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ABSTRACT

In closed-canopy tropical forest understory, light availability is a significant determinant of habitat diversity because canopy structure is
highly variable in most tropical forests. Consequently, variation in canopy cover affects the composition and distribution of plant species
via creating variable light environments. Nevertheless, little is known about how variation in canopy openness structures patterns of
plant–animal interactions. Because of the great diversity and dominance of ants in tropical environments, we used ant–plant interactions
as a focal network to evaluate how variation in canopy cover influences patterns of plant–insect interactions in the Brazilian Amazon
rain forest. We observed that small increases in canopy openness are associated with increased diversity of ant–plant interactions in our
study area, and this change is independent of plant or ant species richness. Additionally, we found smaller niche overlap for both ants
and plants associated with greater canopy openness. We hypothesize that enhanced light availability increases the breadth of ant foraging
sources because variation in light availability gives rise to plant resources of different quality and amounts. Moreover, greater light avail-
ability promotes vegetative growth in plants, creating ant foraging ‘bridges’ between plants. In sum, our results highlight the importance
of environmental heterogeneity as a determinant of ant–plant interaction diversity in tropical environments.

Abstract in Portuguese is available in the online version of this article.
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A CENTRAL GOAL OF ECOLOGY IS TO UNDERSTAND THE MECHANISMS

THAT DETERMINE SPECIES COEXISTENCE in tropical ecosystems at
different spatial and temporal scales (Stevens 1989, Wright 2002).
Many factors have been proposed to explain the origin and main-
tenance of biodiversity in tropical environments (reviewed by
Gaston 2000). One key factor shaping high species richness in
the tropics is the great diversity of habitats, in which more heter-
ogeneous landscapes (for beta diversity) and more variable micro-
habitats (for alpha diversity) can cause differences in habitat use
by competitors and increase species coexistence (Dobzhansky
1950, Ricklefs 2004, Kennard et al. 2010, Zytynska et al. 2012).
Thus, understanding the mechanisms that generate habitat diver-
sity and how environmental heterogeneity affects biological com-
munities are relevant to questions about the causes and
consequences of biodiversity, and ultimately to issues surrounding
the conservation of biodiversity (Tundisi et al. 1998).

Due to low incidence of solar radiation in the understory of
closed-canopy tropical forests (Chazdon & Fetcher 1984, Oberbauer
et al. 1988, Canham et al. 1990), light availability is an important
resource and can be a factor that increases the diversity of habitats in
these environments (Denslow & Hartshorn 1994, Gavin & Peart
1997). Variance in light levels affects the growth and survival of
many plant species (Kellman & Tackaberry 1993) and allows shade-
tolerant and light-adapted plant species to coexist, creating a mosaic
of plant communities represented by different structures and succes-

sional stages (Denslow 1987, Montgomery 2004, Budke et al. 2008).
These effects of spatial heterogeneity on the structure and spatial
distribution of plants can also affect organisms that interact with
them. Despite the well-documented effects of light availability on
plant diversity, our current knowledge about the role of canopy
openness structuring ecological interactions is limited to some stud-
ies on plant–herbivore interactions (Ribeiro & Basset 2007).

Ants (Hymenoptera: Formicidae) are a useful focal taxon for
examining the influence of light availability on plant–animal inter-
actions. In tropical rain forests, ants represent one of the most
important organisms in terms of biological diversity and abun-
dance (Fisher 1999, Longino et al. 2002). In these environments,
it is very common to see ants foraging on plants, mainly due to
the availability of food and nesting sites on and within plant tis-
sues (Andersen 1990, Bl€uthgen et al. 2000, Davidson et al. 2003).
Using an environmental biomarker approach, studies have shown
that at a local scale ant and plant communities are extremely sen-
sitive to microclimatic changes (Jones 1992, Brown 1997, Cerd�a
et al. 1997, 1998). However, these studies have examined ant and
plant communities separately. It is equally interesting to document
the effects of light availability and variance in other resources on
interaction diversity (Thompson 1997)—in this case, the abun-
dance and diversity of ant–plant interactions.

We hypothesized that if light availability directly influences
plant growth, habitat complexity, and ant foraging (Nicotra et al.
1999, Reyes-Lopes et al. 2003), then variance in this abiotic factor
will affect patterns of ant–plant interactions in closed-canopy for-
ests. Specifically, we predict that an increase in light availability will

Received 14 April 2014; revision accepted 17 July 2014.
3Corresponding author; e-mail: wdattilo@hotmail.com

712 ª 2014 The Association for Tropical Biology and Conservation

BIOTROPICA 46(6): 712–719 2014 10.1111/btp.12157

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbtp.12157&domain=pdf&date_stamp=2014-10-30


indirectly cause decreased niche overlap due to greater resource
availability (Hutchinson 1957) and an associated increase in diver-
sity of ant–plant interactions. To test this hypothesis, we recorded
the presence of ant–plant interactions in a closed-canopy tropical
rain forest within the Brazilian Amazon and evaluated the effects
of canopy openness on evenness and diversity of ant–plant inter-
actions as well as niche overlap for ants and plants.

