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Abstract Leaf-cutting ants (Afta spp.) have become a
topical issue in Neotropical ecology, particularly because
they are reaching hyper-abundance due to escalating levels
of fragmentation in recent years. Yet, despite intensive
research on their role as dominant herbivores, there is still
insufficient documentation on the impacts of their large,
long-lived nests on plant assemblage structure and ecosys-
tem functioning. Our study aimed at investigating the mag-
nitude, nature, and spatial extent of nest influence by
assessing 11 attributes of ant nest, canopy structure, light
environment and sapling assemblage for 20 colonies in four
plots along nest-understorey gradients in a large remnant of
Atlantic forest. We also monitored the performance of
seeds and seedlings of Chrysophyllum viride, an abundant
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shade-tolerant species. Previously unrecognized canopy
gaps above ant nests (0.04-87.9 m?) occurred in 95% of all
colonies surveyed. Overall, canopy openness and light
availability at least doubled in ant nest plots compared with
distant understorey plots. These drastic changes in the light
environment paralleled those in plant assemblage: sapling
density almost tripled (mean &+ SE: 0.42 £ 0.1 saplings
m~?) and sapling species richness doubled (0.16 &
0.02 species m~2) in distant plots, as did shade-tolerant spe-
cies. After a 1-year period, only 33 4 15.6% of the seeds
germinated and all seedlings died on nests, whereas seed
germination reached 68 +5.1% in distant plots and
66.4 &+ 7.6% of their seedlings survived after 12 months.
Therefore, plot location was the most significant explana-
tory variable for predictable and conspicuous changes in
the light environment and structure of sapling assemblages.
Our findings greatly extend knowledge on the role played
by leaf-cutting ants as ecosystem engineers by demonstrat-
ing that ant nest-mediated disturbance promotes environ-
mental modifications in tens of meters around nests and is
thus, strong enough to drive plant recruitment and conse-
quently alter both the floristic and functional signature of
plant assemblages.

Keywords Atta cephalotes - Brazilian Atlantic forest -
Canopy gaps - Ecosystem engineers - Plant recruitment

Introduction

Leaf-cutting ants (A#ta spp. and Acromyrmex spp., Formici-
dae, Hymenoptera) are prevalent herbivores and dominant
invertebrates of tropical and subtropical America (Weber
1972). Because of their multifarious effects on the vegeta-
tion, they have been denoted as key species (Fowler et al.

@ Springer



104

Oecologia (2010) 162:103-115

1989) and ecosystem engineers (Wirth et al. 2003), particu-
larly in Neotropical forests. They are among the most
polyphagous and voracious herbivorous insects, cutting up
to 15% of the standing leaf crop (Wirth et al. 2003; Urbas
et al. 2007) and up to 50% of the species of a given forest
flora (Vasconcelos and Fowler 1990; Wirth et al. 2003) in
their colony’s territory each year. Their herbivorous impact
has therefore received considerable research attention
(Cherrett 1989; Rao et al. 2001; Wirth et al. 2003). More-
over, leaf-cutting ants opportunistically forage on fruit parts
as substrate for the fungus they cultivate and have been
shown to contribute to seed dispersal of certain forest plants
(Dalling and Wirth 1997; Leal and Oliveira 1998; Silva
et al. 2007).

The overall effects of leaf-cutting ant activity (especially
Atta spp.) in tropical forests may go far beyond occasional
seed dispersal and simple foliage removal. They are also
largely associated with the construction and maintenance of
their nests, which can reach 250 m? or more in surface area
(Cherrett 1989). These prodigious structures: (1) enhance
soil nutrient availability through the accumulation of nutri-
ent-rich leaf material used to feed fungus gardens in under-
ground chambers (Farji-Brener and Silva 1995; Sternberg
et al. 2007); (2) substantially improve soil penetrability rel-
ative to non-nest soils (Moutinho et al. 2003); (3) promote
active removal of leaf litter, resulting in bare ground on and
in the vicinity of nests (Weber 1972); and (4) create “nest
clearings” or vegetation gaps above and immediately
around Atta nest sites, where understorey vegetation grow-
ing on or overhanging the immediate nest surface is con-
stantly cleared leading to an increased light availability
(Farji-Brener and Illes 2000). Only quite recently, however,
have investigations addressed nest-mediated alterations of
edaphic and microclimatic forest conditions (Hull-Sanders
and Howard 2003; Moutinho et al. 2003), with few and
sometimes inconsistent findings regarding their implica-
tions for forest structure, composition and dynamics (e.g.,
Garrettson et al. 1998; Farji-Brener 2005).

Although smaller in scale (2070 m?), nest clearings by
Atta have been considered as analogous to tree fall gaps, as
both are disturbance-generated openings in the understorey
and/or subcanopy vegetation layer beneath a canopy, where
additional above- and below-ground resources become
available due to the absence of a tree or part of a tree (e.g.,
Brokaw 1982; Connell etal. 1997 for treefall gaps, and
Garrettson et al. 1998; Hull-Sanders and Howard 2003;
Wirth et al. 2003; and Farji-Brener 2005 for Atfa nests).
Therefore, nests of Atta species have been hypothesized
to present a set of conditions, which affect plant species
composition and dynamics in tropical forest. Specifically,
increased nutrient and light availability, which when com-
bined with the absence of leaf litter, promote the regenera-
tion of light-demanding, nutrient-limited, and small-seeded
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litter-gap demanders, and thus, affect plant recruitment and
plant assemblage structure above nests (Farji-Brener and
Ghermandi 2000; Farji-Brener and Illes 2000; Farji-Brener
2005).

However, the bulk of research addressing nest effects on
plant assemblages has targeted abandoned ant nests (with
the exception of Garrettson et al. 1998 and Hull-Sanders
and Howard 2003), motivated by the idea that open nest
areas, while inhabited by ants, are probably not of signifi-
cance for plants due to the ants’ zealous clearing behavior
(Wirth et al. 2003). Conversely, we expect that the effects
of increased resource availability in forest areas inhabited
by living Atta colonies are vastly under-appreciated
because long-lasting, persistent clearing activities, accom-
panied by increased light availability, likely affect plant
abundance and species richness, especially of light-sensi-
tive shade-tolerant species on and around the nest mound.
Considering the longevity of Atfa colonies (life spans of up
to 15 years; Weber 1972), these effects might be less tran-
sient than those of abandoned nests, especially with regard
to light penetration. Fraver et al. (1998), for example, dem-
onstrated that light levels in treefall gaps fell, and returned
to pre-gap levels within 2 years.

The high density of leaf-cutting ants in forest patches
and edges (Rao etal. 2001 and Wirth et al. 2007, respec-
tively) is a reason to address the impact of active ant nests
on plant assemblages and forest regeneration. We investi-
gate the effects of active leaf-cutting ant (Afta cephalotes)
colonies on forest structure, light availability, plant assem-
blages and seed/seedling performance along the edges of a
large remnant of Atlantic forest in Northeast Brazil. We
hypothesize that along a nest-forest understorey gradient:
(1) canopy openness and light decrease, (2) sapling stands
of trees and shrubs become more dense and rich, (3)
shade-tolerant species become more abundant, and (4) seed
germination and seedling survivorship increase as ant
activities decrease.

