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Abstract
The mechanisms affecting forest regeneration in human-modified landscapes are at-
tracting increasing attention as tropical forests have been recognized as key habitats 
for biodiversity conservation, provision of ecosystem services, and human well-be-
ing. Here we investigate the effect of the leaf-cutting ants (LCA) Atta opaciceps on 
regenerating plant assemblages in Caatinga dry forest. Our study encompassed 15 
Atta opaciceps colonies located in landscape patches with a gradient of forest cover 
from 8.7% to 87.8%, where we monitored regenerating individuals (seedlings and 
saplings of woody and herbaceous plants) in different habitats (nests, foraging areas, 
and control areas) over one year. We recorded 2,977 regenerating plant individu-
als, distributed among 55 species from 23 families. Herbaceous plants represented 
82.1% and 58.2% of the total number of individuals and species, respectively. Species 
richness of both the whole and herbaceous plant assemblages increased along the 
forest cover gradient, but without difference between the habitats. Total plant abun-
dance was highest in control areas followed by foraging areas and nests and this 
pattern held for both woody and herbaceous plants. Although forest cover did not 
influence the abundance of herbaceous plants and the whole plant assemblage, it 
positively affects woody plant abundance across control areas. Forest cover and hab-
itat changed species composition of both the entire regenerating and the herbaceous 
assemblages. These results together indicate that LCA negatively impact regenerat-
ing plant assemblages, particularly in those sites with increased forest cover. As LCA 
proliferate in human-modified landscapes, they may prevent plant regeneration of 
disturbed areas.
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1  | INTRODUC TION

Tropical foresTs have been rapidly converTed in human-modified land-
scapes via a combination of habitat loss and fragmentation, chronic 

disturbances and intensive soil use, particularly via crops and pas-
tures (Hansen et al., 2013; Laurance, Sayer, & Cassman, 2014). In this 
ecological scenario, biodiversity retention, provision of ecosystem 
services, and human well-being rely on the protection of remaining 
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forest vegetation but also on the ability of forest to regenerate fol-
lowing land abandonment, that is, forest resilience (Gilroy et al., 2014; 
Perfecto et al., 2009). This is particularly the case for seasonally dry 
tropical forests as many of these biotas support forest-dependent 
people (Blackie et al., 2014). In fact, these forests are under pressure 
of a combination of slash-and-burn agriculture, cattle raising, and ex-
ploitation of forest products providing livelihood to human popula-
tions (Blackie et al., 2014; Fu, Wang, Su, & Forsius, 2013; Sunderland 
et al., 2015). This sort of land use transforms old growth forests into 
dynamic mosaics consisting of crop/pasture patches, old fields, and 
regenerating forest stands of varying age (Melo, Arroyo-Rodríguez, 
Fahrig, Martínez-Ramos, & Tabarelli, 2013; Sunderland et al., 2015).

Studies on regeneration mechanisms in seasonally dry tropical 
forests have addressed the relative importance of seedlings and re-
sprouts from woody plant species (Mostacedo et al., 2009; Vieira & 
Scariot, 2006) and recruitment restriction caused by reduced water 
availability (Coe & Sousa, 2014). It has been argued that marked 
seasonality, high intra- and interannual variability of rainfalls, and 
the weak capacity of recolonization of many tree species (Maass & 
Burgos, 2011) can produce a landscape with permanent secondary 
vegetation (Ceccon, Sánchez, & Powers, 2015) or even lead dry for-
est to new stable states, such as shrublands or grasslands (Anderson-
Teixeira et al., 2013). Less attention has been given to the role of 
herbivory caused by both vertebrates and invertebrates, although 
landscapes usually support abundant livestock and voracious insects 
such as leaf-cutting ants (Leal, Lopes, Machado, & Tabarelli, 2017a; 
Siqueira et al., 2017; Tabarelli, Siqueira, Backé, Wirth, & Leal, 2017a).

