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Abstract

Leaf-cutting ants (Hymenoptera: Formicidae) are one of the main pests found in the Americas and they cause global
economic losses worth several billions of dollars. While pesticides have been the most widely used control method,
new management alternatives in a context of agroecological transition are now being considered.This study focuses
on the leaf-cutting ants species found in the pan-Amazon region. As part of efforts to improve management of these
pests, this multi-criteria analysis of control strategies covers a total of 691 experiments collected from 153 studies,
and the control were evaluated as a function of their management efficacy, environmental and human health im-
pacts, and their ease of application. Chemical control methods were effective but posed a danger to human health
and the environment, whereas mechanical methods and integrated management were more sustainable but not
always very effective. Some of the biocontrol methods were evaluated as effective and safe for the environment
and human health, including the use of entomopathogenic fungi Beauveria bassiana (Bals.-Criv) Vuill. (Hypocreales:
Cordycipitaceae) and Metarhizium anisopliae (Metschn.) Sorokin (Hypocreales: Clavicipitaceae) in the form of bait
or sprayed in the nest, or the application of plant mulch in the nest using Tithonia diversifolia (Hemsley) A. Gray
(Asterales: Asteraceae) or Canavalia ensiformis L. DC. (Fabales: Fabaceae). Because of variations in the efficacy data
between laboratory and field tests, we are in favor of evaluating these control methods during field studies with
different leaf-cutting ant species and under different environmental conditions. These methods should adopt experi-
mental arrangements that are appropriate for local socioeconomic conditions adapted for farmers.
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Leaf-cutting ants (tribe Attini, genera Acromyrmex and Atta) are
one of the main polyphagous insect pests in Latin America (Cramer
1967), where at least 48 species (Schowalter and Ring 2017) inhabit
a broad range of habitats from Argentina to Texas (Weber 1972,
Vasconcelos and Fowler 1990). Although there are dissimilarities in
the biology, ecology, and geographical range size of leaf-cutting ants
species (Littledyke and Cherrett 1975, Farji-Brener and Ruggiero
1994, Mikheyev et al. 2007), the common point between all species
is their dependence on fresh plant leaves and other plant material
(Boulogne et al. 2014). Leaf-cutting ants cause global economic
losses worth several billions of dollars in the Americas (Della Lucia
et al. 2014).

‘Leaf cutting’ means that the ants live in symbiosis with the
fungus Leucoagaricus gongylophorus (Moller) Singer (Agaricales:
Basidiomycota; Silva et al. 2006). Several authors have suggested
that this symbiotic association, and more specifically the ant—fungus
synergism and the unique adaptations of ants that result from these
interactions (Mueller et al. 2018) provide an explanation for the eco-
logical success of leaf-cutting ants (Vasconcelos and Fowler 1990).
Each colony is created by a founder queen using a fungal pellet from
her natal colony (Mueller et al. 2010). As some leaf-cutting ant spe-
cies are endemic, geographically restricted (Fowler et al. 1989), and
vital to their ecosystems as ecosystem engineer (Montoya-Lerma
et al. 2012), forest fragmentation favors certain pest species such
as Atta sexdens rubropilosa Forel (Hymenoptera: Formicidae) at
the expense of endemic forest species (Fowler 1995, Barrera et al.
2015). The pest species tend to nest in anthropized, fragmented, or
disturbed environments (Silva et al. 2013, Siqueira et al. 2017). The
colony grows rapidly for 421 d, reaching maturity at 3 yr (de Britto
et al. 2016). The cultivated fungus supplies essential nutrients to the
ants by converting plant polysaccharides into nutrients that they can
easily assimilate (Gomes de Siqueira et al. 1998). Leaf palatability
depends on various factors such as secondary metabolites and water
content (Folgarait et al. 1996), nutrient content, leaf age, and light
availability (Nichols-Orians 1992). Leaf-cutting ants usually favor
young leaves because of their greater nutrient asset and their greater
ease to cut (Nichols-Orians, 1992). The nutrients converted by the
fungus represent an important share of the worker diet, along with
plant sap (Littledyke and Cherrett 1976), and the only food for the
larvae and brood (Weber 1966). In return, the generalist workers
and gardeners take care of the fungus and ensure good sanitary con-
ditions in the nest, limiting the entry of pathogens (Little et al. 2006).
The presence of filamentous actinobacteria producing anti-fungal
secretions in the tegument of some species (Mattoso et al. 2011),
and the production of antibiotics in the infrabuccal pocket of the
workers, contribute to preserving the fungus from external contam-
ination and eradicating competition (Little et al. 2006). The major
workers harvest fresh plant material (e.g., leaves, flowers, and fruits)
to create a substrate that will enable the fungus to grow (Weber
1972). The plant material used differs as a function of the three types
of ant species (Nagamoto et al. 2009, Khadempour et al. 2020):
1) those only eating broadleaf plants, 2) those specialized in grassy
weed harvest (Camargo et al. 2006), and 3) those that use both ma-
terials as a substrate (Camargo et al. 2006). They tend to prefer
young leaves (Vasconcelos and Fowler 1990) so target new plants
that are softer than mature plants, contain fewer secondary metab-
olites and are of better nutritional quality (Della Lucia et al. 2014),
although leaf-cutters preferentially harvest crops with a boosted