Materials and methods
Study site

This study was carried out at the Usina Serra Grande, a
large, privately owned sugar-cane company located in the
State of Alagoas, in northeastern Brazil (8°30'S,
35°50'W). This site still retains approximately 9,000 ha
of forest cover assigned to a unique biogeographic zone of
the Atlantic forest biota—the Pernambuco Center of
Endemism; an 80-km-wide strip of tropical forest that
once covered 56,400 km? along the Brazilian Atlantic
coast (Santos et al. 2007). Sugar-cane cultivation in this
landscape, which dates back to the nineteenth century or
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earlier, provided the strongest incentive for clearing large
tracts of pristine old-growth forests (Porto et al. 2006).
Currently this hyper-fragmented landscape retains 9.2%
of forest cover, including the Coimbra forest—the largest
(3,500 ha) and best preserved patch of Atlantic forest in
northeastern Brazil (Grillo et al. 2006). Coimbra still sup-
ports ecological groups that are believed to inhabit more
continuous and undisturbed tracts of Atlantic forest, such
as large-seeded trees and frugivorous vertebrates (Porto
et al. 2006). The Coimbra forest is situated on a low-alti-
tude plateau (300-400 m above sea level) covered by two
similar classes of dystrophic and clay-laden soils: yellow-red
latosol and yellow-red podzol according to the Brazilian
system of soil classification IBGE 1985). Annual rainfall
is ~2,000 mm, with a 3-month dry season (<60 mm
month™!) from November to January, and the natural
vegetation is a lower montane rain forest (Veloso et al.
1991). Regionally, Leguminosae, Lauraceae, Sapotaceae,
Chrysobalanaceae, Euphorbiaceae and Lecythidaceae hit
the highest scores of tree species richness [>10 cm
diameter at breast height (DBH); Grillo et al. 2006]. The
Coimbra forest is embedded into a stable, relatively old
(at least 60 years) and homogeneous matrix of sugar-cane
fields. Its pioneer-dominated edge zone with a 20- to
25-m-tall upper canopy layer (Oliveira et al. 2004) has
been shown to support impoverished plant assemblages,
particularly in terms of shade-tolerant and large-seeded
trees (Melo et al. 2006).

Atta cephalotes

Atta cephalotes is a leaf-cutting ant of Neotropical forests,
with a continuous distribution from Mexico to Bolivia
(Kempf 1972). The recently published record of the species
in Coimbra marked its most southern occurrence in the
Atlantic forest of northeast Brazil (Corréa et al. 2005).
Together with the co-occurring Atta sexdens, it was found
to achieve increased densities of colonies along the edges
as compared to the interior patches of the Coimbra forest
(mean + SE: 1.70+2.83ha~! wvs. 030+ 1.41ha™',
respectively; Wirth et al. 2007). In this forest A. cephalotes
builds compact nests, with nest clearings that frequently
extend to the upper canopy layers, hereafter referred to as
“canopy gaps above nests” (Corréa 2006; Meyer 2008).
These gaps are characterized by a pronounced proportion of
dead stems (up to 5 cm diameter) compared to undisturbed
forest, resulting from different activities of the ants includ-
ing: (1) repeated defoliation of seedlings and saplings, (2)
substantial damage by cutting of their stems, or (3) burial
by excavated soil (Meyer 2008). Canopy openings occa-
sionally result from the death of adult trees on nests, either
through repeated defoliation or perhaps by root disturbance
(Meyer 2008).

Canopy gaps above nests and light availability

In order to investigate the frequency, size and light environ-
ment in the canopy gaps above nests, we randomly selected
40 adult, active colonies of A. cephalotes with nest size
varying from 9.4 to 184.8 m? (58.5 & 7.04 m?). Colonies
were located in both close edge (0—100 m) and distant edge
habitats (100-250 m) across the ca. 40-km perimeter of
Coimbra forest; habitats in which over 95% of all colonies
have been concentrated (Wirth et al. 2007). As an indicator
for the size of nest-associated canopy gaps, we measured
the area of sun patches on the forest floor, when the sun was
directly overhead (ca. 1145-1215 hours). These sunlit areas
were distinctively detectable and assumed to adequately
reflect the vertical projection of gap edges. We determined
the nest size and the size of the sun patches >20 cm by mea-
suring two perpendicular maximal and minimal diameters
across the respective structure and calculating the area as an
ellipsoid.

Moreover, for a random subset of 20 colonies (ten at the
closest and ten at the distant edge), we assessed parameters
of canopy structure and light environment at four locations
above ant nests and adjacent areas. Each nest was assigned
to a sampling unit consisting of a transect from the nest
center towards the adjacent understorey, along which four
square plots were set: one in the center of the nest clearing
(hereafter referred to as the “nest plot”); one at the border
of the ant nest (border plot); one 5 m distant from the bor-
der plot (close understorey plot), and one 20 m away from
the close understorey plot (distant understorey plot). Within
each sampling unit, plot sizes were equal to the size of the
nest, which varied from 15.7 to 259.6 m? (mean + SE:
77.1 & 13.3 m%, 16 colonies were <100 mz). We are con-
scious that sampling plots of varying sizes have the poten-
tial to introduce some bias but this was required to address
the same “habitats” across the colonies (i.e., ant nest, bor-
der, close and distant understorey plots) as ant nests greatly
differed in size. Transects were set parallel to the nearest
forest border in order to control for any influence of forest
edge; thereby they exclusively covered an ant nest-forest
understorey gradient.

Canopy structure and light availability in nest and
understorey plots were characterized via hemispherical
photographs at 1 m above ground level using a Nikon
Coolpix 990 camera with a FC-E8 fisheye converter. Pho-
tos were taken at dawn before sunrise, at dusk after sunset,
or during overcast sky conditions to avoid direct solar
radiation in any part of the canopy. Five horizontally
leveled photographs were taken in each plot, totaling 20
photographs per sampling unit. To identify the north/south
orientation on each photo, we marked them at the time of
exposure with a pointer protruding 5 mm above the front
edge of the camera lens. Hemispherical photographs were
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analyzed using the image analysis software Gap Light
Analyzer (version 2.0; Frazer et al. 1999). Each photo-
graph was analyzed twice to reduce the error in threshold
selection for the distinction between visible sky and foli-
age. Descriptors of canopy structure and light regime
derived from image analysis, including canopy openness
(the percentage of open sky seen from beneath a forest
canopy) and total light transmission (the fraction of radia-
tion reaching the ground relative to that in the top-most
canopy layer) are according to Frazer etal. (1999).
Because spatial heterogeneity in light transmission in and
around canopy gaps is largely due to variation in the
amount of direct-beam radiation (Wirth et al. 2003), we
separately estimated direct light transmission (the amount
of direct solar radiation transmitted by the canopy) and
diffuse light transmission (the amount of diffuse solar
radiation transmitted by the canopy).