In fact, leaf-cutting ants (LCA) of the genus Atta have been rec-
ognized as a common element of the human-modified landscapes 
in the neotropical forests by inhabiting small fragments and for-
est edges, second growth forest stands, exotic tree plantation, 
and open vegetation matrix such as crop fields and pastures (e.g., 
Fowler, 1983; Haines, Kramer, & Clark, 1990; Siqueira et al., 2018; 
Wirth et al., 2007). LCA have been considered key organisms in 
these landscapes (Wirth, Beyschlag, Herz, Ryel, & Holldobler, 
2003) due to their role as the most voracious herbivores of the 
neotropics and through the construction of their colossal nests 
which may cover an area of over 250 m2 (Leal, Wirth, & Tabarelli, 
2014). As a result, LCA effects on plant populations and commu-
nities can be positive or negative and are mediated by (a) altering 
forest light, microclimatic regime, and soil conditions, (b) fruit col-
lection, seed dispersal, and predation, and (c) foliage removal from 
seedlings, saplings, and adult plant species (see reviews in Leal 
et al., 2014 and Swanson et al., 2019). Particularly in the Atlantic 
forest, these LCA activities have been proposed to alter forest 
successional trajectory by favoring particular tree species (e.g., 
pioneer species) and driving shifts of woody plant communities 
(Corrêa et al., 2016; Corrêa, Silva, Wirth, Tabarelli, & Leal, 2010; 
Leal et al., 2014; Meyer, Leal, Tabarelli, & Wirth, 2011a).

The Brazilian Caatinga is the largest and one of the most spe-
cies-rich seasonally dry tropical forests globally (Silva, Barbosa, 
Leal, & Tabarelli, 2017). Since Europeans arrived in the 16th century, 
the Caatinga has been converted into human-modified landscapes, 

particularly via slash-and-burn agriculture and cattle raising de-
voted to subsistence and commercial purposes (Sampaio, 1995). 
Small-scale farming and reduced ecosystem productivity associ-
ated with unfertile soils, low water availability, and frequent pro-
longed droughts have moved old growth forests toward dynamic 
mosaics at landscape spatial scale, with abundant old fields (fallows) 
and regenerating forest stands ranging from few years to decades 
(Sampaio, 1995; Tabarelli, Leal, Scarano, & Silva, 2017b). These hu-
man-modified landscapes have supported the proliferation of three 
LCA species of the genus Atta (Siqueira et al., 2017). Atta laevigata 
(Smith, 1985), A. opaciceps (Borgmeier, 1939), and A. sexdens (L. 
1758) benefit from anthropogenic disturbances due to the increased 
availability of nesting sites (e.g., near roads, Vieira-Neto et al., 2016, 
Siqueira et al., 2017) and the proliferation of woody pioneers (e.g., 
Euphorbiaceae species, Rito, Tabarelli, & Leal, 2017) and herbaceous 
plant species (Vieira, 2017), which are more palatable and preferred 
by leaf-cutting ants (Falcão, Pinto, Wirth, & Leal, 2011; Farji-Brener, 
2001). It is worth mentioning that palatable plants tend to domi-
nate regenerating forest stands, in which leaf-cutting ant popula-
tions thrive following the abandonment of crop fields and pastures 
(Rito, Tabarelli, et al., 2017, Siqueira et al., 2017, Siqueira et al., 2018, 
Vieira, 2017). Accordingly, leaf consumption and herbivory rates are 
usually higher across fallows and regenerating forest stands as com-
pared to old growth forest patches (Siqueira et al., 2018). Thereby, 
the Caatinga dry forest offers an interesting scenario to address the 
drivers of seasonally dry tropical forest regeneration/resilience, in-
cluding the role played by native herbivores.

Here we examine potential impacts of leaf-cutting ants on 
the Caatinga forest regeneration following pasture abandon-
ment by evaluating regenerating plant assemblages (seedlings/
saplings) across 15 Atta opaciceps colonies including (a) nests, (b) 
their respective foraging areas, and (c) control areas (i.e., 20 m 
apart of foraging areas) located across a forest cover gradient. 
Regenerating assemblages, including both herbaceous and woody 
species, were monitored throughout a year via bimonthly surveys. 
We predicted LCA to pose a negative effect on regenerating as-
semblages and thus reduce community-level abundance/species 
richness and change taxonomic composition. We further expected 
that LCA-mediated effects get more pronounced with increasing 
forest cover because of increased seed rain and ameliorated mi-
croclimatic conditions for seedling recruitment and growth, thus 
enhancing the contrast between regenerating assemblages in 
areas affected by LCA and control areas. The patterns we found 
are examined in the light of the forces affecting forest regenera-
tion and resilience in human-modified landscapes.

