likely explains why, in our
study site, there is no evidence of higher herbivore pressure
in larger supay chakras (Jaramillo 2012).
Over 6 and 18 years, D. hirsuta that hosted M. schumanni
grew more than twice as fast as trees without the ant (ﬁg. 1).
This ﬁgure ranks among the highest records of positive effect of a mutualist ant on plant growth available in the scientiﬁc literature, and it is surpassed only by a study showing
positive size-dependent growth measured as an increase in
the number of domatia in D. hirsuta hosting M. schumanni
ants in Peru (Frederickson and Gordon 2009). For example,
meta-analyses report that mutualist ants increase plant biomass and leaf production by 25% and 50%, respectively (Rosumek et al. 2009), and enhance plant growth rates by up to
64% (Chamberlain and Holland 2009). The effect of growth
of M. schumanni on D. hirsuta would be much higher if expressed as rates of domatia production, because the allometry between DBH growth and domatia production in a tropical myrmecophytic tree ranges around 1.5 (Pringle et al.
2012). The comparison of our models indicated that the
long-term positive effect of the mutualist ant on D. hirsuta
growth results from periods of accelerated growth when
the plants host M. schumanni, followed by periods of slow
growth when they are vacant or hold other species of mutualist ants. In addition, the positive effect of the ant on
plant growth may be enhanced by M. schumanni’s tendency
to favor fast-growing hosts (Frederickson and Gordon 2009),
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a behavior that is present in other mutualist ants (Palmer
et al. 2010).
Contrary to our predictions, the mutualist ant did not enhance the growth of large trees in resource-rich valley habitats, but it had a small positive effect in resource-poorer
slopes and ridges only over the short term (table 2; ﬁg. A1).
Resource availability across habitats may covary with other
factors that modify the net effect of mutualism on ant-plant
growth. In particular, higher top-down control on plants and
their mutualist ants, generally stronger in more productive
habitats (Dyer and Letourneau 2003), may decrease the positive effect of the ant on plant growth. The transient nature
of the effect of resource availability on the outcomes of the
mutualist relation suggests that dynamic processes are at
play (e.g., pulses of productivity, herbivore satiation) and
that they average out in the long run.
In our study system, M. schumanni was a critical determinant of survival of the ant-plant (table 3), although this
result should be taken carefully because of the small number of individuals that died between the two ant censuses.
Higher odds of survival of D. hirsuta hosting M. schumanni
have been shown at a Peruvian site and are related to larger
tree size and higher growth rates (Frederickson and Gordon
2009). Here, however, tree size did not enhance the probability of survival of the ant-plant, which differs from the
survival patterns of the tree community in the whole permanent plot (Valencia et al. 2009). Possibly, the lack of
size-dependent mortality in our study is due to large-scale
tree population dynamics (Chisholm et al. 2014), which
may also explain the lack of effect of habitat and density
of conspeciﬁcs on the odds of survival of D. hirsuta. Indeed, at our site the D. hirsuta population has decreased
by almost 20% since 1995, but we could not document
the effects of ants on this large-scale mortality because the
ﬁrst ant census was in 2010.
Our ﬁndings offer insights into the mechanisms involved
in the population dynamics of D. hirsuta. During the establishment of a supay chakra, the interaction between D. hirsuta and M. schumanni appears critical to enhance the
growth rates and decrease the effects of NDD among small,
young ant-plants. Once the supay chakra is established, the
positive effect of the mutualist ant remains important to
smaller ant-plants, as large plants perform better without this
mutualist partner when surrounded by high density of conspeciﬁcs. Supay chakras may come to an end when they are
dominated by larger ant-plants that do not host M. schumanni; in this case, dispersal limitation and NDD may also
prevent smaller plants from interacting with M. schumanni,
which would interfere with the process of recruitment of
new individuals into the supay chakra. These patterns could
be uncovered only with long-term data gathered over large
spatial scales. Studies exploring the effects of interspeciﬁc interactions on the dynamics of plant populations may shed

light on the mechanisms that govern spatial variation of species diversity in highly diverse tropical forests.
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