Plant assemblages on and around Afta nests

We used the same 20 colonies and their sampling units to
describe some attributes of sapling assemblages colonizing
ant nests and adjacent areas in the forest understorey. All
saplings sizing 1.5-5.0 cm DBH (tree and shrub species)
were recorded within the four plot locations. As A. cephal-
otes colonies at Coimbra forest have a life expectancy of
ca. 8 years (Meyer et al. 2009), we believe that by using
this particular range of DBH we avoided as much as possible
including saplings that recruited before colony foundation.
Saplings were identified at species level with the help of a
local parataxonomist and via comparisons with specimens
deposited: (1) at the Universidade Federal de Pernambuco
Herbarium (voucher nos. 34,445-51,604 for the study site),
and (2) at the Plant Ecology Laboratory (Serra Grande
seedling and sapling collections) of the Universidade Federal
de Pernambuco, Brazil. The checklist of Serra Grande flora
is available in www.cepan.org.br and in Porto et al. (2006).
Plant species were assigned to mutually exclusive categories
of regeneration, which represent distinct functional groups:
pioneer or shade-tolerant species, according to definitions
provided by Hartshorn (1978) and information on life
history traits provided by Oliveira et al. (2004) and Grillo
et al. (2006).

The influence of ant nests on the recruitment of shade-
tolerant plant species was also addressed around ant nests
by monitoring seed germination and seedling mortality of a
typical and locally abundant, large-seeded, shade-tolerant
tree species, Chrysophyllum viride Mart. and Eichler
(Sapotaceae). In the Coimbra forest, both seed delivery and
recruitment of Chrysophyllum have been documented in
forest edge and interior sites (Melo et al. 2006; Melo et al.
2007). In the rainy season of 2003, we collected 400 fresh
seeds from different trees from the local population of
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Chrysophyllum and buried ten single seeds (1 cm deep and
at least 1 m apart) in the central portion of each plot, and
across the sampling units of only ten randomly chosen col-
onies because of the limited number of available seeds.
During a I-year period (April 2004—March 2005), both
seeds and seedlings were monitored weekly for germina-
tion and mortality. The mortality due to herbivory by leaf-
cutting ants was quantified.

Based on these procedures, we described attributes of
ant nests, forest structure, and the sapling assemblages
across the sampling units (with their four plot locations) as
follows:

1. Ant nest attributes: nest location in terms of distance
from the forest edge, size of the nest, and sizes of the
associated canopy gaps.

2. Forest structure and light environment attributes: can-
opy openness and light availability (direct, diffuse and
total light transmission).

3. Sapling assemblage attributes: number of saplings and
plant species (per m?), number of shade-tolerant sap-
lings and species (per m?), and percentage of shade-
tolerant saplings and species.

Ant nest attributes and plot location (i.e., nest, border, close
and distant understorey plot) were considered as explana-
tory variables for the variation in forest structure, light
environment, and sapling assemblage attributes (response
variables). We also described Chrysophyllum seed and
seedling performance across sampling units. The whole
study was carried out between March 2003 and February
2006.

Data analysis

General linear mixed models (GLMMs) were used to
detect any effect of ant nest attributes and plot location
on the forest structure, light environment, and attributes
of sapling assemblages across the sampling units and
plot locations. We adopted a mixed approach (including
interactions) to account for the potential lack of spatial
independence of plot locations within sampling units and
to assess natural variability among ant colonies (our replicates),
including differences in plot sizes between colonies.
GLMMs, via the residual maximum likelihood method,
were fitted to nest location, nest size, gap size, and plot
location as fixed effects, whereas forest structure, light
environment, and sapling assemblage attributes were assumed
to be nested within colonies, over which the random
effects varied. Random effects were considered significant
when “colony” explained >30% of the variance captured
by GLMMs (i.e., variance ratio >0.7; see Grafen and
Hails 2006). Both response and explanatory variables
were checked for normality (Lilliefors tests; Sokal and


http://www.cepan.org.br

Oecologia (2010) 162:103-115

107

Rohlf 1995), and some of them were transformed to stabilize
variance, improve data normality and consequently increase
the explanatory power of models. GLMMs were followed
by #-test post hoc comparisons as this test is less sensitive
to increased variance within treatments (Sokal and Rohlf
1995). The JMP 7.0 (SAS Institute, N.C.) was used to fit
the GLMMs.

Total sapling species richness (a community-level analy-
sis) was estimated for all plot locations as well. We con-
structed mean species-area accumulation curves from
which we obtained three estimates of richness: the number
of species observed, and the non-parametric estimators
Chao-1 and Chao-2 (see Colwell and Coddington 1994), all
of them provided by the Estimates 7.5.0 program (Colwell
2005). Chao-1 and Chao-2 are based on the incidence of
species and have been noted in the literature as reasonable
indicators of true seedling richness in tropical forests
(Benitez-Malvido and Martinez-Ramos 2003), in particular
for datasets which do not reach a steady asymptote (Gotelli
and Colwell 2001). Species accumulation curves were
obtained after 1,000 randomizations within each group of
20 plots—the total sampling effort per location. Estimators
were performed using patchiness O in order to eliminate any
bias in the estimation of species richness due to species
patchiness (Benitez-Malvido and Martinez-Ramos 2003).
In order to control for differences in the total number of
saplings sampled, we also obtained the expected number of
sapling species across the four plot locations based on ran-
dom sub-samples of 150 individuals via rarefaction curves.
Rarefaction procedures were computed by the Ecological
Methodology 5.1 software, Species Diversity program
group (Krebs 1999).

We also performed an indicator species analysis (sensu
Dufréne and Legendre 1997) based on two groups of
sapling plots: one combining nest, border and close under-
storey plots (n = 60) and another one formed by the distant
understorey plots (n = 20) in order to compare those habitats
more influenced by ant activities to those with apparently
less or no effects. This analysis offers an indicator value
(IV) that may reach a maximum score of 100 and quantifies
the extension to which the species is associated with a
particular group. The mean IV scores obtained from 1,000
calculations on randomized data provide a benchmark to
compare with IV scores for the real (observed) data
obtained for each species (Dufréne and Legendre 1997).
Finally, differences of seed germination and seedling
mortality across plot locations within sampling units were
analyzed via GLMMs; plot location as fixed effect and colony
as random. A y*-test was used to detect differences in the
frequency of Chrysophyllum seedlings that were cut by ants
across plot locations. These analyses were carried out using
PC-Ord (McCune and Mefford 1999), JMP 7.0, and Systat
(Wilkinson 1996), respectively.

Results

Canopy gaps above ant nests (as inferred from sun patches
on the nest surface) were highly frequent in the study site as
they were recorded in 38 (95%) out of the 40 ant colonies
surveyed; these gaps ranged between 0.04 and 87.9 m” in
size (mean £ SE: 12.9 4+ 3.3 m?). Plot location was the
most significant explanatory variable for changes in the
light environment of ant nests and adjacent areas (Table 1).
Overall, canopy openness (%) and the three measures of
light availability at least doubled in ant nest plots as com-
pared with distant understorey plots (Fig. 1). Remarkably,
significant changes in canopy structure and light environ-
ment were detectable even at the border of nests. Total light
transmission, for instance, dropped from 11.9% =+ 1.1 in
ant nest plots to 4.9% =+ 0.3 in distant understorey plots; a
59% decrease. Light availability on ant nests and its gradual
decline towards the forest understorey showed a cross-
colony congruence as “colony” proved to be a non-significant
explanatory variable (variance ratio <0.04).