2  | METHODS

2.1 | Study area

The study was carried out in a human-modified landscape of the 
Caatinga dry forest, at the Catimbau National Park (8°24′00″ and 
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8°36′35″ S; 37°0′30″ and 37°1′40″ W), northeast Brazil. The 
climate is semi-arid; annual rainfall varies markedly because of 
topographic influences, from 480 to 1,100 mm, while the mean 
annual temperature is 23°C (Rito, Arroyo-Rodríguez, Queiroz, 
Leal, & Tabarelli, 2017). Quartzitic sandy soils are predominant 
in the Park, occurring in approximately 70% of its area (Rito, 
Arroyo-Rodríguez, et al., 2017). Vegetation is a mosaic rang-
ing from old growth forest patches to abandoned pasture fields 
(Rito, Arroyo-Rodríguez, et al., 2017). The Park is characterized 
by 613 plant species (Athiê-Souza et al., 2019). The most com-
mon botanical families in the woody strata are Fabaceae and 
Euphorbiaceae (Rito, Arroyo-Rodríguez, et al., 2017). Herbs are 
the most representative plant life form, with 202 species mainly 
composed of Poaceae, Asteraceae, and Cyperaceae (Athiê-Souza 
et al., 2019). Our focal landscape is dominated by abandoned pas-
tures (15–20 years of abandonment), which was once covered by 
a Caatinga dry forest. Regeneration of these areas takes place 
naturally following abandonment without any silvicultural or res-
toration efforts.

2.2 | Study species

Among the three species that occur in Catimbau, we chose A. opac-
iceps as our focal species, firstly because it is the most abundant 
and widely distributed leaf-cutting ant species in our study area 
(Siqueira et al., 2017, Figure 1a). Additionally, nests of A. opaciceps 
are composed by one large mound, which facilitates identification 
of individual colonies. Nests of A. sexdens, the second most abun-
dant species, are formed by several small mounts, making it diffi-
cult to delimit a single nest from other nests located in the vicinity 
(Siqueira et al., 2018). A. opaciceps is endemic to the Caatinga, 
occurring in the states of Piauí, Ceará, Rio Grande do Norte, 
Pernambuco, Sergipe, and Bahia (Leal, Ribeiro-Neto, et al., 2017). 
It has been recorded from old growth forest patches to open habi-
tats (e.g., abandoned field crops, and pasture lands), achieving a 
population density of 2.45 colonies/ha in areas with lower forest 
cover and near roads (Delabie et al., 1997; Siqueira et al., 2017). 
Our study assessed 15 adult and active colonies spread across a 
70 km2 landscape with sandy soil and similar slope. Mean nest size 
was 66.66 m2 (± 30.75, mean ± SD), and colonies were on average 
2.49 km (± 1.29) apart from each other.

2.3 | Sampling design

We used a block design and each block included three habitat types: 
(a) nest, (b) foraging area of the respective nest, and (3) control area 
(i.e., 20 m away from the foraging area and hence not affected by 
the ants). Foraging areas were established during nocturnal surveys 
(the time of foraging activity) by marking the terminal segment of 
the main trunk trails (Corrêa et al., 2010). Trunk trails are relatively 
cleared paths that direct foragers through the littered forest floor 

to their host plants (Kost et al., 2005). As explanatory variables for 
changes in ant behavior and colony activity, we used percentage 
of forest cover in landscape patches around nests, considering as 
forest only physiognomy composed by shrubs and tree species 
in a relative medium-to-high density of individuals (see classes of 
land cover). We delimitated these landscape patches by employ-
ing a 200-m buffer around each (Figure 1b,c). We adopted 200 m 
of buffer size based on the foraging area of A. opaciceps (Siqueira 
et al., 2018).

F I G U R E  1   Colonies of Atta opaciceps located at the Catimbau 
National Park, northeastern Brazil. (a) Aerial view of a colony 
at the Fazenda Brejo, Catimbau National Park, northeastern 
Brazil (Photograph courtesy of Dr. Jens Brauneck, University of 
Kaiserslautern), (b) fifteen focal colonies within an area of 70 km2 
(gray area = forest cover, white area = non-forest habitats), and (c) 
three focal colonies showing in detail the landscape patches around 
nests (buffer zone of 200 m), from the left to right: less forest cover 
(8.7%), intermediate forest cover (53%), and high forest cover (87%)

(a)

(b)

(c)
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2.4 | Land cover classification