METHODS

STUDY AREA.—The fieldwork was carried out in a primary forest
in the southern Brazilian Amazon, in the municipality of Cotr-
iguac�u, north of Mato Grosso State. Specifically, we conducted
the study on S~ao Nicolau Farm (9°480 S, 58°150 W, 254 m asl;
Vicente et al. 2012). The study site is located in an area of agri-
cultural expansion referred to as the ‘arc of deforestation’ and the
biodiversity of this threatened region is relatively unknown. The
main vegetation within the 7000 ha of the forest consists of pri-
mary tropical rain forest, with canopy trees reaching 30–40 m in
height and some emergent trees reaching 45 m. This closed-can-
opy forest has an understory that is relatively open with high den-
sities of the understory plant, Orbignya phalerata Mart. (Arecaceae;
Camargo et al. 2010). The terrain undulates, with approximately
40 m between plateaus and valleys. The climate, according to
K€oppen classification, is wet tropical (Am, K€oppen classification)
with an average annual temperature of 24°C, 85 percent humidity,
and 2300 mm of precipitation. This Amazonian region presents
two well-characterized seasons: a dry season (May to October)
and a rainy season (November–April; D�attilo et al. 2012).

DATA COLLECTION.—We collected data in December 2010 and Jan-
uary 2011 at a study area managed by the Brazilian Research Pro-
gram in Biodiversity (see http://ppbio.inpa.gov.br/). The sampling
area consists of six parallel trails that are oriented north–south and
two parallel trails that are east–west. Each stretch of 1 km on the
trails was considered an independent sampling unit, consisting of
12 total sampling plots that were 250 m 9 25 m (6250 m²;
D�attilo et al. 2013a; Fig. S1). All starting points of each plot were
installed equally in one direction (east–west) along the same eleva-
tional isocline. At each of the 12 sampling plots, we collected all
ants foraging on all plants that were accessible to the collector
(from 0.5 m to 3 m high). We chose the first plant at the start of
the sampling plot, and then we moved 10 m before choosing the
next one, and then repeated this process. Therefore, we only used
plants found at least 10 m apart to minimize the possibility of
overestimating abundances of ant species with higher recruitment
of workers and soldiers (sensu Gotelli et al. 2011). For each plant,
we used a method similar to the ‘entomological umbrella’ (Bestel-
meyer et al. 2000) in which all branches of a given plant were sha-
ken and all the ants that fell were collected on a beat sheet placed
under the branches. This method was very effective because some
species, particularly of the genera Camponotus and Ectatomma, drop
from the plant in response to the slightest disturbances (W. D�attilo,
pers. obs.). We used the entomological-umbrella method instead of
feeding baits to minimize biases toward ant species with efficient

recruitment behavior, with particular feeding habits, or that have
an enhanced capacity to find baits. After collecting the ants via
beating sample plants, we collected all ants and a plant sample for
later identification. We excluded from our sampling any interac-
tions between ants and myrmecophytes, as this kind of interaction
can be extremely specialized and can require extensive natural his-
tory data to document (Bronstein 1998, Heil & McKey 2003).

To capture all the variance of light along the transects, in each
sampling area we measured the canopy openness at six equidistant
points (50 m) using a concave spherical densiometer. At each
point we recorded four measurements (facing north, south, east,
and west). The value representing the canopy cover of each sam-
pling area was the mean of these four measures and subsequently,
the mean of six points in each sampling area (D�attilo et al. 2013a).
Ants and plants were identified to the lowest possible taxonomic
level by morphological comparisons with species deposited in col-
lections from the Entomological Section of the Zoological Collec-
tion of the Universidade Federal de Mato Grosso, Brazil (CEMT),
and the Herb�ario Centro–Norte Mato–Grossense (CNMT). Taxo-
nomic specialists at these institutions also helped with identifi-
cations. Specimen vouchers were deposited in both the
entomological collection and the herbarium of UFMT.

DATA ANALYSIS.—Considering that plants can provide food
resources to ants directly (e.g., floral and extrafloral nectar and
food bodies) and indirectly (e.g., prey or honeydew of aphids), the
ants’ presence on such plants can indicate different categories of
ecological interactions. In this study, we scored an ant species for-
aging on a plant species as an ant–plant interaction. This
approach encompasses different types of ant–plant interactions,
including: (1) mutualisms (protective ant–plant system); (2) neu-
tral (ants using plants only as substrate); (3) antagonism (leaf-cut-
ting ants); and (4) more complex indirect interactions that are
both positive and negative. We examined the patterns of ant–
plant interactions in 12 sampling areas using an ecological net-
work approach. For this approach, we defined each sampling area
as an adjacency matrix A, in which Aij represents the number of
interactions between ant species i and plant species j in each sam-
pling area (Bascompte et al. 2003). For each of the 12 networks
of ant–plant interactions, we calculated the indices of interaction
entropy (or interaction diversity: ID) and evenness of interaction
distribution (IE), using the following formulas:

ID¼
X

pa log2ðpaÞ (1)

and

IE ¼
P

pa log2ðpaÞ
log2 S

(2)

where pa is the proportion of the total number of ant–plant inter-
actions (S) represented by interaction a. Both indices are based
on the Shannon entropy and have been used widely for analyses
of ecological networks (Bersier et al. 2002, Lewis et al. 2002, Sahli
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& Conner 2006, Albrecht et al. 2007, Tylianakis et al. 2007,
Bl€uthgen et al. 2008). These indices provide a quantitative mea-
sure of interactions that allows a direct comparison with previous
work on interspecific interactions. We also calculated the niche
overlap (NO) specifically for both trophic levels (ants and plants)
using the Morisita–Horn index (Horn 1966):

for ants: NO ¼ 2
P

pij pikP
p2ij þ p2ik

; (3)

where, pij = corresponds to the proportion of plant species i used
by ant species j; pik = corresponds to the proportion of plant
species i of the total resource pool used by ant species k.

for plants: NO ¼ 2
P

ptl ptkP
p2tl þ p2tk

(4)

where, ptl = corresponds to the proportion of ant species t
shared by plant species l; pik = corresponds to the proportion of
ant species t of the total resource pool used by plant species k.