A total of 1,351 saplings from 107 woody plant species
were recorded in the plots across transects; most of them
pioneer shrub and tree species (e.g., Euphorbiaceae, Melas-
tomataceae, Rubiaceae and Malpighiaceae). GLMMs con-
sistently pinpointed plot location as the key explanatory
variable for the attributes of sapling assemblages inhabiting
ant nests and adjacent areas (see Table 1). Nest location and
nest size played a minor role, the former explaining sapling
richness and shade-tolerant density, and the latter sapling
density (see F-ratios in Table 1). Similar to the light envi-
ronment, the majority of sapling assemblage attributes
gradually changed along the ant nest-forest understorey
gradient. Sapling density almost tripled from nest towards
distant plots, where it reached 0.42 #+ 0.1 saplings m~>
(Fig. 2a), while species richness of saplings doubled in dis-
tant plots as compared to ant nest plots (Fig. 2b). Shade-tol-
erant species were also more abundant as distance from ant
nests increased; both abundance of saplings and species
richness doubled in distant understorey plots (Fig. 3a, b).
This significant and predictable pattern of sapling assem-
blage organization along the nest-forest gradient emerged
regardless of the apparently limited influence of gap size
and ant nest attributes (e.g., nest size and position); as well
as of the fact that plant assemblage attributes largely varied
across the 20 colonies as this variable (assigned as a ran-
dom effect) explained over 50% of the variation in plant
attributes (variation ratio >1.2). The proportion of both
shade-tolerant saplings and species was similar across plot
locations and ant nest attributes (see GLMMs in Table 1).

Total species richness in ant-plots ranged from 36.7-53.2
observed species (S, to 54.6-114.4 species (estimated
by Chao-2), whereas it varied from 66.4-87.5 species (S,)
up to 96.6-172.1 species (Chao-2) in distant understorey
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Table 1 Results from general

. . .. Response variables® Explanatory df Sum of F-ratio P
linear mixed models examining . b
light environment and sapling variables Squares
assemblage attributes Of, 20 Atta Canopy openness (%) Nest location 1 0.955 0.248 0.6195
cephalotes nests and adjacent .
areas in the Coimbra forest, Nest size (sqrt) 1 1.062 0.275 0.6006
northeastern Brazil Gap size (sqrt) 1 0.654 0.170 0.6811
Plot location 3 151.41 13.137 <0.0001
Direct light (%) Nest location 1 0.026 0.017 0.967
Nest size (sqrt) 1 0.0005 0.000 0.995
Gap size (sqrt) 1 5.668 0.3648 0.547
Plot location 3 782.57 16.786 <0.0001
Diffuse light (%) Nest location 1 1.493 0.241 0.624
Nest size (sqrt) 1 243 0.392 0.532
Gap size (sqrt) 1 4.986 0.805 0.372
Plot location 3 357.43 19.242 <0.0001
Total light (%) Nest location 1 0.432 0.046 0.830
Nest size (sqrt) 1 0.58 0.063 0.802
Gap size (sqrt) 1 5.45 0.585 0.446
Plot location 3 554.148 19.80 <0.0001
Sapling density (m~2) Nest location 1 0.052 2.49 0.1204
Nest size (sqrt) 1 0.264 12.57 0.0008
Gap size (sqrt) 1 0.0003 0.017 0.894
Plot location 3 0.8558 13.54 <0.0001
No. of species (m™?) Nest location 1 0.013 4.94 0.034
Nest size (sqrt) 1 0.0001 0.0006 0.98
Gap size (sqrt) 1 0.0002 0.0915 0.7634
Plot location 3 0.0830 9.7912 <0.0001
Shade-tolerant sapling Nest location 1 0.0828 3.88 0.053
density (m™?) Nest size (sqrt) 1 0.014 0.664 0.418
Gap size (sqrt) 1 0.00004 0.0022 0.96
Plot location 3 0.39 6.09 0.0012
No. of shade-tolerant Nest location 1 0.0002 0.1984 0.6578
species (m %) Nest size (sqrt) 1 0.0004 0.388 0.5359
Gap size (sqrt) 1 0.0012 1.21 0.275
Plot location 3 0.0311 9.72 <0.0001
Shade-tolerant saplings (%) Nest location 1 27.03 0.193 0.66
Nest size (sqrt) 1 4.2 0.03 0.86
Significant effects are shown in Gap size (sqrt) 1 053 0.003 0.95
bold Plot location 3 294.5 0.702 0.55
# Response variables were Shade-tolerant species (%) Nest location 1 4.8 0.035 0.85
arcsine transformed Nest size (sqrt) 1 0.77 0.005 0.94
® Some explanatory variables Gap size (sqrt) 1 0.035 0.003 0.98
were square root-transformed Plot location 3 75.4 0.183 0.9

(sqrt) as indicated

plots (Table 2). Chao-1 offered intermediate scores, but rein-
forced the pattern of increasing species richness with dis-
tance from ant nests. Roughly, scores for total species
richness in nest plots were 40% lower than those from distant
understorey plots, but even border plots faced a 20%
decrease in species richness as compared to distant plots.
Likewise, the standardized richness by rarefying 150 saplings
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confirmed slight but rather significant differences in the
expected number of species across the four plot locations as
described by 95% confidence limits: 43.1-43.4 plant species
(ant nest plots) and up to 44.3-46.03 species in distant under-
storey plots. Finally, an indicator species analysis yielded a
set of six short- and long-lived pioneer species (Table 3),
which were significantly associated with distant understorey
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plots (i.e., nest-undisturbed habitats), but no indicators were
detected for the second sample group formed by ant nest,
border and close understorey plots. In synthesis, ant nests and
close adjacent areas were marked by increased light avail-
ability, low-density and impoverished sapling assemblages.
Chrysophyllum seeds germinated rapidly and synchro-
nously across plot locations, with germination occurring
exclusively in the first 2 months following seed burying.
After a 1-year period, a conspicuous pattern emerged: ger-
mination and seedling survivorship increased from ant nest
towards forest understorey plots. On ant nests, 33 & 15.6%
of the seeds germinated and all seedlings died in the first
6 months, but even border plots had decreased germination
as compared to plots in the forest understorey (Fig. 4a, b);
seed germination reached 68 £ 5.1% in distant plots and
66.4 + 7.6% of their seedlings were still alive after
12 months (df = 3, sq. = 2,756.95, F-ratio = 5.56, P = 0.003
for germination, and df=3, sq.=17,908.81, F-ratio=
15.02, P <0.0001, for survival). These patterns were
largely congruent across colonies as this variable proved to
be non-significant (variance ratio <1%). Herbivory by Atta
ants accounted for all seedling deaths on ant nest plots, but
their role as a source of seedling mortality drastically
decreased across nest-understorey locations: 47.4% in

border, 22.7% in close and 36.4% in distant understorey
plots (3 = 40.04, P < 0.0001).