The forest cover in each landscape patch was calculated using 
ArcGis 10.1, following a supervised classification of a mosaic of two 
high-resolution RapidEye scenes (2435123_2012-03-21T133949_
RE4_3A-NAC_10955665_148448 and 2435223_2012-03-
21T133945_RE4_3A-NAC_10960352_148469) acquired in March 
2012 and provided by the Brazilian government (GeoCatálogo-
MMA). We conducted image interpretation using the maximum 
likelihood method based on clearly distinguishable land cover 
classes. Our own experience supported by a sum of 121 reference 
points distributed along the 14 classes of land cover allowed us to 
define training samples based on easily distinguishable land cover 
aspects for land cover validation. Considering different landscape 
structures in each RapidEye scene, the classes represented (a) ex-
posed soil, (b) high clayey content in exposed soil, (c) open fields ir-
regularly covered by pasture/herbaceous vegetation, (d) open fields 
evenly covered by pasture/herbaceous vegetation, (e) croplands 
with sparse trees, (f) rocky soil sparsely covered by herbaceous veg-
etation, (g) rocky soil densely covered by shrubs and herbaceous 
vegetation, (h) medium-density low-statured forest, (i) high-density 
low-statured forest, and (j) groups of riparian or non-deciduous for-
est. Besides that (k) urban areas and pavement, (l) clouds, (m) a mix 
of clouds and topographic shading, and (n) water were also consid-
ered in the classification. The forest cover (i.e., classes 8 and 9) in-
side each landscape patch around nests of our focal colonies ranged 
from 8.73% in areas of low cover to 87.84% in areas with high veg-
etation density. Although we have used RapidEye scenes obtained 
in March of 2012, the scenes had not significantly changed over the 
intervening years (see Appendix S1 and Figure S1).

2.5 | Regenerating plant assemblages

We visited all the 15 colonies bimonthly from November 2016 to 
November 2017 (seven samplings per colony). At each sampling, we 
randomly placed four 1-m2 plots in each habitat type (nest, foraging, 
and control areas). As LCA in the Caatinga exhibit nocturnal forag-
ing throughout the year, we established foraging plots in the night 
before data collection. In occasions where a colony was inactive 
and thus not allowing us to establish the foraging plot, we skipped 
the survey of plant assemblages in the respective treatments. We 
recorded the species and abundance of all regenerating individuals 
up to 1m high including both woody and herbaceous plants. We 
considered woody and herbaceous species separately because they 
have different growth rates and life expectancies; thus, LCA could 
have differential effects on their recruitment and survival.

2.6 | Structure of regenerating plant assemblages

We first calculated sample coverage to evaluate if our survey was 
satisfactory for all sampling units (i.e., all replicates of the three 

habitats nest, foraging area, and control area) using the coverage 
estimator recommended by Chao and Shen (2010). Because species 
richness is very sensitive to variations in the number of singletons 
and doubletons (Jost, 2006), we estimated the species richness for 
all sampling units using coverage-based extrapolations with the 
iNEXT software (Hsieh et al., 2013).

2.7 | Data analyses

To compare the total abundance and species richness of regen-
erating plant assemblages (woody + herbaceous plants) between 
habitats and across the forest cover gradient, we used general-
ized linear mixed models (GLMM). Additionally, we also performed 
GLMMs to compare abundance and richness of woody and her-
baceous plants separately between habitats and different forest 
covers. Block and sampling month were included in the models 
as random variables to control for spatial and temporal cluster-
ing, and to account for the hierarchical data structure of habitats 
nested within colonies. We estimated species richness (0D) with 
coverage-based extrapolations for total species richness, as well 
as for richness of wood and herbaceous plants separately. For all 
the richness models, we used a Poisson error distribution, and 
for the abundance models, we used a Gaussian error distribu-
tion. We checked residuals for normality and homoscedasticity in 
all models. Data that did not meet homoscedastic criteria were 
log(x + 1)-transformed. We also checked for overdispersion in 
all models. When detected, we fitted a Poisson lognormal model 
(Harrison, 2014). All the GLMMs were performed using the pack-
age lme4 version 1.1–7 (Bates et al., 2014) in R software (version 
3.4.3, R Core Team 2017).

The effects of habitats and forest cover on the species com-
position of regenerating plant assemblage were evaluated using 
canonical correspondence analyses (CCA) considering all species 
and woody and herbaceous plants separately. For these analyses, 
we considered the abundance of each species. We performed a 
randomization test (10,000 randomizations) to obtain the statis-
tical significance of habitats and forest cover as explanatory vari-
ables (Legendre, Oksanen, & Braak, 2011). We used vegan version 
2.3 package (Oksanen et al., 2015) to perform a CCA in R (version 
3.4.3, R Core Team 2017).