This niche overlap index ranges from 0 to 1, where 0 indi-
cates no common use of niches and 1 indicates complete overlap.
Note that in this case i and j can be either plant or ant, and
therefore, we have the niche overlap (or niche partitioning) for
both ants and plants.

We used the Mao Tau moment-based rarefaction (Gotelli &
Colwell 2001) to build rarefaction curves of ant and plant species
recorded in our 12 sampling plots. In light of our large sampling
effort, this technique can reduce the need for additional replicates
(Colwell et al. 2004). In addition, we used the first-order Jackknife
non-parametric species richness estimator for extrapolating spe-
cies richness in the study area. Both analyses (rarefaction and
richness estimation) utilized EstimateS 7.5.0 (Colwell 2005).

To test the hypothesis that the canopy openness affects the
patterns of ant–plant interactions in our study area, we used gen-
eral linear model regressions with canopy openness as a predictor
variable for the following response variables: ant richness, plant
richness, interaction diversity, interaction evenness, and niche
overlap. We performed the regressions using the statistical pro-
gramming language R v.2.1.3.1 (R Core Team 2012). Simple
regressions were followed by path analysis to test for specific
hypothesized causal relationships between canopy cover, interac-
tion diversity, ant niche overlap, and plant niche overlap. We used
SAS (SAS Institute Inc 2011) for this analysis. To assess the fit
of the path model, we used the goodness of fit criterion
(P > 0.05 indicates a good fit) and the Root Mean Square Error
of Approximation (RMSEA—varies from 0 to 1, with values
<0.05 indicating a good fit).

RESULTS

We recorded 1819 interactions involving 235 plant species (72
with extrafloral nectaries) and 149 ant species (Table S1). The
family Fabaceae comprised 11.34 percent of plant species

(N = 27 individuals), followed by 9.66 percent Bignoniaceae
(N = 23), and 5.04 percent Moraceae (N = 12). Plant species
richness per sampling area was 48.51 � 3.42 (mean � SE). For
ants, the subfamily Myrmicinae comprised 35.57 percent of ant
species (N = 53), followed by 29.53 percent for Formicinae
(N = 44), and 17.44 percent for Dolichoderinae (N = 26). The
ant species richness per sampling area was 31.12 � 6.33.
Although the species accumulation curves were characterized by
a steep increase in the number of ant and plant species, no curve
reached an asymptote. However, based on the estimates of
asymptotes, we recorded 92.15 percent of plant species (235 spe-
cies of 255 expected) and 90.85 percent (149 species of 164
expected) of ant species (Fig. 1).

Canopy openness did not affect ant or plant richness
(Ants: r² = 0.09; F1,10 = 1.050; P = 0.33. Plants: r² = 0.12;
F1,10 = 1.472; P = 0.25; Fig. 2A). However, we observed that
small changes in canopy openness are significantly associated with
patterns of ant–plant interactions in our study area. First, we
found a high diversity of ant–plant interactions (mean � SE:
4.75 � 0.04) in all sampling areas. Moreover, diversity of interac-
tions increases with greater canopy openness; diversity increased
by 0.57 for one percent increase in canopy openness (r² = 0.65;
F1,10 = 10.120; P < 0.01; Fig. 2B). We observed that the fre-
quency of interactions was not dominated by individual species,
as the interaction evenness was also high (0.98 � 0.003), and this
interaction metric was positively correlated with canopy openness;
evenness increased by 0.04 for one percent increase in canopy
openness (r² = 0.78; F1,10 = 36.932; P < 0.01; Fig. 2C). Finally,
while the niche overlap of plants was higher than the niche

FIGURE 1. Species accumulation curves of ant and plant richness (Mao

Tau) recorded in 12 sampling plots inserted in an undisturbed dense forest

within the southern Brazilian Amazon, municipality of Cotriguac�u, north of

Mato Grosso State between December 2010 and January 2011. The error

bars represent the confidence interval of 95%.
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overlap of ants, in both cases the values were particularly low
(Ants: 0.11 � 0.01. Plants: 0.23 � 0.01). Moreover, sampling
areas with higher canopy openness exhibit lower niche overlap
for both trophic levels (Ants: r² = 0.44; F1,10 = 9.438; P = 0.01.
Plants: r² = 0.48; F1,10 = 7.977; P = 0.01; Fig. 2D). Path analysis
supported the causal hypothesis that light can lead to greater
interaction diversity as well as restricted niche overlap for both
ants and plants (the model was a significant fit to the data,
v2 = 0.6; df = 1; P = 0.5; RMSEA = 0; Fig. 3). When these
direct relationships with light are statistically controlled in a causal
path model, the data are consistent with this hypothesis:
increased interaction diversity causes more restricted plant niche
overlap, indirectly causing lower ant niche overlap via the positive
effect of plant on ant niche overlap (Fig. 3).

