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Abstract

1. Food production in Amazonian traditional societies often occurs through shifting
cultivation that uses few pesticides and relies on ecosystem services provided by
natural enemies. However, these sustainable agricultural practices are being threat-
ened by increasing livestock and mechanised agriculture.

2. This study aimed to evaluate the effects of the conversion from Amazon Forest to
anthropogenic land uses (shifting cultivation and pasture) on a- and B-diversity,
functional groups, and ant-mediated predation.

3. Three types of habitats were sampled: forest (eight sites), shifting cultivation (five
sites) and pasture (seven sites). The ant assembly of each site was sampled using
pitfall traps in the epigeic and hypogeic strata. Beetle larvae were used to evaluate
the predation function.

4. Negative effects on epigeic ants and functional groups were found to be greater in
sites where anthropogenic land use was more intensive (pasture) than in those
where it was less intensive (shifting cultivation). Furthermore, this change increased
the predation of insects in shifting cultivation and pasture compared to that in for-
est. This increase in insect predation was due to high activity of Ectatomma brun-
neum Smith, 1858, an environmental indicator for shifting cultivation and pasture.

5. The increase in the number of predations in shifting cultivation and pasture may be
beneficial from the perspective of biological pest control. However, this relationship
needs to be better understood because the high presence and predatory activity of
Ectatomma brunneum in these environments may be one mechanism by which

a- and p-diversity decrease through antagonistic interactions and dominance.
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INTRODUCTION

Conversion from semi-natural habitats to anthropogenic land uses has
led to decreases in population sizes and increases in species extinc-
tions in terrestrial environments (Betts et al., 2017; Green et al., 2020;
Newbold et al., 2015), and is the main driver of biodiversity loss over
the last century, especially in tropical forests (Phillips et al., 2017; Sala
et al., 2000). The conversion from semi-natural habitats to food pro-
duction sites, such as for mechanised agriculture and livestock activi-
ties, is substantial (de Chazal & Rounsevell, 2009). Such conversions
affect biodiversity worldwide, especially in tropical environments,
such as the Amazon Forest, recognised as the most biodiverse region
globally (Heckenberger et al., 2007; Sala et al., 2000). Currently, in
Brazil, the Amazon Forest is most affected by pasture expansion
(Parente & Ferreira, 2018). In response, there has been an increase in
studies evaluating the conversion from semi-natural habitats to
anthropogenic land uses to understand the effects. These studies seek
to conserve biodiversity and mitigate anthropogenic impacts (Gardner
et al.,, 2013; Newbold et al., 2015). The conversion from semi-natural
habitats to anthropogenic land uses and other drivers can affect biodi-
versity differently (de Chazal & Rounsevell, 2009), with varied effects,
from positive (e.g., higher butterfly species richness in forest-derived
vanilla agroforests compared to forest fragment; Wurz et al., 2022) to
negative (e.g., conversion of tropical savanna to pasture negatively
affects ant species richness; Queiroz et al., 2020), or even neutral
(e.g., conversion of Amazon Forest to shaded coffee does not affect
ant species richness; Escobar-Ramirez et al., 2020). However, conver-
sion from semi-natural habitats to anthropogenic land uses, such as
mechanised production, usually generates negative effects, such as
decreased species richness and biomass of most taxa, including inver-
tebrates, birds, and plants (Barnes et al., 2017).

It is increasingly important to consider alternatives to mechanised
production, such as agroforestry systems and traditional agriculture
(Altieri, 2004). Among such systems is shifting cultivation, a tradi-
tional practice performed by small and medium producers, which
creates a mosaic of different habitats and succession sites in tropical
environments (Altieri, 2004). Accordingly, forests are cut down and
burned to create planting sites (shifting cultivation), which are sub-
sequently abandoned for forest growth (fallow) (Kleinman
et al., 1995). The main crops in shifting cultivation in the Amazon
are white rice, corn, beans, and cassava. After a fallow period, crop
sites can be used for new agriculture (cutting and burning are per-
formed again), for the formation of ‘capoeira’ (secondary forest), or
even for pasture for livestock production (cattle), which is becoming
the main local economic activity (Padoch & Pinedo-Vasquez, 2010;
van Vliet et al., 2012). These practices turn shifting cultivation into a
type of agriculture that harbours greater biodiversity in a landscape
compared to that harboured by monocultures (Arroyo-Rodriguez
et al., 2020; Mandal & Raman, 2016; Rerkasem et al., 2009). Such
traditional practices, however, have been threatened by the intensi-
fication of agriculture and grazing (pastureland) in the Amazon in
recent years (Padoch & Pinedo-Vasquez, 2010; van Vliet
etal,, 2012).
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Many studies have used ants to understand the effects of conver-
sion from semi-natural habitats to anthropogenic land uses on biodi-
versity (Escobar-Ramirez et al., 2020; Queiroz et al., 2020; Solar
et al., 2016) because ants have high species richness and perform
important ecosystem functions (Folgarait, 1998; Lach et al., 2010).
Among these functions, ants are considered the largest resource
removers in ecosystems (Griffiths et al., 2018) and are the predomi-
nant predators of arthropods in tropical environments (Seifert
et al.,, 2016). Similarly, ants play important roles in the prevention and
control of insect pests in agriculture (Morris et al., 2018; Perfecto &
Vandermeer, 2015).