3  | RESULTS

A total of 2,977 plant individuals (representing 55 species and 22 
families) were recorded with herbaceous species accounting for 
82.1% of the total number of individuals and 58.2% of the species 
(Table S1). Most of these species are native (49, 89.1%), from which 
10 (20.4%) are endemic and 39 (79.6%) are widely distributed in 
Caatinga, other SDTF, savannas, and rain forests (Table S1). Only 
five (9.1%) species are exotic, most of which from Poaceae family, 
and for one species the exact native range is still obscure (Table 
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S1). Regenerating plant assemblages were highly variable across 
colonies and habitats (i.e., nests, foraging areas, and control plots), 
but in general supported low plant abundance and species rich-
ness. Herbaceous plant density varied from 0 to 64.2 per m2 (me-
dian, 1.75; Interquartile range—IQR, 0.5 to 3.5), while woody plant 
density varied from 0 to 11.5 per m2 (0.5; 0 to 1). Accordingly, the 
most species-rich regenerating assemblage achieved only 4.3 plant 
species per m2, with herbaceous and woody plant species numbers 
ranging from 0 to 3.5 per m2 (0.25; 0.25 to 0.75), and 0 to 1.5 per m2 
(0.25; 0 to 0.5), respectively.

Despite such reduced abundance and impoverished assem-
blages, total assemblage abundance varied depending on the habi-
tat, with control areas showing 61% more plant individuals per m2 
(2.5; 1.4 to 7) compared to nests (2.0; 0.6 to 3) and 44% compared 
to foraging areas (2.0; 1.5 to 4); LCA-related habitats supported sim-
ilar total abundance (Table 1, Figure 2a). The same pattern was re-
corded for woody and herbaceous assemblages separately (Table 1, 
Figure 2b,c). Overall, regenerating plant assemblages exposed to 
LCA were 50% less abundant as compared to control areas. Forest 
cover affected woody abundance of regeneration assemblages 
(Table 1, Figure 2a,c) by exhibiting an interactive effect with habitat 
type, in which plant abundance was positively related to forest cover 
only in control areas (Table 1, Figure 2b).

Species richness of regenerating plant assemblages varied de-
pending on plant life form (herbaceous vs. woody species) and forest 
cover. More precisely, total species richness increased in response to 
higher forest cover by a 37% increment considering the whole gradi-
ent of forest cover (Table 1, Figure 2d). An effect was also observed 
for herbaceous assemblages, the species richness of which increased 
with forest cover (Table 1, Figure 2f). However, woody plant species 
richness did not vary across habitat, forest cover, and the interaction 
between habitat and forest cover (Table 1, Figure 2e).

With respect to the overall species composition of regenerat-
ing plant assemblages, the first axis of the CCA explained 55.69% 
of the variation, which was significantly influenced by habitat 
and forest cover (Table 2). In relation to woody species compo-
sition, the first axis of the CCA explained 52.77% of the variation 
(Table 2, Figure 3a). Forest cover, but not habitat, changed the tree 
and shrub species composition, with Cnidosculus quercifolius, and 
Cnidosculus pubescens being associated with higher forest cover 
and Croton tricolor and Zornia grandiflora with lower forest cover 
(Figure 3a). In the herbaceous plant-specific CCA, the first axis ex-
plained 53.78% of the variation in species composition and both 
habitat and forest cover influenced the herbaceous species com-
position (Table 2, Figure 3b). Tacinga inamoena, Melocactus bahien-
sis, and Ayenia erecta were associated with higher forest cover, 

Response variable
Explanatory 
variables df F p R2

Total plant abundance Habitat 2 27.07 <.01 .56

Forest Cover 1 0.05 .82  

Forest Cover * 
Habitat

2 2.02 .36  

Woody plant abundance Habitat 2 43.08 <.01 .70

Forest Cover 1 1.15 .28  

Forest Cover * 
Habitat

2 7.11 .03  

Herbaceous abundance Habitat 2 17.74 <.01 .54

Forest Cover 1 0.03 .85  

Forest Cover * 
Habitat

2 2.49 .29  

Total plant richness Habitat 2 6.25 .06 .40

Forest Cover 1 8.32 <.01  

Forest Cover * 
Habitat

2 1.58 .45  

Woody plant richness Habitat 2 3.14 .21 .24

Forest Cover 1 2.03 .15  

Forest Cover * 
Habitat

2 0.81 .66  

Herbaceous richness Habitat 2 4.37 .11 .57

Forest Cover 1 5.86 .01  

Forest Cover * 
Habitat

2 4.19 .12  

Note: R2 represents the coefficient of determination of the whole statistical model. Significant 
values are in bold.