production of young tissues. Preferences may change, depending on
the colony (Littledyke and Cherrett 1975) and individuals within the
same colony (Roces 2002).

It has been reported that leaf-cutting ants may attack 47 agri-
cultural and horticultural plants and 13 forage species (Cherrett
and Peregrine 1976). The leaf-cutting ants will favor the plants
treated with fertilizers. These treatments promote higher foliar ni-
trogen and phosphorus concentrations that favor the symbiotic
fungi (Montoya-Lerma et al. 2012). While most of the leaf-cutting
ant species are harmless (Montoya-Lerma et al. 2012), the spe-
cies Atta cephalotes Linnaeus (Hymenoptera: Formicidae), Atta
sexdens Linnaeus (Hymenoptera: Formicidae), and Acromyrmex
octospinosus Reich (Hymenoptera: Formicidae) can be considered
as primary pests (Fernandez and al. 2015) in the pan-Amazonian
region (Table 1). The defoliation due to the leaf-cutting ants may
result in the killing of the plant. In Trinidad, a study estimated that
Acromyrmex octospinosus defoliation activity caused the deaths
of 6-17% of the trees in cacao or citrus orchards (Boulogne et al.
2014). Despite the tremendous financial losses due to the leaf-cutting
ants, the literature provides few data about economic and agricul-
tural losses. These losses are difficult to estimate due to the wide
range of damages caused (Boulogne et al. 2014).

Foraging tactics, preferences, and changes to behavior (Camargo
et al. 2006), colony behavior and reactions to control efforts may
change depending on the genus (i.e., Atta and Acromyrmex) and
species (de Britto et al. 2016). Thus, the control method of the
leaf-cutting ants pest depends on the genus and species considered.
Because of the important economic losses these ants can cause, scien-
tists and farmers have developed chemical, biocontrol, mechanical,
and integrated pest control methods. Some of these methods seek to
limit their impact on economic activities by protecting the crops or
confusing the worker ants. Other methods are designed to destroy
or weaken colonies by targeting the workers, the queen, or the sym-
biotic fungus. These methods can be implemented at different times
and places during the ant life cycle.

A variety of control methods have been tested in Latin America,
but the data remain scanty due to language differences, i.e., English,
Spanish, Portuguese, and scientific articles are little used to dissem-
inate the results. Given the importance of the damage caused in this
region, and the stakes involved in developing alternative methods
that are compatible with the specifications of agroecological tran-
sition, it is now urgent to produce a synthesis of the innovative
methods designed in the pan-Amazon Region, in order to identify
solutions that could be used by producers.