Substantial conversion from semi-natural habitats to anthropo-
genic land uses (such as from forest to agriculture) and intensive man-
agement (such as mechanised agriculture or pasture), tends to
decrease ant a-diversity (species richness of a site) and B-diversity
(difference in species or community composition between sites), caus-
ing the homogenisation of biotic communities (Ahuatzin et al., 2019;
Costa & Schmidt, 2022; Escobar-Ramirez et al., 2020; Queiroz
et al., 2020; Solar et al., 2015, 2016). These changes in species com-
position can be caused by species replacement in human-modified
habitats (Costa & Schmidt, 2022; Solar et al., 2015), which, in addition
to changes in species diversity, can also impact fundamental ecosys-
tem functions (Bihn et al., 2010; Martins et al., 2022). In addition, con-
version from semi-natural habitats to anthropogenic land uses
decreases the diversity of specialist ant species while increasing the
diversity of generalist ant species (Escobar-Ramirez et al., 2020;
Martins et al., 2022; Solar et al., 2015). Decreases in the diversity of
ant species that are specialist predators have been observed in shift-
ing cultivation systems (Matsumoto et al., 2009). Species loss can lead
to changes in the functions performed by ants due to a positive rela-
tionship between ant diversity and the diversity of ecosystem func-
tions (Bihn et al., 2010; Menezes & Schmidt, 2020; but see Cadotte
etal., 2011).

In tropical forests and agroforestry systems, a greater diversity of
trees tends to harbour a greater abundance and richness (a-diversity)
of ants (Armbrecht & Gallego, 2007; De la Mora et al., 2015; Escobar-
Ramirez et al., 2020; Staab et al., 2014), generating a positive effect
on predation (De la Mora et al., 2015; Pacheco et al., 2017). In this
sense, a positive effect of p-diversity on predation would be
expected. Although conversion from semi-natural habitats to
anthropogenic land uses decreases ant a- and p-diversity, insect pre-
dation may not be affected by such conversions (De la Mora
et al., 2015; Pacheco et al., 2017). This occurs because even though
taxonomic diversity decreases in these environments, there is a
greater abundance of some groups of medium and large-size omni-
vore/generalist predator ants in these environments (Escobar-
Ramirez et al., 2020; Pacheco et al., 2017), which may be more
important than greater diversity, per se, for predation (Penn
et al,, 2017). In addition, these generalist groups may perform the
role of small specialist predators in disturbed ecosystems, which are
negatively affected by ecosystem changes (Gibb et al., 2018;
Rosenfeld, 2002), where local extinction causes niche expansion

among the remaining species (Manlick & Newsome, 2021).
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Some strategies can be used in human-modified landscapes to
reconcile both the preservation of generalist and specialist species
and food production (Arroyo-Rodriguez et al., 2020). Among these
strategies and debates (e.g., land sharing vs. land sparing; Phalan
et al., 2011), shifting cultivation systems are important alternatives
to consider because they promote both food production and biodi-
versity conservation within a landscape (Padoch & Pinedo-
Vasquez, 2010; Perfecto & Vandermeer, 2010). In addition to less
intensive conversion from semi-natural habitats to anthropogenic
land uses, shifting cultivation involves less use of fertilisers and pes-
ticides, which together are considered the second largest driver of
entomofauna loss (Sanchez-Bayo & Wyckhuys, 2019). Besides, spe-
cies conservation can promote ecosystem functions that also benefit
human communities, such as biological pest control, for example
(Grass et al., 2019). However, most studies on conversion from
semi-natural habitats to anthropogenic land uses address effects on
community structure (e.g., species richness and composition), while
the effects on ecosystem functions have been poorly studied (but
see Tuma et al., 2019; Houadria et al., 2020). Filling this knowledge
gap is even more important from the socioecological perspective of
shifting cultivation because biodiversity loss can affect crucial eco-
system services for small farmers, such as pollination and pest con-
trol (Isaacs et al., 2009).

Therefore, we aimed to evaluate the effects of the conversion of
Amazon Forest in a shifting cultivation system (conversion from forest
to shifting cultivation and pasture) on the diversity of species and
functional groups of ants and ant-mediated predation. We addressed
the following hypotheses: (1) ant a- and p-diversities will decrease
with increased intensity of anthropogenic land use (conversion from
forest to shifting cultivation and pasture, respectively), mediated by
species replacement (turnover); (2) forest sites will have more ant
functional groups, including specialist ants, while shifting cultivation
and pasture sites will have a predominance of ants belonging to func-
tional groups of medium- and large-size epigeic and generalist preda-
tors; (3) the rate of insect predation by ants will be higher in sites with
a higher o- and p-diversity of predatory ant species; and (4) ant-
mediated predation will increase with increased intensity of anthropo-
genic land use (conversion from forest to shifting cultivation and
pasture, respectively), caused specifically by the functional groups
expected at these sites (medium- and large-size epigeic and generalist

predators).

MATERIALS AND METHODS
Study area

Sampling was performed in the Reserva Extrativista Chico Mendes
(RESEX Chico Mendes, created by Decree n° 99.144 of March
12, 1990) located in the state of Acre, southwestern Brazilian Ama-
zon. Data were collected in Assis Brasil, along the road that connects
this city to the laco River (10°54'42.50” to 10°34/'50.90” south lati-
tude, 69°33'55.10” to 69°41'51.60” west longitude). The climate in
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the region is humid tropical, with a mean annual temperature of
approximately 27°C. The mean annual rainfall is between 1800 and
2200 mm, with the rainy season occurring between November and
April and the dry season occurring during the months of June, July,
and August (Costa & Schmidt, 2022). Ants were sampled in August
2019 during the dry season, since it is not possible to reach the sam-
pled sites in the rainy season.