TA B L E  1   Results from general linear 
mixed model (GLMM) to compare 
regenerating plant assemblages in terms 
of abundance and richness of all plants, 
woody and herbaceous plants between 
habitats (nests, foraging areas, and control 
areas) of 15 Atta opaciceps colonies 
located along a gradient of Caatinga 
forest cover at Catimbau National Park, 
northeastern Brazil
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and Microtia paniculata and Boerhavia diffusa were associated with 
lower forest cover, while Mollugo sp. was associated with control 
areas (Figure 3b).

4  | DISCUSSION

Our results indicate that LCA represent a conspicuous component of 
abandoned pastures in human-modified landscapes of the Caatinga 
dry forest. Moreover, LCA impact regenerating plant assemblages 
that are naturally sparse and species-poor, particularly in terms of 
woody plant species. Even considering a whole year of both seed-
ling and sapling surveys (plants < 1m tall), many patches free of LCA 

activity (i.e., control areas) achieved a maximum of 65.75 individuals 
per m2 from 14 species, totaling five woody species. In this scenario, 
ant nests and foraging areas support sparser vegetation, consider-
ing both herbaceous and woody plant species, although such as-
semblages are equally species-rich as LCA-free stands. In addition to 
LCA, regenerating plant assemblages are also affected by surround-
ing forest cover as woody plants are more abundant in those sites 
with increased cover and without ants. Thus, LCA and forest cover 
influence regenerating plant assemblages in the Caatinga dry forest.

Effects of LCA activities on plant recruitment and structure 
of regenerating plant assemblages have been examined across 
several American ecosystems, including effects associated with 
nests and foraging areas (see Leal et al., 2014 for a review). In 

F I G U R E  2   Regenerating plant 
assemblages in areas influenced by 
leaf-cutting ants (i.e., nest mounds, 
foraging areas, and control areas) of 
15 Atta opcaciceps colonies located at 
sites with different forest cover in the 
Catimbau National Park, northeastern 
Brazil. Total abundance of regenerating 
plant assemblage (a), abundance of woody 
plants (b), abundance of herbaceous plants 
(c), total species richness of regenerating 
plant assemblages (d), richness of woody 
plants (e), and richness of herbaceous 
plants (f). Black lines = nests, dark 
gray lines = foraging and light gray 
lines = control



     |  7KNOECHELMANN Et AL.

terms of plant recruitment, both positive and negative effects 
are possible and associated with nest soil disturbance, location 
of nest refuse dumps, defoliation and changes on forest light re-
gime and microclimate (Corrêa et al., 2010, 2016; Costa, Bruna, 
& Vasconcelos, 2018; Farji-Brener & Ghermandi, 2000; Meyer 
et al., 2011a; Meyer, Leal, Tabarelli, & Wirth, 2011b). Moving to 
community level, low-density assemblages across LCA-influenced 
patches have been documented across rain forest (Corrêa et al., 
2010, 2016; Garrettson et al., 1998; Hull-Sanders & Howard, 
2003) and savanna ecosystems (Costa et al., 2018), particularly in 
nests (Corrêa et al., 2010; Meyer et al., 2011a). Impoverished as-
semblages have also been documented (Corrêa et al., 2010; Costa 
et al., 2018), as well as taxonomically distinct plant assemblages 
across old growth and regenerating forest stands inhabited by LCA 
(Silva, Leal, Wirth, Melo, & Tabarelli, 2012). Many of these effects 
on regenerating plant assemblages inhabiting ant nests persist 
for a long time after colony death or migration, turning nests into 

temporary (relatively long-lasting) islands of unsuitable substrate 
that reduce plant recruitment (Bieber, Oliveira, Wirth, Tabarelli, & 
Leal, 2011). Accordingly, LCA have been proposed as key drivers 
of plant recruitment, forest structure, and regeneration dynamics 
(Leal et al., 2014).