DISCUSSION

A large number of studies have evaluated how different abiotic
factors determine the composition and distribution of ants and
plants at different scales in different ecosystems around the world
(Sutherst & Maywald 2005, Ceccon et al. 2006, Menke & Holway
2006, Vasconcelos et al. 2008, Maestre et al. 2012). However,
there are fewer studies that examine how ant–plant interactions
are modified by variation in biotic and abiotic factors (Kersch &
Fonseca 2005, Rico-Gray et al. 2012, D�attilo et al. 2013b). The
mechanisms that affect assemblages and diversity of ecological
interactions also affect the structure and stability of species over

space and time (Del-Claro & Torezan-Silingardi 2009, Dyer et al.
2010a, Tylianakis et al. 2010). While there are many factors that
can affect ant communities, here we focused on one abiotic

A B

C D

FIGURE 2. Results from general linear model regressions between canopy openness and: (A) ant and plant species richness (Ants: r² = 0.09; regression slope:

1.24; P = 0.33. Plants: r² = 0.12; regression slope: �1.97; P = 0.25); B) interaction diversity (r² = 0.65; regression slope: 0.14; P < 0.01; C) interaction evenness

(r² = 0.78; regression slope: 0.01; P < 0.01); and D) niche overlap of ant and plant species (Ants: r² = 0.44; regression slope: �0.01; P < 0.01. Plants: r² = 0.48;

regression slope: �0.03; P < 0.01). Data were collected in an undisturbed dense forest within the southern Brazilian Amazon, municipality of Cotriguac�u, north
of Mato Grosso State between December 2010 and January 2011.

FIGURE 3. Path model testing direct and indirect causal effects of light

availability (measured as canopy openness) on ant–plant interaction diversity,

plant niche overlap, and ant niche overlap. Positive effects between variables

are indicated by an arrow, negative effects are indicated by a bullet. Relation-

ship strengths are indicated by the standardized path coefficient and thickness

of arrow. Equations for interaction diversity and niche overlap are given in

the text. High Type I error (i.e., P > 0.05) for the v2 statistic indicates signifi-

cant congruence between the data and the modeled causal relationships; based

on the v2 statistic and an RMSEA estimate of 0, the model is a good fit to

the data. The significance of the path coefficients is indicated as follows:

*** < 0.0001, ** < 0.001, * < 0.01.
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factor that affects diversity of ant–plant interactions in the Brazil-
ian Amazon. We found that while canopy openness (light avail-
ability) did not influence ant and plant richness in our study
plots, this factor directly increased diversity of ant–plant interac-
tions by changes in evenness and decreased niche overlap for
plants and ants. There are other factors that could also explain
variance in ant–plant interactions, such as the plant species
assemblages at different light levels, but we did have sufficient
data to test for these indirect effects of light on interaction diver-
sity.

Habitat heterogeneity is one important factor that has been
proposed to explain differences in species richness on a local
scale (i.e., the habitat heterogeneity hypothesis, or just HHH, Wil-
liams 1943, Simpson 1949). The HHH predicts that the richness
and diversity of species should increase in structurally complex
environments (Tews et al. 2004, Cramer & Willig 2005). This is
due to a greater diversity of habitat types and resource heteroge-
neity at these sites, which facilitates the coexistence of a greater
number of species (MacArthur & MacArthur 1961, Pianka 1994).
This hypothesis has been corroborated for both ants and plants
in different ecosystems around the world (Bestelmeyer & Wien
2001, Ribas et al. 2003, Myklestad & Saetersdal 2004). However,
using only variance in light availability as one indirect measure of
environmental complexity, we observed that richness of plants
and ants was not affected by light availability. This possibly
occurred because environmental complexity in a given ecosystem
is linked not only to the availability and distribution of a single
resource such as light, but also by the arrangement of different
biotic factors that can affect the richness and distribution of spe-
cies (Lassau & Hochuli 2004, Tews et al. 2004). Another potential
explanation, which is not mutually exclusive, is that there was
insufficient variation in canopy cover in our study area to elicit a
response in species richness at the sampling areas. Temperature is
one of many factors associated with light availability and can alter
niche partitioning and richness for ant communities (Mezger &
Pfeiffer 2010, 2011). However, while the small changes in canopy
cover (4%) could promote changes in the physiology of vegeta-
tion, these differences probably do not cause a significant
increase in temperatures across a transect (Mezger & Pfeiffer
2010).