A total of 73% of the vegetation in the RESEX Chico Mendes is
composed of open ombrophilous forest, with a large presence of bam-
boo (mainly Guadua), and the remaining 27% is composed of dense
ombrophilous forest. In forest sites, residents extract Brazil nuts
(Bertholletia excelsa), rubber latex (Hevea brasiliensis) and other plant
products for trade and hunt animals for their own consumption. In
addition, residents perform shifting cultivation in shifting cultivation
systems that involve the cutting and burning of forests for the crea-
tion of short-term cultivation sites (4-5 years), subsequently fol-
lowed by abandonment, leading to the formation of fallows, where
forests regenerate by ecological succession (Padoch & Pinedo-
Vasquez, 2010). Between 2000 and 2018, 14.4% of the semi-natural
forest cover in the RESEX Chico Mendes was lost, with the main
factor being conversion of forests to pasture establishments (Milien
et al., 2021).

Experimental design

A total of 20 sites were sampled, eight forest sites (n = 8), five shifting
cultivation sites (n = 5) and seven pasture sites (n = 7) (total n = 20,
Figure 1). Different crops were planted in the shifting cultivation sites
over the years of use. Thus, as standard methodology, collections
were obtained from shifting cultivations that were growing the same
crops at the time of collection, that is, the use period and type were
the same (main crops: rice, beans, papaya, and pepper). A transect was
established in each site consisting of five sampling points 20 m apart.
Each treatment (same habitat category) was separated by at least two
kilometres, seeking independence between samples. However, in
most cases, more than one different habitat was sampled in the same
region due to the distribution of habitats in the RESEX Chico Mendes.
Thus, we avoided the effect of pseudoreplication in the statistical

models and controlled the distance between sites (Bates et al., 2015).

Ant sampling

Ants were sampled at each of the five sampling points along transects
using a pair of pitfall traps, one for the epigeic stratum and one for
the hypogeic stratum. The traps consisted of plastic pots measur-
ing 12 cm in diameter and 11 cm deep. Each trap received 200 mL
of water in which detergent and salt were dissolved. The epigeic
trap was buried at ground level for sampling epigeic ants
(Bestelmeyer et al., 2000), while the hypogeic trap (openings on
the sides) was buried 20 cm from ground level for sampling hypo-
geic ants (Schmidt & Solar, 2010). The traps were set for 48 h at
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FIGURE 1 Distribution of sampling sites in the Reserva Extrativista Chico Mendes (RESEX Chico Mendes) in Assis Brasil, Acre, southwestern
Brazilian Amazon. Land-uses: green square = forest, yellow triangle = shifting cultivation, and red circle = pasture.

the collection points. Collected ants were preserved and stored in
98% alcohol.

Insect predation

Ant-mediated predation was evaluated using two live Tenebrio beetle
(Tenebrio sp.) larvae placed at each of the five sampling points along
each transect. Each larva was tied with a piece of thread attached to a
wooden toothpick fixed to the soil, preventing the larvae from leaving
the sampling point. The larvae were exposed in the morning (between
7 am and 11 am). Four rounds of observations were performed, and
each sampling point was observed for 5 min per round. Predation was
considered an ant exhibiting attack behaviour towards the larvae, either
by bite (using the mandible) or sting (using the stinger). Ants that
showed attack behaviour were actively collected with entomological
tweezers and stored in Eppendorf tubes containing 98% alcohol.
Throughout the experiment, the larvae that died were replaced with live
larvae. Metal cages were placed over the Tenebrio larvae as protection
to prevent predation of the larvae by vertebrates. Sampling for the pre-
dation experiment was done before installing pitfall traps to avoid

depleting the ant population by trapping (Lasmar et al., 2017).

Ant species identification

All collected ants (pitfall and predation) were transported to the
Laboratdrio de Ecologia de Formigas at Universidade Federal do Acre
(UFAC) and to the Laboratério de Ecologia de Formigas at Universi-
dade Federal de Lavras (UFLA), where they were taxonomically identi-
fied to the genus level based on descriptions by Baccaro et al. (2015).
Identification and confirmation of species and morphospecies was made
by Mila F. O. Martins. For species and morphospecies, specific published
descriptions were used to identify Acromyrmex (Gongcalves, 1961), Acro-
pyga (LaPolla, 2004), Apterostigma (Lattke, 1997), Atta (Goncalves, 1942),
Brachymyrmex  (Ortiz-Sepulveda et al, 2019), Camponotus
(Mackay, 1997), Carebara (Fernandez, 2004), Cephalotes (Andrade &
Urbani, 1999), Crematogaster (Blaimer, 2012; Longino, 2003), Discothyrea
(Borgmeier, 1954), Dolichoderus (MacKay, 1993), Dorymyrmex (Cuezzo &
Guerrero, 2012), Ectatomma (Kugler & Brown, 1982), Gnamptogenys
(Camacho et al,, 2020), Holcoponera (Camacho et al., 2020), Leptogenys
(Lattke, 2011), Linepthema (Wild, 2007), Megalomyrmex (Brandao, 2003),
Mycetomoellerius (Mayhe-Nunes & Branddo, 2002), Ochetomyrmex
(Fernandez, 2003), Octostruma (Longino, 2013), Odontomachus (Brown
Jr, 1976), Pachycondyla (Fernandes et al., 2014; Mackay & Mackay, 2010;
Wild, 2005), Pheidole (Wilson, 2003), Pogonomyrmex (Johnson, 2021),
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Solenopsis (Pacheco et al., 2013; Pitts et al., 2018), Trachymyrmex
(Solomon et al., 2019), and Wasmannia (Longino & Fernandez, 2007).
In addition, ant specimens from the Colecdo Entomoldgica at Univer-
sidade Federal de Lavras (CEUFLA) and Antweb (www.antweb.org)
were used for comparisons. Voucher specimens were deposited at
UFAC and UFLA.