The reduced abundance of seedlings and saplings in LCA nest 
mounds observed here is probably due to the disturbance caused 
by nest construction and maintenance. The colossal nests of Atta 
colonies are composed of several hundred up to 8,000 subterra-
neous interconnected chambers reaching to eight meters under-
ground and large mounds of soil above their surface reaching up to 
250 m2 in area (Leal et al., 2014). For the construction and mainte-
nance of these structures, LCA move large quantities of soil to the 
nest surface (more than 20 m3 or 40 tons of soil, see Farji-Brener 
& Illes, 2000). LCA also reduce the litter cover (bare-soiled nest 
clearings), thus depressing nutrient availability on the nest areas 
and in the surrounding forest as documented for Atta cephalotes in 
the Atlantic forest (Meyer et al., 2013). All this bioturbation can re-
duce seed germination rate on the nest area and its vicinity (Corrêa 
et al., 2010). In addition, recruited seedlings may be buried or expe-
rience defoliation while leaf litter is removed during nest cleaning 
activities, as documented for Atta cephalotes by Corrêa et al. (2010), 
Meyer et al. (2011a), Meyer et al. (2011b) and Stephan, Wirth, Leal, 
and Meyer (2015).

The reduced abundance of seedlings and saplings in foraging 
areas compared to areas not affected by LCA is probably related 
to LCA foraging activity. Previous studies have shown already that 
LCA are able to alter forest structure and light availability in rain 
forests by foliage removal, allowing increased light penetration 
through the vegetation (Corrêa et al., 2016; Wirth et al., 2003). 
However, the Caatinga vegetation is low-statured with reduced 
canopy cover compared to rain forest (Oliveira-Filho et al., 2013) 
and the effect of LCA might be primarily related to their herbiv-
ory rather than changes in the light regime (Siqueira et al., 2018). 
LCA are among the most polyphagous and voracious herbivorous 
insects, cutting up to 15 percent of the standing leaf crop (Urbas, 
Araújo, Leal, & Wirth, 2007; Wirth et al., 2003) and up to 50% of 
the species of a given forest flora (Vasconcelos & Fowler, 1990; 
Wirth et al., 2003) in their colony's territory each year. In the case 
of A. opaciceps in the Caatinga, we recorded an even higher herbiv-
ory rate around 30%, with a high proportion of herbaceous vege-
tation (Siqueira et al., 2018). Our study further demonstrated that 
LCA altered the species composition, particularly of herbaceous 
assemblages, while species richness per se remained unaffected. 
This indicates that certain plant species (e.g., those exclusively 
occurring in the control area) may be negatively affected, while 
others profit via differential herbivory on plant species or the dif-
ferential responses of plant species to LCA.

As in rain forests and savannas, LCA profit from human dis-
turbance to the Caatinga vegetation and increase colony den-
sity near roads, in areas with low forest cover, and with higher 
chronic anthropogenic disturbance due to the increased availabil-
ity of suitable nesting sites and palatable food plants (Leal, Lopes, 

TA B L E  2   Results of the canonical correspondence analysis 
(CCA) to compare the species composition of regenerating plant 
assemblages between habitats (nests, foraging areas, and control 
areas) of 15 Atta opaciceps colonies located along a gradient of 
forest cover in Caatinga areas at the Catimbau National Park, 
northeastern Brazil

Source of variation df χ2 F p

Total plant species

Axis

CCA 1 1 0.25 2.62 <.01

CCA 2 1 0.15 1.56 .11

Variables

Habitat 2 0.28 1.44 <.01

Forest cover 1 0.20 2.08 <.01

Residual 38 3.69   

Woody plant species

Axis

CCA 1 1 0.26 2.29 .03

CCA 2 1 0.12 1.08 .69

Variables

Habitat 2 0.25 1.07 .34

Forest cover 1 0.23 2.02 .01

Residual 32 3.68   

Herbaceous species

Axis

CCA 1 1 0.25 2.82 <.01

CCA 2 1 0.15 1.72 .09

Variables

Habitat 2 0.28 1.58 <.01

Forest cover 1 0.19 2.13 <.01

Residual 36 3.20   

Note: Significant values are in bold.
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et al., 2017, Siqueira et al., 2017, Siqueira et al., 2018, Tabarelli, 
Siqueira, et al., 2017). In fact, herbivory rate of colonies increases 
in more disturbed areas due to the proliferation of palatable plants 
(Euphorbiaceae species and herbaceous plants), which dominate 
regenerating forest stands following the abandonment of agricul-
tural fields (Rito, Tabarelli, et al., 2017; Siqueira et al., 2018; Vieira, 
2017). Moreover, increased forest cover might support more abun-
dant and species-rich regenerating assemblages due to increased 
seed rain and favorable microclimate to seedling recruitment and 
growth, that is, less desiccated habitats as compared to bare soils 
following land abandonment (Chazdon, 2003). These were the rea-
sons why we expected a higher negative effect of LCA on plant re-
cruitment as forest cover increased, a rationale consistent with the 
observed increment in woody plants in response to higher forest 
cover and lack of LCA.