Discussion

The nests of leaf-cutting ants (Atfta spp.) are a conspicu-
ous phenomenon of Neotropical rainforests, especially in
fragmented or edge forests, where up to six of them may
be found per hectare (Rao et al. 2001; Wirth et al. 2007).
However, there is insufficient documentation on the
impacts of leaf-cutting ants on plant assemblage structure
and ecosystem functioning (Wirth et al. 2003). Here we
adopted a replicable sample design which enabled us to
assemble evidence that A. cephalotes ants are able to cre-
ate substantial forest gaps, not only in the understorey, as
recorded previously (e.g., Farji-Brener and Illes 2000;
Hull-Sanders and Howard 2003), but also in the upper
canopy layers above their nests. In the Coimbra forest, ant
nests and their close periphery are light and homogeneous
environments, which support low-density stands and
impoverished sapling assemblages at local (i.e., colony)
and patch level (a pool of colonies). Moreover, forest
structure, light availability and plant assemblage attributes
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Fig. 2 Mean (£SE) sapling density (a) and species richness (b) across
four plot locations within 20 Atta nest-understorey transects in the
Coimbra forest, northeastern Brazil. Post hoc comparisons between
plot locations (r-tests) are indicated by letters above the SE bars;
GLMM statistics are given in Table 1

change gradually along the ant nest-forest understorey
gradient; this implies that ant activities are strong enough
to drive plant recruitment and consequently alter plant
assemblages. In contrast to previous findings from a study
focused on the area of an ant nest (Garrettson et al. 1998;
Hull-Sanders and Howard 2003), our article is the first to
document the pervasive effects that ant nests and their
associated canopy gaps may impose in terms of the under-
storey environment and the functional structure of plant
assemblages.

@ Springer

0.35
(a) °
0.30
&
E 025
2
‘@
= b
3 0.20 4
2 ab I
<
s 015 A T
€
o
S 010 a
o T
0.05 1
0.00
0.12
(b) c
c
0.10 1
& [
£
2 0.08 1 b
(53
[}
Q.
2]
€ 0.06 1
©
2 a
o
2 0.04 1 I
(o]
o
b4
0.02 1
0.00
Antnest  Border Close Distant

understorey understorey

Plot location
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(b) across four plot locations within 20 Atta nest-understorey transects
in the Coimbra forest, northeastern Brazil. Post hoc comparisons be-
tween plot locations (#-tests) are indicated by letters above the SE bars;
GLMM statistics are given in Table 1

While understorey gap formation by leaf-cutting ants in
tropical forests has received considerable attention (Farji-
Brener and Illes 2000; Hull-Sanders and Howard 2003),
gaps in the upper canopy layer above nests have been
ignored. In this paper we documented small- to medium-
sized canopy gaps, occurring in 95% of all A. cephalotes
colonies surveyed, which were caused by intense and
patchy removal of foliage used as substrate for the fungus
garden, or to maintain the nest area free of plants and debris
(Meyer 2008), just as described for nest-understorey gaps
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Table 2 Variation in the total number of sapling species (expressed as 0.95 confidence intervals) according to four estimators across four plot
locations within 20 A. cephalotes nest-understorey transects in the Coimbra forest, northeastern Brazil

Plot location Sobs? Chao-1* Chao-2° Rarefaction

to 150 saplings
Ant nest 36.7-53.2 47.3-72.5 54.6-114.4 43.1-43.4
Border plots 53.5-72.4 71.1-128.2 76.9-144.3 48.6-49.7
Understorey plots 64.1-81.8 82.5-138.2 83.9-135.7 47.9-49.5
Distant understorey plots 66.4-87.5 97.01-99.9 96.6-172.1 44.3-46.03

# Number of species observed (Sobs), Chao-1 and Chao-2 were obtained via species-area accumulation curves for a sample of 20 plots per location

Table 3 Indicator tree species (sensu Dufréne and Legendre 1997) found in distant understorey plots around 20 A. cephalotes nests in the Coimbra

forest, northeastern Brazil

Indicator species Family Indicator IV randomized P
value (IV)? groups (£SD)

Thyrsodium spruceanum Anacardiaceae 443 332 +5.1 0.038
Cupania recemosa Sapindaceae 27.9 159 +44 0.022
Mpyrcia sylvatica Myrtaceae 234 7.4 +3.07 0.005
Erythroxylum squamatum Erythroxilaceae 21.5 12.6 £4.2 0.03
Hyeronima alchornioides Euphorbiaceae 15.7 9.1 £35 0.06
Byrsonima stipulacea Malpighiaceae 8.6 55425 0.05

Significant P-values are shown in bold

# Note that the IV scores obtained by this pool of species largely differed from those obtained by random species distributions between plot groups

(Cherrett 1989; Farji-Brener and Illes 2000). This foliage
removal results in an elevated proportion of dead stems up
to 5 cm diameter compared to undisturbed forest caused by:
(1) repeated defoliation of seedlings and saplings, (2) sub-
stantial damage by cutting of their stems, or (3) burial by
excavated soil (Meyer 2008). Moreover, several years of
observations on A. cephalotes colonies at Coimbra forest
(see Corréa et al. 2005; Urbas et al. 2007; Wirth et al. 2007,
Almeida et al. 2008; Silva et al. 2009) suggest that canopy
openings occasionally result from the death of adult trees
on nests, either through repeated defoliation or perhaps by
root disturbance. Using sun patches at midday as an
approximation, most nest-associated canopy gaps were
found to be smaller (0.04-87.9 m?) than regular treefall
gaps (typically ranging between 20 and 750 m?; cf. Brokaw
1982; Denslow and Hartshorn 1994), but about one-fifth
had extensions similar to small treefall gaps (>25 m%; e.g.,
Pearson et al. 2002), which frequently account for the bulk
of the total gap area in tropical forest, and have conspicu-
ous impacts on plant recruitment and forest regeneration
(Hubbell et al. 1999).

A. cephalotes nests of the Coimbra forest were associ-
ated with a pervasive pattern of increased light levels—by
as much as 140%—on ant nests, but even areas adjacent to
nests experienced a 50% increase. These values are consid-
erably greater than those hitherto obtained by Hull-Sanders
and Howard (2003), who reported a 49% increase at the

center of Atta colombica nests, probably because of the
smaller nest size in comparison to Atta cephalotes (Herz
2001). The increased light levels above and in close vicin-
ity to the ant nests reported here were even higher than
those published for treefall gaps. For instance, while we
found total light transmission above Atffa nests to reach
nearly 12% of full sunlight, Denslow et al. (1998) and
Chazdon and Fetcher (1984) measured 11-13% in the cen-
ter of 65-76-m? treefall gaps, and 9% in a 200-m” gap in a
Costa Rican lowland tropical forest, respectively. We
believe that this is due to a structural peculiarity of many
Atta nests, whose ground is completely devoid of understo-
rey vegetation (Farji-Brener and Illes 2000; Hull-Sanders
and Howard 2003) and, thus, receive greater amounts of
light than treefall gaps with a dense, rapidly encroaching
second growth.