Identification of functional groups

The classification of functional groups described by Silva and
Brandao (2010, 2014) was used, which separates functional groups
based on ant morphological characteristics. The 11 functional groups
are: large-size epigeic predators; medium-size epigeic predators;
medium-size hypogeic predators; small-size hypogeic predators; spe-
cialist predators; dacetine predators; generalists; small-size hypogeic
generalists; fungus cultivators; army ants; and arboreal ants. All identi-
fied species and their functional groups are shown in Tables S1 and
S2. For more details, refer to Table S1 or cited references.

Data analysis

First, we sought to address whether the levels of a-diversity as well as
that of B-diversity and its components were affected by the conversion
from forest to shifting cultivation and pasture. We considered mean
species richness per transect (sum of the richness of the five pitfalls
divided by five) as a-diversity. We calculated p-diversity per transect
based on the differences between transect sampling points using the
Bsgr index (Sgrensen dissimilarity), obtained through the betapart R
package (Baselga, 2010). The Bsgr index is a measure that varies from
identical assemblages (0) to completely different assemblages (1). Thus,
each of the sampled sites (represented by the transect) had an
a-diversity value and a pser-diversity value, totalling n = 20. We also
partitioned Bser-diversity into turnover (fsim) and nesting (Bsne) com-
ponents, through the betapart R package, where psim and psne vary
from 0 (0%) to 1 (100%), indicating their contribution to total pser.

We then used the a and pser values in two generalised linear
mixed models (GLMMs) to evaluate the effects of conversion from
forest to shifting cultivation and pasture on diversity. In the two
models, we used habitat (forest, shifting cultivation, and pasture) as a
predictor variable. For the response variable, we used a-diversity for
the first model and psgr-diversity for the second model, with region as
the random variable for the two models. In addition, the factors have
different sample sizes (eight forests, seven pastures and five shifting
cultivations) due to the limited presence of some habitats, mainly
shifting cultivation, in the sampled RESEX Chico Mendes region. We
used the Poisson family in the a-diversity model (counting of the num-
ber of species) and the quasibinomial family for Bsgr-diversity (diver-
sity ratio between O and 1). Overdispersion was tested for all models
with the Poisson family, and when overdispersion was identified, we
replaced it with the negative binomial family. To test if the species

turnover is the major component of the total psgr-diversity, we used
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two generalised linear mixed models (GLMMs), one for epigeic ants
and another for hypogeic ants. We used the Bsgr-diversity compo-
nents (turnover or nestedness) as a predictor variable for the two
models. For the response variable, we used the value of B-diversity
partitioning of epigeic ants in the first model and that of hypogeic ants
in the second model. We used region as the random variable for the
two models, and the quasibinomial family because Bsar-diversity parti-
tioning varies between 0 and 1.

We analysed indicator species to assess which functional groups
and species of ants were most related to each habitat (Dufréne &
Legendre, 1997), and all species and their respective functional groups
were identified. We considered species with IndVal > 0.7 (70% indica-
tion for the habitat in question) and p < 0.05 as indicator species
(McGeoch et al., 2002).

We used a GLMM to evaluate whether ant-mediated predation
changed with conversion from forest to shifting cultivation and pas-
ture and whether it was influenced by a- and psgr-diversity of preda-
tory ants. We considered habitat (forest, shifting cultivation, and
pasture) and a- (richness) and Bsgr-diversity of predatory ants as pre-
dictor variables. The response variable was the number of predations
per site, and the random variable was region. To obtain this value,
mean predation at each sampling point was determined considering the
four rounds of the predation experiment (sum of the four rounds at
each sampling point divided by four). The mean of the five sampling
points along each transect was then calculated (sum of the means for
each sampling point divided by five). We considered only the ant spe-
cies collected in the larvae predation experiments to be predatory ants.
We also used a GLMM to evaluate whether the functional groups of
medium-size and large-size generalist epigeic predators perform more
predations; the predictor variable was the functional group that per-
formed predation, and the response variable was the number of preda-
tions by each functional group per site. In this case, two random
variables—region and habitat—were used because we wanted to evalu-
ate only the effect of the functional groups. Some functional groups
were rarely observed during the predation experiment; in this case, only
the functional groups that predated insects in at least five different sites
were considered in the analyses. Finally, a descriptive graph was gener-
ated for species of the functional groups with the highest predation
values, indicating the contribution of these species to predation.