Light availability is a key factor regulating both nectar secre-
tion and vegetative growth in plants (Shirley 1929, Szabo 1980,
Kersch & Fonseca 2005). As our study area is a closed-canopy
tropical forest, it is likely that small differences in canopy open-
ness promote a significant increase in light availability in the
understory. In turn, light availability is known to change some
aspects of plant physiology, such as the amounts of nectar secre-
tion or plant growth and resource allocation (Montgomery et al.
2003). Plants in habitats with higher light availability tend to
secrete a higher quantity and better quality nectar (Radhika et al.
2010, Yamawo & Hada 2010) as well as increases in quality or
quantity of other resources, such as food bodies (Dyer et al.
2004), which indirectly benefits trophic interactions between ants
and plants (Kersch & Fonseca 2005, Burkle & Irwin 2010, Dyer
et al. 2010b, D�attilo et al. 2013a). At our study site, habitats with

higher light availability were characterized by Crematogaster, Brachy-
myrmex, and Ochetomyrmex. Species of these three genera are
frequently associated with plants bearing extrafloral nectaries
(EFNs) (Del-Claro & Torezan-Silingardi 2009, Schoereder et al.
2010, D�attilo et al. 2013a) with varying levels of overlap in utiliz-
ing this resource. In gaps at our sites we noted on several occa-
sions intense recruitment of Ochetomyrmex (O. semipolitus and
O. neopolitus) and Brachymyrmex ants to EFNs. The species of
Brachymyrmex observed in field were not behaviorally or numeri-
cally dominant, and other species could be found tending EFNs
nearby. In contrast, Crematogaster and Ochetomyrmex species were
numerically dominant when associated with EFNs.

Another characteristic of plants growing in an environment
with higher light availability is investment in faster vegetative
growth and lower levels of antiherbivore defenses (Coley et al.
1985), often resulting in higher herbivory. We did not collect any
leaf-cutter (Atta or Acromyrmex) species in our surveys, even in
the habitats with higher light and potentially lower plant chemical
defense. The absence of leaf-cutting ants was possibly a conse-
quence of higher ant foraging for extrafloral nectar or for prey
on foliage. Plant defense allocation strategies can cascade up to
consumers, resulting in greater abundances of herbivores and
higher resource availability for predators, including ants foraging
on leaf surfaces (Dyer et al. 2004). Consequently, this also could
increase the diversity of ant–plant interactions in environments
with greater light availability. On the other hand, light availability
can also increase the vegetative growth and number of connec-
tions between the leaves and branches, creating ‘bridges’ among
plants, increasing ant foraging for different food resources
(Andersen 2000, Powell et al. 2011). Thus, environments with
greater light availability exhibit greater opportunities for ants to
forage and to specialize on different food resources, resulting in a
direct positive effect of enhanced light availability on the diversity
of ant–plant interactions (Fig. 3).

We also found that higher canopy openness was directly and
indirectly (via interaction diversity) associated with lower niche
overlap for both trophic levels (Fig. 3). Ant species might differ
in foraging strategies, and resource utilization by ants in more
structurally complex environments is more segregated due to
interspecific competitive interactions. Vegetation structure is one
of the main mechanisms that promotes niche partitioning in ant
communities, mainly because vegetative structural variation causes
differences in microclimatic conditions, ant activity, availability of
food, and nesting sites for ants (Retana & Cerd�a 2000, Wang
et al. 2001, Lassau & Hochuli 2004, Vasconcelos et al. 2008). Fur-
thermore, our data supported the causal path analysis model that
increased diversity of interactions under conditions of lower can-
opy cover caused decreased plant niche overlap, which in turn
decreased ant niche overlap via a direct positive effect of plant
on ant niche overlap (Fig. 3). This suggests that biotic interac-
tions also contribute to strong niche partitioning and corrobo-
rates other empirical data that show that increased intensity or
diversity of interactions is associated with higher levels of special-
ization and higher species diversity (Schemske et al. 2009, Dyer
et al. 2010a).

716 D�attilo and Dyer
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Our results highlight the importance of environmental heter-
ogeneity for determining patterns of ant–plant interactions in
tropical forests. In sum, we found that the diversity and distribu-
tion of ant–plant interactions increased with increasing light avail-
ability, independent of species richness. However, it is important
to consider that sites at the high or low ends of light availability
could exhibit low heterogeneity of resources and habitats mainly
due to the total absence or presence of light, which has a direct
influence on the environmental heterogeneity at the local level
(Monsi & Saeki 2005). Therefore, it is possible that sites with
intermediate canopy cover may allow the coexistence of many
species, specialized for different levels of resource availability.
Finally, these results are relevant to conservation biology, mainly
because environments with greater diversity of interactions tend
to be more redundant in ecosystem functions and services (Kai-
ser-Bunbury et al. 2010, Pocock et al. 2012). For this reason, for
future studies, we suggest that ecologists should quantify the
resilience of environments with variable levels of interaction
diversity in response to environmental perturbations.
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T. J. IZZO. 2012. Floral resource partitioning by ants and bees in a
jambolan Syzygium jambolanum (Myrtaceae) agroforestry system in
Brazilian Meridional Amazon. Agroforest. Syst. 85: 105–111.

D�ATTILO, W., V. RICO-GRAY, D. J. RODRIGUES, AND T. J. IZZO. 2013a. Soil and
vegetation features determine the nested pattern of ant–plant networks
in a tropical rainforest. Ecol. Entomol. 38: 374–380.

DAVIDSON, D. W., S. C. COOK, R. R. SNELLING, AND T. H. CHUA. 2003.
Explaining the abundance of ants in lowland tropical rainforest cano-
pies. Science 300: 969–972.