Regardless of their origins and final sizes, we demon-
strated that canopy gaps above leaf-cutting ant nests, and
the consequent increase in light availability, are positively
correlated with conspicuous and predictable shifts in the
attributes of plant assemblages on and around nests, partic-
ularly density and species richness. Briefly, sapling density
almost tripled along the nest-forest understorey gradient,
and sapling species richness doubled in distant plots as
compared to ant nest plots. Even border plots faced a 30%
decrease in species richness as compared with distant plots,
and the abundance of shade-tolerant saplings steadily
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Fig. 4 Mean (£SE) seed germination (a) and survivorship (b) of
Chrysophyllum viride seedlings across four plot locations within 20
Atta nest-understorey transects in the Coimbra forest, northeastern
Brazil (n = 100 seeds per plot location, total 400 seeds). Post hoc com-
parisons between plot locations (z-tests) are indicated by letters above
the SE bars

increased along the nest-forest understorey gradient. More-
over, species-area accumulation curves showed that species
richness above nests was 40% lower than in the putatively
undisturbed understorey habitat (distant plots), where we
identified a small set of indicator tree species. Collectively,
these findings constitute a clear sign that A. cephalotes
nests significantly drive the structure of plant assemblages
in their zone of influence, i.e., nest-affected habitats roughly

@ Springer

60-120 m?, considering a mean nest size of 60 m*> and an
equal area of border plots in this study.

The underlying mechanisms driving these assemblage-
level shifts probably involve depressed recruitment of sen-
sitive trees and shrubs around ant nests (i.e., nest-sensitive
plants), as suggested by the performance of Chrysophyllum
viride recruitment at our study site. Precisely, seed germi-
nation and seedling survivorship of C. viride sharply
increased from ant nests towards forest understorey plots,
indicating that leaf-cutting ants directly or indirectly act as
a filter for the establishment of particular species or ecolog-
ical groups. In tropical forests, light availability drives plant
recruitment and shapes the nature of tree and shrub assem-
blages as it is the primary limiting factor of seedling growth
and survival (Kitajima 1996). Increased light availability
usually results in the replacement of shade-tolerant species
by pioneers as recorded in treefall gaps (Brokaw 1982) and
forest edges (Laurance etal. 2006). Actually, several
shade-tolerant species are light intolerant and their seed-
lings suffer physiological stress while exposed to high-
irradiance, desiccated environments (Kitajima 1996). As
increased light availability was the most striking abiotic
nest effect in this study, it is plausible to hypothesize that it
is an important factor for the limited recruitment of sensi-
tive shade-tolerant species and the modifications of plant
assemblages around nests. In addition, plant assemblages
are likely to be affected by increased seedling herbivory by
Atta ants around nests. Even those C. viride seedlings
located away from the nests experienced considerable dam-
age by ants. Complete defoliation of seedlings on leaf-
cutting ant nests has been reported previously for Protium
heptaphyllum (Burseraceae) in another site of the Atlantic
forest (Silva etal. 2007). In fact, ant-seedling predation
around nests suggests that nest-clearing activities poten-
tially nullify the expected enhancement of seed germination
and seedling growth by the nest-mediated increase in light
and nutrient levels while colonies remain active (Haines
1975; Farji-Brener and Silva 1995).

Impacts of leaf-cutting ant nests on plant assemblages
have been already documented in tropical forests. The ants
are expected to inhibit the establishment of plants on active
nests, reducing both plant density and species richness
(Garrettson et al. 1998; Hull-Sanders and Howard 2003).
However, this effect has been detected (Garrettson et al.
1998) or addressed (Hull-Sanders and Howard 2003) only
at the immediate nest surface. Moreover, as a nest is
abandoned or the colony dies, these vegetation-free areas
represent available spots for plant colonization, thus influ-
encing plant assemblages and forest regeneration dynamics,
much like in the case of treefall gaps (Fowler et al. 1989;
Farji-Brener and Illes 2000; Moutinho et al. 2003). For
example, Farji-Brener and Illes (2000) and Farji-Brener
(2005) suggested that inactive nests of Atta spp. could favor
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light-demanding tree and shrub species or those whose
seeds were carried to the nest by the leaf-cutting ants while
colonies were still active. These ideas largely supported the
notion that in undisturbed ecosystems, leaf-cutting ants pro-
mote environmental heterogeneity (see Wirth et al. 2003).
However, the ecological role of Atfta nests may be
context dependent. For the present scenario, we provide
evidence that Atta nests and ant activity (particularly seed-
ling cutting) represent a disturbance regime that may lead
to the impoverishment of plant assemblages along forest
edges of an exceptionally large and long-standing fragment
of Atlantic forest by directly and indirectly reducing the
recruitment of sensitive tree and shrub species. It is already
known that proliferation of pioneers following the creation
of forest edges is fueled by elevated rates of treefall gaps
and the collapse of the emergent layer (Laurance et al.
2006). Peripheral treefall gaps and edge-related microcli-
matic changes then further promote suitable conditions
(increased light) for a striking recruitment and growth of
pioneers within 100 m of fragment margins (Laurance et al.
2002, 2006; Oliveira et al. 2004). By considerably increas-
ing the level of canopy openness and light availability at the
forest ground (via nest construction and maintenance), it is
reasonable to hypothesize that ant nests favor the recruit-
ment of light-demanding species, including pioneers and
those shade-tolerants that respond positively to moderate
increments in light availability. However, in contrast to our
initial expectations, nest-affected habitats may represent an
inhospitable environment for: (1) light-sensitive, shade-tol-
erant species; (2) plant species bearing ant-targeted seed-
lings; and (3) plant species whose seeds require undisturbed
habitats for better germination. This complex process of
ecological filtering is currently the best explanation for the
ant nest-mediated shifts we documented for sapling assem-
blages, including the reduced recruitment (in the nest-
affected habitats) of those six pioneer plant species that
served as indicators of the whole habitat used by colonies.
Leaf-cutting ants have long been regarded as allogenic
ecosystem engineers (sensu Jones et al. 1994) by growing
fungus in prodigious subterranean nests, which locally
redistribute soil particles, change the structure and compo-
sition of soil, produce microsite enrichment and alter the
forest vegetation in Neotropical forests (see review in
Wirth et al. 2003). Our findings greatly extend knowledge
on the role played by leaf-cutting ants by demonstrating
that A. cephalotes’ nest construction and maintenance mod-
ulates light transmission, influencing the vegetation not
only over the nest but in tens of meters around it. Consider-
ing that A. cephalotes colonies have reached unprecedented
densities along the edges of Coimbra forest (Wirth et al.
2007), it is likely that the magnitude of their engineering
effects may be much more intense than previously anticipated
(see Wirth et al. 2003). In fact, the various consequences

of edge-driven accumulations of Atta colonies may achieve
far-reaching consequences for edge-affected habitats in
hyper-fragmented landscapes (see review in Wirth et al.
2008). In the light of the ever-increasing pervasiveness of
edge habitats and a growing awareness of their significant
impact on ecosystem processes (Laurance et al. 2002, 2006;
Wirth et al. 2008), further studies should investigate the
generality of the patterns described here. We hope our
working hypotheses promote a new line of investigation
about the role played by leaf-cutting ants as ecosystem
engineers in human-disturbed habitats such as tropical
fragmented landscapes.