All analyses were performed using R 4.0.3 software (R Core
Team, 2020). The Ime4 package (Bates et al., 2015) was used to per-
form the GLMMs. The MASS package was used for the negative bino-
mial family (Venables & Ripley, 2002). Post hoc analyses were
performed using the postHoc package (Labouriau, 2020). Graphs were
plotted with the ggplot2 package (Wickham, 2016). The analysis of
indicator species (IndVal) was performed with the packages
sjstats (Ludecke, 2022) and indicspecies (Caceres & Legendre, 2009).

RESULTS

A total of 255 species of ants were collected in pitfall traps; the spe-

cies were separated into nine functional groups (Tables S1 and S3).
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FIGURE 2 The a-diversity of epigeic ants is negatively affected
by the conversion from forest to shifting cultivation and pasture. The
x-axis shows the three habitats (forest, shifting cultivation, and
pasture), and the y-axis represents a-diversity. The centreline of each
boxplot indicates the central median of the data, and the boxes
indicate the first percentile (mean of values greater than the central
median) and third percentile (mean of values less than the central
median). The vertical lines of each boxplot are Tukey-style whiskers
(1.5x IQR). The points outside the boxes are outliers. Different letters
on top of boxes indicate significant differences between

habitats (p < 0.05).

Fifty species of ants engaged in insect predation; these species were
separated into five functional groups (Table S2).

The a-diversity of epigeic ants decreased with an increase in
anthropogenic land use (conversion from forest to shifting cultivation
and pasture) (d.f. = 17; x§:434602; p<0.001; Figure 2), and the
Bsar-diversity of epigeic ants decreased with the conversion from for-
est to shifting cultivation and pasture (d.f. = 17; ;{% =22.220;
p <0.001; Figure 3), suggesting that these sites are more homoge-
neous than the forest sites in terms of species composition. However,
no effect of conversion from forest to shifting cultivation and pasture
was found on the o- (d.f. = 17; ;(%:5.836; p = 0.054) and Pser-
diversity (d.f. = 17; ;(%:3‘835; p = 0.146) of hypogeic ants. fsgr-
diversity partitioning revealed turnover as the main component of
total Bsgr (Table S5), for epigeic (d.f. = 38; ;(% =229.342; p<0.001;
Figure S1) and hypogeic ants (d.f. = 38; y3=24.195; p<0.001,
Figure S2).

Of the 255 species identified, 25 were selected as environmental
indicator species (Table S1). Out of the nine functional groups that
were identified, only two were environmental indicators (Table S3).
Specialist predators and dacetine predators are functional groups
found only in forest sites and were excluded with the conversion from
forest to shifting cultivation and pasture. Out of these species, only

four presented high IndVal values (>0.7): Brachymyrmex cf. bruchi
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FIGURE 3 The p-diversity of epigeic ants is negatively affected
by the conversion from forest to shifting cultivation and pasture, and
these two anthropogenic land uses have communities that are more
homogeneous and similar to each other. The x-axis shows the three
habitats (forest, shifting cultivation, and pasture), and the y-axis
represents Bsgr-diversity (Bsgr = Sgrensen dissimilarity), which ranges
from O (completely homogeneous communities) to 1 (completely
different communities). The centreline of each boxplot indicates the
central median of the data, and the boxes indicate the first percentile
(mean of values greater than the central median) and third percentile
(median of values less than the central median). Vertical lines in each
boxplot are Tukey-style whiskers (1.5x IQR). Different letters on top
of boxes indicate significant differences between habitats and the
same letters indicate that there is no significant difference (p < 0.05).

Forel, 1912 (generalist) with 73% indication for shifting cultivation;
and Brachymyrmex cf. australis Forel, 1901 (generalist) with 76%
indication for pasture and shifting cultivation, Ectatomma brunneum
Smith, 1858 (large-size epigeic predators) with 73% indication for
pasture and shifting cultivation, and Pheidole cf. capillata Emery,
1906 (generalist) with 71% indication for pasture and shifting
cultivation.

Finally, 51 species of ants presented predatory behaviour. Insect
predation was positively affected by the a-diversity of predatory ants
(df. = 16; y3=28.303; p<0.001; Figure 4) but decreased with an
increase in the Bsgr-diversity of predatory ants (d.f. = 15;
;(%:19‘982; p<0.001; Figure 5). Insect predation was positively
affected by conversion from forest to shifting cultivation and pasture
while shifting cultivation and pasture had higher insect predation than
forest (d.f. = 17; ;(% =7.501; p = 0.020; Figure 6). Large-size epigeic
predators exhibited high insect predation (d.f. = 80; ;(§:35.525;
p<0.001; Figure 7). Ectatomma brunneum, which is an indicator of
shifting cultivation and pasture, was responsible for 56% of the total
predation and was the main predator in shifting cultivation and pas-
ture (Figure 8). The mean values, sample sizes, and standard devia-

tions of the study data are provided in Table S4.
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FIGURE 4 |Insect predation by epigeic ants is positively affected
by an increase in the a-diversity of predatory ants. The x-axis
represents the a-diversity of predatory ants (richness = number of
species collected in the predation experiment), and the y-axis
represents the number of insect predations (number of predations).
Larvae were used as bait in the experiments and biting and/or
stinging by ants was considered as predation.
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FIGURE 5 |Insect predation by epigeic ants is negatively affected
by an increase in the p-diversity of predatory ants. The x-axis
represents the general Bsgr-diversity (Bser = Sgrensen dissimilarity),
which ranges from O (completely homogeneous communities) to