DEL-CLARO, K., AND H. M. TOREZAN-SILINGARDI. 2009. Insect–plant interac-
tions: New pathways to a better comprehension of ecological commu-
nities in Neotropical savannas. Neotrop. Entomol. 38: 159–164.

DENSLOW, J. S. 1987. Tropical rainforest gaps and tree species diversity. Annu.
Rev. Ecol. Syst. 18: 431–451.

DENSLOW, J. S., AND G. S. HARTSHORN. 1994. Treefall gap environments and
forest dynamic processes. In L. A. McDade, K. Bawa, H. Hespenhe-
ide, and G. S. Hartshorn (Eds.). La Selva: Ecology and natural history
of a neotropical rain forest, pp. 120–127. University of Chicago Press,
Chicago, IL.

DOBZHANSKY, T. 1950. Evolution in the tropics. Am. Sci. 38: 209–211.
DYER, L. A., C. D. DODSON, D. K. LETOURNEAU, M. A. TOBLER, A. HSU, AND

J. O. STIREMAN III. 2004. Ecological causes and consequences of varia-
tion in defensive chemistry of a neotropical shrub. Ecology 85: 2795–
2803.

DYER, L. A., D. K. LETOURNEAU, G. VEGA-CHAVARRIA, AND D. SALAZAR-AMOR-

ETTI. 2010b. Herbivores on a dominant understory shrub increase local
plant diversity in rain forest communities. Ecology 91: 3707–3718.

DYER, L. A., T. R. WALLA, H. F. GREENEY, J. O. STIREMAN, III, AND R. F. HA-

ZEN. 2010a. Diversity of Interactions: A metric for studies of biodiver-
sity. Biotropica 42: 281–289.

FISHER, B. L. 1999. Improving inventory efficiency: A case study of leaf–litter
ant diversity in Madagascar. Ecol. Appl. 9: 714–731.

GASTON, K. J. 2000. Global patterns in biodiversity. Nature 405: 220–227.
GAVIN, D. G., AND D. R. PEART. 1997. Spatial structure and regeneration of

Tetramerista glabra in peat swamp rain forest in Indonesian Borneo.
Plant Ecol. 131: 223–231.

GOTELLI, N., AND R. K. COLWELL. 2001. Quantifying biodiversity: Procedures
and pitfalls in the measurement and comparison of species richness.
Ecol. Lett. 4: 379–391.

GOTELLI, N. J., A. M. ELLISON, R. R. DUNN, AND N. J. SANDERS. 2011. Count-
ing ants (Hymenoptera: Formicidae): Biodiversity sampling and statisti-
cal analysis for myrmecologists. Myrmecol. News 15: 13–19.

HEIL, M., AND D. MCKEY. 2003. Protective ant–plant interactions as model
systems in ecological and evolutionary research. Annu. Rev. Ecol.
Evol. Syst. 34: 425–453.

HORN, H. S. 1966. Measurement of “overlap” in comparative ecological stud-
ies. Am. Nat. 100: 419–424.

HUTCHINSON, G. E. 1957. Concluding remarks. Cold Spring Harb. Symp.
Quant. Biol. 22: 415–427.

JONES, H. G. 1992. Plants and microclimate: A quantitative approach to envi-
ronmental plant physiology 2. Cambridge University Press, Cambridge,
U.K.

KAISER-BUNBURY, C. N., S. MUFF, J. MEMMOTT, C. B. MULLER, AND A. CAF-

LISCH. 2010. The robustness of pollination networks to the loss of spe-
cies and interactions: A quantitative approach incorporating pollinator
behaviour. Ecol. Lett. 13: 442–452.

KELLMAN, M., AND R. TACKABERRY. 1993. Disturbance and tree species coexis-
tence in tropical riparian forest fragments. Glob. Ecol. Biogeogr. Lett.
3: 1–9.

KENNARD, M. J., B. J. PUSEY, J. D. OLDEN, S. J. MACKAY, J. L. STEIN, AND N.
MARSH. 2010. Classification of natural flow regimes in Australia to
support environmental flow management. Freshw. Biol. 55: 171–193.

KERSCH, M. F., AND C. R. FONSECA. 2005. Abiotic factors and the conditional
outcome of an ant–plant mutualism. Ecology 86: 2117–2126.

LASSAU, S. A., AND D. F. HOCHULI. 2004. Effects of habitat complexity on ant
assemblages. Ecography 27: 157–164.

LEWIS, O. J., J. MEMMOTT, J. LASALLE, C. H. C. LYAL, C. WHITEFOORD, AND H.
C. J. GODFRAY. 2002. Structure of a diverse tropical–forest insect–para-
sitoid community. J. Anim. Ecol. 71: 855–873.

LONGINO, J. T., J. CODDINGTON, AND R. K. COLWELL. 2002. The ant fauna of
a tropical rain forest: Estimating species richness in three different
ways. Ecology 83: 689–702.

MACARTHUR, R. H., AND J. MACARTHUR. 1961. On bird species diversity. Ecol-
ogy 42: 594–598.