Acknowledgments The authors thank the following for financial
support: the Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPQ, project 540322/01-6 and 243000/02), the Fundagdo
Coordenaciio de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES, project 007/01), the Fundagdo O Boticdrio (project 0592/
20032) and the German Science Foundation (DFG, project WI 1959/1-
1). Conservagdo International do Brasil (CI-Brasil), the Centro de
Estudos Ambientais do Nordeste (CEPAN) and the Usina Serra
Grande provided infrastructure and logistic support during the field
work. We are grateful to CAPES for post-graduate support to M. M. C.
and to CNPq for post-graduate support to P.S.D.S. and research
grants to M. T. and I. R. L. Special acknowledgment is due to Alexan-
dre Grillo (in memoriam), Marcondes Oliveira and Eleno José de
Aratijo (in memoriam) for plant identification and their contribution to
the whole study. Experiments comply with the Brazilian current laws.

References

Almeida WR, Wirth R, Leal IR (2008) Edge-mediated reduction of
phorid parasitism on leaf-cutting ants in a Brazilian Atlantic
forest. Entomol Exp Appl 129:251-257

Benitez-Malvido J, Martinez-Ramos M (2003) Influence of edge expo-
sure on tree seedling species recruitment in tropical rain forest
fragments. Biotropica 35:530-541

Brokaw NVL (1982) Tree falls: frequency, time, and consequences. In:
Leight EG Jr, Rand AS, Windsor DM (eds) The ecology of a trop-
ical forest: seasonal rhythms and long-term changes. Smithsonian
Institute Press, Washington, pp 101-108

Chazdon RL, Fetcher N (1984) Photosynthetic light environments in a
lowland tropical rain forest of Costa Rica. J Ecol 72:553-564

Cherrett JM (1989) Leaf-cutting ants. In: Lieth H, Werger MJA (eds)
Ecosystems of the world. Elsevier, New York, pp 473-486

Colwell RK (2005) Estimates, version 7.5: statistical estimation of
species richness and shared species from samples (software and
user’s guide). Freeware published at http://viceroy.eeb.uconn.
edu/estimates

Colwell RK, Coddington JA (1994) Estimating terrestrial biodiversity
through extrapolation. Philos Trans R Soc Lond B Biol Sci
345:101-118

Connell JH, Lowman MD, Noble IR (1997) Subcanopy gaps in tem-
perate and tropical forests. Aust J Ecol 22:163-168

Corréa MM (2006) Formigas cortadeiras (Hymenoptera, Formicidae)
como agentes modificadores da disponibilidade de luz e da estru-
tura da comunidade vegetal em Floresta Atlantica Nordestina.
Ph.D. thesis, Universidade Federal de Pernambuco, Recife, Brazil

Corréa MM, Bieber AGD, Wirth R, Leal IR (2005) Occurrence of Atta
cephalotes (Linnaeus) (Hymenoptera: Formicidae) in Alagoas,
Northeast Brazil. Neotrop Entomol 34:695-698

@ Springer


http://viceroy.eeb.uconn.edu/estimates
http://viceroy.eeb.uconn.edu/estimates

114

Oecologia (2010) 162:103-115

Dalling JW, Wirth R (1997) Dispersal of Miconia argentea seeds by
the leaf-cutting ant Atta colombica (L.). J Trop Ecol 14:705-710

Denslow JS, Hartshorn GS (1994) Tree-fall gap environments and
forest dynamics processes. In: Mcdade LA, Bawa KS,
Hespenheide HA, Hartshorn GS (eds) La Selva: ecology and nat-
ural history of a Neotropical rain forest. University of Chicago
Press, Chicago, pp 120-127

Denslow JS, Ellison AM, Sanford RE (1998) Treefall gap size effects
on above- and below-ground processes in a tropical wet forest.
J Ecol 86:597-609

Dufréne M, Legendre P (1997) Species assemblages and indicator
species: the need for a flexible asymmetrical approach. Ecol
Monogr 67:645-666

Farji-Brener AG (2005) The effect of abandoned leaf-cutting ant nests
on plant assemblage composition in a tropical rainforest of Costa
Rica. Ecoscience 12:554-560

Farji-Brener AG, Ghermandi L (2000) Influence of nests of leaf-
cutting ants on plant species diversity in road verges of northern
Patagonia. J Veg Sci 11:453-460

Farji-Brener AG, Illes AE (2000) Do leaf-cutting ant nests make
“bottom-up” gaps in neotropical rain forest? A critical review of
the evidence. Ecol Lett 3:219-227

Farji-Brener AG, Silva JF (1995) Leaf-cutting ants and forest grooves
in a tropical parkland savanna of Venezuela: facilitated succes-
sion? J Trop Ecol 11:651-669

Fowler HG, Pagani M1, Silva AO, Forti LC, Silva VP, Vasconcelos HL
(1989) A pest is a pest is a pest? The dilemma of Neotropical leaf-
cutting ants: keystone taxa of natural ecosystems. Environ
Manage 13:671-675

Fraver S, Brokaw NVL, Smith AP (1998) Delimiting the gap phase in
the growth cycle of a Panamanian forest. J Trop Ecol 14:673-681

Frazer GW, Canham CD, Lertzman EKP (1999) Gap Light Analyzer
(GLA), Version 2.0: imaging software to extract canopy structure
and gap light transmission indices from true-colour fisheye pho-
tographs, users manual and program documentation. Copyright
1999: Simon Fraser University, Burnaby, British Columbia,
Canada and the Institute of Ecosystem Studies, Millbrook

Garrettson M, Stetzel J, Halpern B, Hearn J, Lucey B, Mckone M
(1998) Diversity and abundance of understory plants on active
and abandoned nest of leaf-cutting ants (Atfa cephalotes) in Costa
Rica rain forest. J Trop Ecol 14:17-26

Gotelli N, Colwell RK (2001) Quantifying biodiversity: procedures
and pitfalls in the measurement and comparison of species
richness. Ecol Lett 4:379-391

Grafen A, Hails R (2006) Modern statistics for the life sciences.
Oxford University Press, New York

Grillo AS, Oliveira MA, Tabarelli M (2006) Arvores. In: Porto K,
Almeida-Cortez JS, Tabarelli M (eds) Diversidade bioldgica e
conservacdo da Floresta Atlantica ao Norte do Rio Sao Francisco.
Série Biodiversidade no. 14, Ministério do Meio Ambiente,
Brasilia, pp 191-216

Haines B (1975) Impact of leaf-cutting ants on vegetation development
at Barro Colorado Island. In: Golley FG, Medina E (eds) Tropical
ecological systems. ecological studies. Springer, Berlin, pp 99—
111

Hartshorn GS (1978) Treefalls and tropical forest dynamics. In:
Tomlinson PB, Zimmermann MH (eds) Tropical trees as living
systems. Cambridge University Press, New York, pp 617-638