1 (completely different communities). We consider here only the
diversity of predatory ants (species collected in the predation
experiment). The y-axis represents the number of insect predations
(number of predations). Larvae were used as bait in the experiments
and biting and/or stinging by ants was considered as predation.
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FIGURE 6 Insect predation by epigeic ants is positively affected
by the conversion from forest to shifting cultivation and pasture;
there is less predation in forest; more predation in pasture; and an
intermediate amount of predation in shifting cultivation, similar to
that in the forest and in the pasture. The x-axis shows the three
habitats (forest, shifting cultivation, and pasture), and the y-axis
represents the number of predations. The centreline of each boxplot
indicates the central median of the data, and the boxes indicate the
first percentile (mean of values greater than the central median) and
third percentile (mean of values less than the central median). Vertical
lines in each boxplot are Tukey-style whiskers (1.5x IQR). Different
letters on top of boxes indicate significant differences between
habitats and the same letters indicate that there is no significant
difference (p < 0.05).

DISCUSSION

We found that the conversion of Amazon Forest to shifting cultiva-
tion and pasture was associated with the loss of ant species from
communities, a decrease in the overall diversity of ant functional
groups (through the loss of specialist predators and dacetine preda-
tors), a decrease in the level of heterogeneity among ant communities,
and a surprising increase in the rate of ant-mediated insect predation.
This predation was caused mainly by ants from the large-size epigeic
predators functional group, more specifically by the large amount of
predatory activity of Ectatomma brunneum. Thus, our results highlight
that there may be benefits for biodiversity in maintaining shifting cul-
tivation in the Amazon biome compared to more intensive anthropo-
genic land uses. Moreover, our results show that E. brunneum can play
an important role in biological control in these sites.

Our study revealed that the greater the intensity of conversion
from semi-natural habitats to anthropogenic land uses (forest into
shifting cultivation or pasture), the greater the loss of epigeic ant spe-
cies (a-diversity), but similar psgr-diversity for shifting cultivation and
pasture; in both cases, diversity decreased compared to forest, making

the ant communities more homogeneous. According to the
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FIGURE 7 The functional groups of large- and medium-size
epigeic predator ants engage in more insect predation than do
generalist ants. The x-axis shows the functional groups

(G = generalists, LEP = large-size epigeic predators, MEP = medium-
size epigeic predators, SHG = small-size hypogeic predators,

SP = specialist predators), and the y-axis represents the number of
predations. The centreline of each boxplot indicates the central
median of the data, and the boxes indicate the first percentile (mean
of values greater than the central median) and third percentile (mean
of values less than the central median). Vertical lines in each boxplot
are Tukey-style whiskers (1.5x IQR). Different letters on top of boxes
indicate significant differences between habitats and the same letters
indicate that there is no significant difference (p < 0.05).

environmental filter hypothesis, local changes associated by different
habitats promote a filter that selects species able to establish and sur-
vive in those sites (Clavel et al, 2011; Martins et al, 2022;
McKinney & Lockwood, 1999; Olden, 2006; Olden et al., 2016). More
heterogeneous and complex habitats, such as the Amazon Forest,
tend to harbour a greater species diversity (Costa & Schmidt, 2022;
Tews et al., 2004). However, the conversion from Amazon Forest to
shifting cultivation (limited to some crops) and pasture (grassland
monoculture) was associated with habitat homogenisation, due to the
decrease of plant species and more homogenous environmental con-
ditions in these anthropogenic land uses. Moreover, shifting cultiva-
tion is more environmentally heterogeneous and resource-diverse
than pasture, which may allow shifting cultivation to harbour more
ant species. In this sense, the habitat homogenisation was associated
with the conversion from forest to shifting cultivation or pasture may
be responsible for the decrease in the diversity parameters studied
here, where such habitat homogenisation is probably higher in pasture
than in shifting cultivation.

Here, the conversion from forest to shifting cultivation and pas-
ture had no effect on a- and Bsgr-diversity of hypogeic ants. This pat-
tern was also found in other studies and indicates that the resources
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FIGURE 8 Contribution of Ectatomma brunneum to insect
predation in the three different habitats. The x-axis indicates the
habitats (forest, shifting cultivation, and pasture), and the y-axis
indicates the proportion of contribution (contribution = E. brunneum
predation/total predation). The dark grey portion indicates the
contribution of E. brunneum, and the light grey portion indicates the
contribution of all other species by habitat.

and environmental conditions in the subterranean stratum may be lit-
tle affected by conversion from semi-natural habitats to anthropo-
genic land uses, with little to no effect on ant assemblages (Schmidt
et al., 2013; Queiroz et al.,, 2020; but see Luke et al., 2014). The con-
version from forest to simplified habitats (e.g., pasture) can alter envi-
ronmental factors, such as soil compaction, texture, organic matter,
and microporosity, which may affect the local invertebrate community
(Jacquemin et al., 2012; Schmidt, Ribas, et al., 2017; Schmidt, Schoer-
eder, & Caetano, 2017). This, in turn, may decrease food resources for
ants and select specific ant traits (e.g., small-size ants), however, it
imposes low or no impact on ant diversity (Jacquemin et al., 2012;
Schmidt, Ribas, et al., 2017; Schmidt, Schoereder, & Caetano, 2017),
as observed in this study. Therefore, we think that hypogeic ants are
more resistant to the conversion from Amazon Forest to shifting culti-
vation and pasture, or these changes may have little impact on the
hypogeic microhabitat.