MAESTRE, F. T., J. L. QUERO, N. J. GOTELLI, A. ESCUDERO, V. OCHOA, M. DEL-

GADO-BAQUERIZO, M. GARC�IA-G�OMEZ, M. A. BOWKER, S. SOLIVERES, C.
ESCOLAR, P. GARC�IA-PALACIOS, M. BERDUGO, E. VALENCIA, B. GOZALO,
A. GALLARDO, L. AGUILERA, T. ARREDONDO, J. BLONES, B. BOEKEN, D.
BRAN, A. A. CONCEIC� ~AO, O. CABRERA, M. CHAIEB, M. DERAK, D. J.
ELDRIDGE, C. I. ESPINOSA, A. FLORENTINO, J. GAIT�AN, M. G. GATICA,
W. GHILOUFI, S. G�OMEZ-GONZ�ALEZ, J. R. GUTI�ERREZ, R. M. HER-

N�ANDEZ, X. HUANG, E. HUBER-SANNWALD, M. JANKJU, M. MIRITI, J.
MONERRIS, R. L. MAU, E. MORICI, K. NASERI, A. OSPINA, V. POLO, A.
PRINA, E. PUCHETA, D. A. RAM�IREZ-COLLANTES, R. ROMAO, M. TIGHE,
C. TORRES-D�IAZ, J. VAL, J. P. VEIGA, D. WANG, AND E. ZAADY. 2012.
Plant species richness and ecosystem multifunctionality in global dry-
lands. Science 335: 214–218.

MENKE, S. B., AND D. A. HOLWAY. 2006. Abiotic factors control invasion by
Argentine ants at the community scale. J. Anim. Ecol. 75: 368–376.

MEZGER, D., AND M. PFEIFFER. 2010. Is nest temperature an important factor
for niche partitioning by leaf-litter ants (Hymenoptera: Formicidae) in
Bornean rain forests? J. Trop. Ecol. 2: 445–455.

MEZGER, D., AND M. PFEIFFER. 2011. Partitioning the impact of abiotic factors
and spatial patterns on species richness and community structure of
ground ant assemblages in four Bornean rainforests. Ecography 34:
39–48.

MONSI, M., AND T. SAEKI. 2005. On the factor light in plant communities and
its importance for matter production. Ann. Bot. 95: 549–567.

MONTGOMERY, R. A. 2004. Effects of understory vegetation on patterns of
light attenuation near the forest floor. Biotropica 36: 33–39.

MONTGOMERY, B. R., D. KELLY, A. W. ROBERTSON, AND J. LADLEY. 2003. Polli-
nator behaviour, not increased resources, boosts seed set of forest
edges in a New Zealand Loranthaceous mistletoe. N.Z. J. Bot. 41:
277–286.

MYKLESTAD, A., AND M. SAETERSDAL. 2004. The importance of traditional
meadow management techniques for conservation of vascular plant
species richness in Norway. Biol. Conserv. 118: 133–139.

NICOTRA, A. B., R. L. CHAZDON, AND S. V. B. IRIARTE. 1999. Spatial heteroge-
neity of light and woody seedling regeneration in tropical wet forests.
Ecology 80: 1908–1926.

OBERBAUER, S. F., D. B. CLARK, D. A. CLARK, AND M. QUESADA. 1988. Crown
light environments of saplings of two species of rain forest emergent
trees. Oecologia 75: 207–212.

PIANKA, E. R. 1994. Evolutionary ecology, p. 486. Harper Collins College
Publishers, New York, NY.

POCOCK, M. J., D. M. EVANS, AND J. MEMMOTT. 2012. The robustness and res-
toration of a network of ecological networks. Science 335: 973–977.

POWELL, S., A. N. COSTA, C. T. LOPES, AND H. L. VASONCELOS. 2011. Canopy
connectivity and the availability of diverse nesting resources
affect species coexistence in arboreal communities. J. Anim. Ecol. 80:
352–360.

R Core Team. 2012. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. Available at:
http://www.R–project.org/ (accessed 15 July 2012).

718 D�attilo and Dyer

 17447429, 2014, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.12157 by U

niversidade Federal D
e M

ato G
rosso, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RADHIKA, V., C. KOST, A. MITH€OFER, AND W. BOLAND. 2010. Regulation of ex-
trafloral nectar secretion by jasmonates in lima bean is light depen-
dent. Proc. Natl. Acad. Sci. U.S.A. 107: 17228–17233.

RETANA, J., AND X. CERD�A. 2000. Patterns of diversity and composition of
Mediterranean ground ant communities tracking spatial and temporal
variability in the thermal environment. Oecologia 123: 436–444.

REYES-LOPES, J., N. RUIZ, AND J. FERN�ANDES-HAEGER. 2003. Community struc-
ture of ground–ants: The role of single trees in a Mediterranean pas-
tureland. Acta Oecol. 24: 195–202.

RIBAS, C. R., SCHOEREDER J. H. , M. PIC, AND S. M. SOARE. 2003. Tree
heterogeneity, resource availability, and larger scale processes regulat-
ing arboreal ant species richness. Austral Ecol. 28: 305–314.

RIBEIRO, S. P., AND Y. BASSET. 2007. Gall–forming and free–feeding herbiv-
ory along vertical gradients in a lowland tropical rainforest: The
importance of leaf sclerophylly. Ecography 30: 663–672.

RICKLEFS, R. E. 2004. A comprehensive framework for global patterns in bio-
diversity. Ecol. Lett. 7: 1–15.