Herz H (2001) Blattschneiderameisen im tropischen Regenwald:
Freilanduntersuchungen zur Populationsdynamik sowie zu
trophischen und nichttrophischen Effekten von Atta colombica in
Pananma. Ph.D. thesis. University of Bielefeld, Bielefeld,
Germany

Hubbell SP, Foster RB, O’Brien ST, Harms KE, Condit R, Wechsler B,
Wright SJ, Loo De Lao S (1999) Light-gap disturbances,

@ Springer

recruitment limitation, and tree diversity in a neotropical forest.
Science 283:554-557

Hull-Sanders HM, Howard JJ (2003) Impact of Atta colombica
colonies on understory vegetation and light availability in a
Neotropical forest. Biotropica 35:441-445

IBGE (1985) Atlas nacional do Brasil: regido Nordeste. Fundagio
Instituto Brasileiro de Geografia e Estatistica, Rio de Janeiro

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem
engineers. Oikos 69:373-386

Kempf W (1972) Catédlogo abreviado das formigas da Regido Neotrop-
ical (Hymenoptera: Formicidae). Stud Entomol 15:3-344

Kitajima K (1996) Ecophysiology of tropical tree seedlings. In:
Mulkey SS, Chazdon RL, Smith F (eds) Tropical forest plant eco-
physiology. Chapman and Hall, New York, pp 559-596

Krebs C (1999) Ecological methodology. Addison Wesley, Menlo
Park

Laurance WF, Lovejoy LE, Vasconcelos HL, Bruna EM, Didham RK,
Stouffer PC, Gascon C, Bierregaard RO Jr, Laurance SG, Sam-
paio E (2002) Ecosystem decay of Amazonian forest fragments: a
22-year investigation. Conserv Biol 16:605-618

Laurance WF, Nascimento HEM, Laurance SG, Andrade AC,
Fearnside F, Ribeiro JELS, Capretz RL (2006) Rain forest frag-
mentation and the proliferation of successional trees. Ecology
87:469-482

Leal IR, Oliveira PS (1998) Interaction between fungus-growing ants
(Attini), fruits, and seeds in cerrado vegetation in southeast
Brazil. Biotropica 30:170-178

Mccune B, Mefford MJ (1999) PC-ORD. Multivariate analysis of eco-
logical data. Version 4. Mjm Software Design, Gleneden Beach

Melo FPL, Dirzo R, Tabarelli M (2006) Biased seed rain in forest edg-
es: evidence from the Brazilian Atlantic forest. Biol Conserv
132:50-60

Melo FPL, Lemire D, Tabarelli M (2007) Extirpation of large seeded
seedlings from the edge of a large Brazilian Atlantic forest
fragment. Ecoscience 14:124-129

Meyer ST (2008) Ecosystem engineering in fragmented forests: edge-
mediated hyper-abundance of leaf-cutting ants and resulting
impacts on forest structure, microclimate and regeneration. Ph.D.
dissertation, University of Kaiserslautern, Kaiserslautern,
Germany

Meyer ST, Leal IR, Wirth R (2009) Persisting hyper-abundance of
leaf-cutting ants (Atfa spp.) at the edge of an old Atlantic forest
fragment. Biotropica 41 (in press)

Moutinho P, Nepstad DC, Davidson ED (2003) Influence of leaf-cut-
ting ant nests on secondary forest growth and soil properties in
Amazonia. Ecology 84:1265-1276

Oliveira MA, Grillo AS, Tabarelli M (2004) Forest edge in the Brazil-
ian Atlantic forest: drastic changes in tree species assemblages.
Oryx 38:389-394

Pearson RG, Dawson TP, Berry PM, Harrison PA (2002) Species: a
spatial evaluation of climate impact on the envelope of species.
Ecol Modell 154:289-300

Porto KC, Almeida-Cortez JS, Tabarelli M (2006) Diversidade biol6g-
ica da Floresta Atlantica ao norte do Rio Sdo Francisco. Série
Biodiversidade no. 14, Ministério do Meio Ambiente, Brasilia

Rao M, Terborgh J, Nunez P (2001) Increased herbivory in forest
isolates: implications for plant community structure and
composition. Conserv Biol 15:624-633

Santos AMM, Silva JMC, Tabarelli M (2007) Biogeographical
relationships among tropical forests in northeastern Brazil.
J Biogeogr 34:437-446

Silva PSD, Leal IR, Wirth R, Tabarelli M (2007) Negative impact of
leaf-cutting ants (Afta sexdens) on tree recruitment of Protium
heptaphyllum (Burseraceae) through seed aggregation and
seedling cutting. Rev Bras Bot 30:553-560



Oecologia (2010) 162:103-115

115

Silva PSD, Bieber AGD, Leal IR, Wirth R, Tabarelli M (2009)
Decreasing abundance of leaf-cutting ants across a chronose-
quence of advancing Atlantic forest regeneration. J Trop Ecol
25:223-227

Sokal RR, Rohlf FJ (1995) Biometry. Freeman, New York

Sternberg LSL, Pinzon MC, Moreira MZ, Moutinho P, Rojas EL,
Herre EA (2007) Plants use macronutrients accumulated in
leaf-cutting ant nests. Proc Trans R Soc Lond B Biol Sci
274:315-321

Urbas P, Aratijo MV Jr, Leal IR, Wirth R (2007) Cutting more from cut
forests: edge effects on foraging and herbivory of leaf-cutting ants
in Brazil. Biotropica 39:489-495

Vasconcelos HL, Fowler HG (1990) Foraging and fungal substrate
selection by leaf-cutting ants. In: Vander Meer RK, Jaffe K,
Cedeno A (eds) Applied myrmecology—a world perspective.
Westview Press, Boulder, pp 411-419

Veloso HP, Rangel-Filho ALRR, Lima JCA (1991) Classificacdo da
vegetacdo brasileira, adaptada a um sistema universal. Editora da
Fundagio Instituto Brasileiro de Geografia e Estatistica, Rio de
Janeiro

Weber NA (1972) Gardening ants, the attines. Mem Am Philos Soc
92:1-146

Wilkinson L (1996) SYSTAT, version 6.0. SPSS, Chicago

Wirth R, Beyschlag W, Herz H, Ryel RJ, Holldobler B (2003) Herbiv-
ory of leaf-cutter ants: a case study of Atta columbica in the
tropical rainforest of Panama. Ecol Stud 164:1-233

Wirth R, Meyer ST, Almeida WR, Aradjo MV Jr, Barbosa VS, Leal IR
(2007) Increasing densities of leaf-cutting ants (Atta spp.) with
proximity to the edge in a Brazilian Atlantic forest. J Trop Ecol
23:501-505

Wirth R, Meyer ST, Leal IR, Tabarelli M (2008) Plant-herbivore
interactions at the forest edge. Prog Bot 68:423-448

@ Springer



	How leaf-cutting ants impact forests: drastic nest eVects on light environment and plant assemblages
	Abstract
	Introduction
	Materials and methods
	Study site
	Atta cephalotes

	Canopy gaps above nests and light availability
	Plant assemblages on and around Atta nests
	Data analysis

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