However, regenerating woody plant assemblages proved to be 
low in density and species-poor regardless of the forest cover. In 
fact, our experience in the present study landscape has suggested 
a generalized occurrence of low-density regenerating assemblages 
(Arnan et al., 2018; Rito, Arroyo-Rodríguez, et al., 2017; Sfair, 
Bello, França, Baldauf, & Tabarelli, 2018), with stump and root 
resprouting representing key mechanisms of forest regeneration 
(Mostacedo et al., 2009). This is not surprising as the Caatinga dry 
forest is naturally exposed to low water availability due to seasonal 
rainfall and frequent droughts (Sampaio, 1995). Moreover, the 
Caatinga is currently exposed to the whole spectrum of human dis-
turbances, including shifting agriculture, overgrazing by livestock, 
and exploitation of timber and non-timber forest products (Ribeiro, 
Arroyo-Rodriguez, Santos, Tabarelli, & Leal, 2015; Tabarelli, Leal, 
et al., 2017). In this context, LCA-mediated reduction of the density 
of regenerating assemblages, although apparently unimportant in 
absolute numbers, may impact forest resilience. It is important to 
mention that, in addition to Atta opaciceps, two other Atta species 
occur in the focal landscape (Atta laevigata and Atta sexdens), reach-
ing a total density of 3.7 colonies/ha (Siqueira et al., 2017). Hence, 
the overall impact of LCA likely extends well beyond the effects 
documented here, particularly when considering the longevity of 
Atta colonies (e.g., 7 years, Meyer et al., 2009). It implies thousands 
of regenerating plants been eliminated every year in the Caatinga 
human-modified landscapes. Future studies are required to con-
firm the underlying mechanism leading to reduced abundance of 
regenerating plants in LCA-influenced patches and its impacts on 
Caatinga resilience.

F I G U R E  3   Canonical correspondence analyses (CCA) 
showing the association of habitats (nests, foraging areas, and 
control areas) and forest cover with species composition of 
regenerating woody (a) and herbaceous (b) plant assemblages 
collected in 15 Atta opaciceps colonies located along a gradient 
of forest cover at the Catimbau National Park, northeastern 
Brazil. Ellipses represent standard deviation of points by groups. 
1 = Allophylus quercifolius, 2 = Chamaecrista sp., 3 = Cnidoscolus 
pubescens, 4 = Cnidoscolus quercifolius, 5 = Croton argyrophylloides, 
6 = Croton blanchetianus, 7 = Croton sp., 8 = Croton heliotropiifolius, 
9 = Croton nepetifolius, 10 = Croton tricolor, 11 = Indigofera 
suffruticosa, 12 = Jatropha mollissima, 13 = Jatropha mutabilis, 
14 = Jatropha ribifolia, 15 = Lepidaploa chalybaea, 16 = Lippia gracilis, 
17 = Medusantha martiusii, 18 = Merremia aegyptia, 19 = Pavonia 
blanchetiana, 20 = Senegalia sp., 21 = Solanum rhytidoandrum, 
22 = Tarenaya sp., 23 = Zornia grandiflora, 24 = Acanthospermum 
hispidum, 25 = Aeschynomene viscidula, 26 = Alternanthera tenella, 
27 = Amaranthus viridis, 28 = Ayenia erecta, 29 = Blainvillea sp., 
30 = Boerhavia diffusa, 31 = Borreria sp., 32 = Cenchrus ciliaris, 
33 = Chloris sp., 34 = Commelina obliqua, 35 = Diodella teres, 
36 = Evolvulus sp., 37 = Froelichia sp., 38 = Herissantia crispa, 
39 = Heliotropium angiospermum, 40 = Melocactus bahiensis, 
41 = Microtea paniculata, 42 = Mollugo sp., 43 = Mitracarpus sp., 
44 = Neoglaziovia variegata, 45 = Physostemon rotundifolium, 
46 = Piriqueta sp., 47 = Portulaca sp., 48 = Richardia sp., 49 = Sida 
galheirensis, 50 = Tacinga inamoena, 51 = Tacinga palmadora, 
52 = Talinum sp., 53 = Tragus berteronianus, 54 = Turnera sp. and 
55 = Urochloa sp
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