RICO-GRAY, V., C. D�IAZ-CASTELAZO, A. RAM�IREZ-HERN�ANDEZ, P. R. GUI-

MAR~AES, AND J. N. HOLLAND. 2012. Abiotic factors shape temporal var-
iation in the structure of an ant–plant network. Arthropod Plant
Interact. 6: 289–295.

SAHLI, H. F., AND J. K. CONNER. 2006. Characterizing ecological generalization
in plant–pollination systems. Oecologia 148: 365–372.

SAS INSTITUTE INC. 2011. SAS� 9.3 Guide to software updates. SAS Institute
Inc., Cary, NC.

SCHEMSKE, D. W., G. G. MITTELBACH, H. V. CORNELL, J. M. SOBEL, AND K.
ROY. 2009. Is there a latitudinal gradient in the importance of biotic
interactions? Annu. Rev. Ecol. Evol. Syst. 40: 245–269.

SCHOEREDER, J. H., T. G. SOBRINHO, M. S. MADUREIRA, C. R. RIBAS, AND P. S.
OLIVEIRA. 2010. The arboreal ant community visiting extrafloral nectar-
ies in the Neotropical cerrado savanna. Terr. Arthropod Rev. 3: 3–27.

SHIRLEY, H. L. 1929. The influence of light intensity and light quality upon the
growth of plants. Am. J. Bot. 16: 354–390.

SIMPSON, E. H. 1949. Measurement of diversity. Nature 163: 688.
STEVENS, G. C. 1989. The latitudinal gradient in geographical range: How so

many species coexist in the tropics. Am. Nat. 133: 240–256.
SUTHERST, R. W., AND G. MAYWALD. 2005. A climate model of the red

imported fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae):
Implications for invasion of new regions, particularly Oceania. Envi-
ron. Entomol. 34: 317–335.

SZABO, T. I. 1980. Effect of weather factors on honeybee a flight activity and
colony weight gain. J. Apic. Res. 19: 164–171.

TEWS, J., U. BROSE, V. GRIMM, K. TIELBORGER, M. C. WICHMANN, M. SCHWA-

GER, AND F. JELTSCH. 2004. Animal species diversity driven by habitat
heterogeneity–diversity: The importance of keystone structures. J. Bio-
geogr. 31: 79–92.

THOMPSON, J. N. 1997. Conserving interaction biodiversity. In S. T. A. Pickett,
R. S. Ostfeld, M. Shachak, and G. E. Likens (Eds.). The ecological
basis of conservation: Heterogeneity, ecosystems, and biodiversity, pp.
285–293. Chapman & Hall, New York, NY.

TUNDISI, J. G., T. MATSUMURA-TUNDISI, O. ROCHA, E. L. ESP�INDOLA, A. C. RIET-

ZLER, M. S. IBANEZ, P. COSTA-NETO, M. C. CALIJURI, AND M. POMPEU.
1998. Aquatic biodiversity as a consequence of diversity of habitats and
functional mechanisms. An. Acad. Bras. Cienc. 70: 767–773.

TYLIANAKIS, J. M., E. LALIBERT�E, A. NIELSEN, AND J. BASCOMPTE. 2010. Conser-
vation of species interaction networks. Biol. Conserv. 143: 2270–2279.

TYLIANAKIS, J. M., T. TSCHARNTKE, AND O. T. LEWIS. 2007. Habitat modifica-
tion alters the structure of tropical host–parasitoid food webs. Nature
445: 202–205.

VASCONCELOS, H. L., M. F. LEITE, J. M. S. VILHENA, A. P. LIMA, AND W. E.
MAGNUSSON. 2008. Ant diversity in an Amazonian savanna: Relation-
ship with vegetation structure, disturbance by fire, and dominant ants.
Austral Ecol. 33: 221–231.

VICENTE, R. E., W. D�ATTILO, AND T. J. IZZO. 2012. New record of a very spe-
cialized interaction: Myrcidris epicharis Ward 1990 (Pseudomyrmecinae)
and its myrmecophyte host Myrcia madida McVaugh (Myrtaceae) in
Brazilian Meridional Amazon. Acta Amazon. 42: 567–570.

WANG, C., J. S. STRAZANAC, AND L. BUTLER. 2001. Association between ants
(Hymenoptera: Formicidae) and habitat characteristics in oak–domi-
nated mixed forests. Environ. Entomol. 30: 842–848.

WILLIAMS, C. B. 1943. Area and the number of species. Nature 152: 264–267.
WRIGHT, S. J. 2002. Plant diversity in tropical forests: A review of mechanisms

of species coexistence. Oecologia 130: 1–14.
YAMAWO, A., AND Y. HADA. 2010. Effects of light on direct and indirect

defences against herbivores of young plants of Mallotus japonicus dem-
onstrate a trade–off between two indirect defence traits. Ann. Bot.
106: 143–148.

ZYTYNSKA, S. E., M. S. KHUDR, E. HARRIS, AND R. F. PREZIOSI. 2012. Genetic
effects of tank–forming bromeliads on the associated invertebrate commu-
nity in a tropical forest ecosystem. Oecologia 170: 467–475.

Effect of Light on Ant–Plant Interactions 719

 17447429, 2014, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.12157 by U

niversidade Federal D
e M

ato G
rosso, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