We found a greater contribution of turnover to Bser-diversity,
indicating large species replacement between sites. Species turnover
has been reported as the main component of psgr-diversity (Soininen
et al., 2018). This species replacement may be due to greater hetero-
geneity in forest environments, which is positively related to taxo-
nomic diversity (Ribas et al., 2003; Stein et al., 2014), in addition to
anthropogenic disturbances favouring generalist and more resistant
species (Costa & Schmidt, 2022; Solar et al., 2015). In the same con-
text, as taxonomic diversity is directly related to functional diversity
(Bihn et al., 2010), this conversion from forest to shifting cultivation
and pasture, with replacement by generalist species, might alter eco-

system functions in these sites.
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The conversion from forest to shifting cultivation and pasture
was associated with the loss of two functional groups, dacetine preda-
tors (e.g., Strumigenys) and specialist predators (e.g., Gnamptogenys).
The species in these groups live and forage in leaf litter and rotten
trunks, specialise in foraging and nesting in this type of habitat, and
are sensitive to environmental changes (Baccaro et al., 2013, 2015;
Bolton, 1999). Local environmental characteristics change with the
conversion from semi-natural habitats to anthropogenic land uses
(shifting cultivation and pasture), affecting resources and conditions
of the local semi-natural habitat, resulting in an environmental filter
for functional groups (Manlick & Newsome, 2021; Martins
et al., 2022); these changes may be responsible for the loss of special-
ist predators and dacetine predators. Thus, as also occurs for a- and
Bsar-diversity of epigeic ants, conversion from forest to shifting culti-
vation and pasture likely led to a decrease in ant functional groups.
This greater number of species and functional groups in forests may
indicate high resilience in these assemblages, due to functional redun-
dancy, as the chances are also high for the trophic functions of lost
species to be replaced by other species (Bihn et al., 2010). Thus, the
loss of functional groups was associated with by the conversion of
Amazon Forest to shifting cultivation and pasture probably makes
these novel ecosystems more vulnerable.

In contrast, four species (Brachymyrmex cf. bruchi, Brachymyrmex
cf. australis, Ectatomma brunneum, Pheidole cf. capillata) benefited
from conversion from forest to shifting cultivation and pasture and
were considered habitat indicators of shifting cultivation and pasture.
This is likely because these generalist species are open habitat special-
ists, and the characteristics of shifting cultivation and pasture are
more similar to those of open habitats than are those of forest
(Fontenele & Schmidt, 2021; Vasconcelos et al., 2018). In addition to
being an environmental indicator for anthropogenic land uses, large-
size epigeic predators accounted for most of the predation in this
study. As expected, this functional group is less affected by changes
due to conversion from forest to anthropogenic land uses (Gibb
et al., 2018), and some species even benefit from anthropic impacts,
because they are more generalist in terms of the usage of habitat and
resources, and can be considered more resistant to anthropic impacts
or habitat changes, such as Ectatomma brunneum (Gomes et al., 2009;
Tschinkel & King, 2017). Moreover, E. brunneum is probably an eco-
logically dominant ant (in terms of numerical and functional domi-
nance) in these shifting cultivation and pasture sites (Cerda
et al., 2013). Numerical dominance (large presence of E. brunneum in
shifting cultivation and pasture) associated with functional dominance
(strong competitor) can make this ant species a stronger competitor
than the few other species filtered with open anthropogenic land
uses, excluding other possible species that could also be present and
intensifying their roles as insect predators. Consequently, despite
increasing insect predation, the possible dominance of E. brunneum
may also reduce ant diversity locally in shifting cultivation and pas-
ture. However, our sampling was performed in the morning (between
7:00 h and 11:00 h) because the sunlight in open environments (shift-
ing cultivation and pasture) was very high in the afternoon, killing the

Tenebrio larvae and decreasing ant foraging because of high solar

G Boewen 9
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incidence. However, due to the high canopy cover and low solar inci-
dence within the forests, the ants probably continue to forage and
prey on insects in the afternoon, which increases the amount of pre-
dation in these locations and may generate results different from
those found in this study. Thus, we suggest new studies that use
methodologies to evaluate predation throughout the day and, if possi-
ble, also during the night.

In conclusion, we revealed important effects of conversion from
Amazon Forest to shifting cultivation and pasture. For epigeic ants,
pastures had negative effects on ant a- and pser-diversity. Conver-
sion from forest to shifting cultivation was associated with the com-
munity to be more homogeneous and decreased psgr-diversity;
however, the impact of conversion from forest to pastures on ant
richness was greater, which may indicate benefits for maintaining
shifting cultivation, compared to more intensive anthropogenic land
uses, from the perspective of biodiversity. The conversion from for-
est to shifting cultivation and pasture increased insect predation, pri-
marily by large-size epigeic predators, more specifically by
E. brunneum, an indicator of these anthropogenic land uses and pre-
sent in many environments modified by humans. These ants can play
an important role in biological control in these sites, assisting resi-
dents in food production without the need to use insecticides and
avoiding losses due to pests. However, these generalist predatory
ants are dominant at these sites, and they may exclude other ant
species and prey on other animals important for these sites, such as
other predators (intraguild predation) and pollinators. Therefore, we
suggest new studies to evaluate the effect of insect predation by
E. brunneum and other generalist ants in agricultural and livestock
sites (e.g., do generalist ants from modified environments only prey
on ‘pests’, or do they prey on other organisms such as pollinators

and detritivores?).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Table S1. We used the classification of functional groups described by
Silva and Brandao (2010, 2014); this classification separates the func-
tional groups based on the morphological characteristics of the ants.
The 11 functional groups are: large-size epigeic predators (LEP—
epigeic generalist predator of large body size; e.g., Ectatomma edenta-
tum); medium-size epigeic predators (MEP—epigeic generalist preda-
tor of medium body size; e.g., Ghamptogenys rastrata); medium-size
hypogeic predators (MHP—hypogeic generalist predator of medium
body size; e.g., Heteroponera inermis); small-size hypogeic predators

(SHP—hypogeic  generalist predator of small body size;
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e.g., Hypoponera); specialist predators (SP—small- to medium-size spe-
cialist predators living in the soil superficial layers; e.g., Prionopelta
antillana); dacetine predators (DP—small- to medium-size hypogeic
specialist predators; e.g., Acanthognathus ocellatus); generalists (G—
small- to medium-size epigeic generalists—omnivorous, saprophagous
and granivorous; e.g., Camponotus canescens); small-size hypogeic gen-
eralists (SHG—very small-size hypogeic ants probably omnivorous—
very little studies; e.g., Discothyrea neotropica); fungus cultivators
(FG—cultivate a symbiotic fungus on organic material like carcasses
and/or dead or live plant; e.g., Atta sexdens); army ants (N—predator
ants without permanent nests; e.g., Eciton burchelli); arboreal ants (A—
ants with nests and foraging in the arboreal stratum;
e.g., Procryptocerus convergens). The columns ‘Forest’, ‘Pasture’ and
‘Swidden’ indicate whether the morphospecies occurred in (1) or
were absent from (0) a given land-use type. The ‘index’ column indi-
cates the land-uses or combinations of land-uses to which the ants
were associated. The ‘stat’ column shows the environmental indica-
tion values, and the ‘p.value’ column shows the p values.

Table S2. Number of insect predations by each morphospecies. The
‘Species’ column indicates the species of ants that engaged in preda-
tion. The ‘Functional group’ column shows the five functional groups
to which the ant species that underwent predation are classified:
large-size epigeic predators (LEP); medium-size epigeic predators
(MEP); specialist predators (SP); generalists (G); and small-size hypo-
geic generalist (SHG). The ‘Land-use’ column shows whether the mor-
phospecies that engaged in predation is classified as an environmental
indicator. The ‘Predation’ column indicates the number of predations
per species.

Table S3. Nine functional groups of identified ants and their respec-
tive environmental indication values. The ‘Functional groups’ column
shows the nine functional groups identified: large epigeic predators
(LEPs); medium-size epigeic predators (MPEs); small-size hypogeic
predators (SHPs); specialist predators (SPs); dacetine predators (DPs);
generalists (Gs); small-size hypogeic generalists (SHGs); fungal cultiva-
tors (FCs); and army ants (Ns). The columns ‘Forest’, ‘Pasture’ and
‘Swidden’ indicate whether the morphospecies occurred in (1) or
were absent from (0) a given land-use. The ‘index’ column indicates
the land-uses or combinations of land-uses to which the ants were
associated. The ‘stat’ column shows the environmental indication
values, and the ‘p.value’ column shows the p values (NA indicates that
p values were not calculated).

Table S4. Mean values, standard deviations and sample sizes of ant
diversity and insect predation

Table S5. The pser-diversity (Sgrensen dissimilarity) partitioning in
Bsim (turnover) and Bsne (nestdeness). The ‘Region’ shows the areas
where ants were sampled in ‘Land-uses’ (forest, pasture and shifting
cultivation), in the strata epigeic (epi) and hypogeic (hip).

Figure S1. The turnover is the main component of the total psgr for epi-
geic ants. The x-axis shows the p-diversity components (turnover and
nestedness), and the y-axis shows the Epigeic ants B-diversity portion-
ing, which vary from 0 (0%) and 1 (100%). The centreline of each box-
plot indicates the central median of the data, and the boxes indicate the

first percentile (mean of the values greater than the central median) and
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third percentile (mean of the values less than the central median). The
vertical lines on each boxplot are the Tukey-style whiskers (1.5x IQR).
The points outside the boxes are outliers. The letters on the boxes indi-
cate significant differences between land-uses (p < 0.05).

Figure S2. The turnover is the main component of the total psgr for
hypogeic ants. The x-axis shows the g-diveristy components (turnover
and nestedness), and the y-axis shows the Epigeic ants B-diversity
portioning, which vary from 0 (0%) and 1 (100%). The centreline of
each boxplot indicates the central median of the data, and the boxes
indicate the first percentile (mean of the values greater than the cen-
tral median) and third percentile (mean of the values less than the cen-
tral median). The vertical lines on each boxplot are the Tukey-style
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whiskers (1.5x IQR). The points outside the boxes are outliers. The
letters on the boxes indicate significant differences between land-
uses (p < 0.05).
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