To achieve this, various methods of research synthesis are
available, such as narrative review, vote counting, combining
probabilities, meta-analysis (Koricheva et al. 2013), and multi-
criteria analysis. Multi-criteria analysis is a method that accounts
of a set of objectives and criteria that can be conflicting, multi-
dimensional, incommensurable, and incomparable (Basbas and
Makridakis 2007). It is a useful tool that can summarize the ac-
cumulated knowledge in a particular field and can be used to sup-
port complex decision-making situations with multiple objectives
(Saarikoski et al. 2016). Multi-Criteria Decision Analysis (MCDA)
has been widely used in the scientific field as a tool for evaluating
options in decisions involving multiple often conflicting criteria,
predefined constraints, as well as stakeholders. This is the case of
decision-making in managing plant pests such as leaf-cutting ants,
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Table 1. Geographical repartition of the main leaf-cutting ant species in the pan-Amazonian region and main crops attacked

Geographical distribution in the pan-Amazonian

region

References

Impact as pest

Crops preference

Leaf-cutting ant species

Very wide Montoya-Lerma et al. (2012), Zanuncio

Coca, citrus, coffee, cotton, maize, cassava, euca-

Brazil, Bolivia, Colombia, Ecuador, French

Atta cephalotes Linnaeus

et al. (1996), Rodriguez et al. (2015),

lyptus, forages, coconut, cucurbits, sweet potato,

Guiana, Guyana, Peru, Surinam, Venezuela

CABI (2020), Bezdéckova et al (2015)

mango, avocado, sugarcane
Cassava, eucalyptus, Pinus sp., cashew, citrus, coffee,

2012), Remillet

, Santos-

Montoya-Lerma et al.

Wide

Bolivia, Brazil, Colombia, French Guiana,

Atta sexdens Linnaeus

mango, rice, coconut, cucurbits, rubber, sugarcane

Venezuela
Brazil, Colombia, Venezuela

Brazil

Montoya-Lerma et al.

Wide

Eucalyptus, Pinus sp., cashew

Atta laevigata F. Smith

Montoya-Lerma et al.

Narrow

Gramineous, sugar cane

Atta bispherica Forel

Montoya-Lerma et al.

Narrow
Wide

Eucalyptus

Brazil, Colombia

Acromyrmex balzani Emery

Montoya-Lerma et al.

Herbaceous plants

Brazil, Colombia, Ecuador

Acromyrmex coronatus Fabricius
Acromyrmex landolti Forel

Montoya-Lerma et al.

Wide

Pinus sp., grasses

Bolivia, Brazil, Colombia, French Guiana,

Silva et al. (2016), Remillet (1988)
Montoya-Lerma et al. (2012), Remillet

Guyana, Venezuela
Brazil, Colombia, French Guiana, Guyana,

Wide

Vegetables, fruits, cacao, citrus

Acromyrmex octospinosus Reich

(1988), Mann (1916), Pérez-Sanchez
et al. (2014), Boulogne er al (2014)

Surinam, Venezuela

that considers economic, environmental, and social dimensions of
the control methods.

The objective of this study was, therefore, to perform a multi-
criteria analysis based on several independent studies focused on the
same issue (Gates 2002), which was the control methods used for
leaf-cutting ants in the pan-Amazon Region—i.e., Brazil, Bolivia,
Colombia, Ecuador, Peru, Venezuela, Suriname, Guyana, and French
Guiana. The main purpose was to highlight the most effective means
of control, thus ensuring less impact on human health and the
environment.

Materials and Methods

Data Collection

A prospective search of the literature was carried out using
Google scholar and using particular keywords: ‘leaf-cutting ants’,
‘leaf-cutter ants’, ‘fourmis manioc’, ‘formigas cortadeiras’, and
‘hormigas cortadoras’ (quotation marks indicate that the term
was used in its entirety). This use of different languages—i.e.,
French, Portuguese, and Spanish, as well as English—was essential
to gathering information from the different countries impacted
by leaf-cutting ants in the pan-Amazonian Region. This approach
did not taken into account specific websites, such as websites of
agricultural institutions. The data were collected during the last
quarter of 2019 by scanning the work done by several univer-
sities in South America. The first step consisted in gathering ori-
ginal articles, conference papers, book chapters, working papers,
reports in institutional series, and theses dealing with this topic.
The control methods studied could be chemical, mechanical, inte-
grated, or biocontrol methods, acting at different places and times
over the colony life cycle (Fig. 1).

The second step mainly focused on selecting relevant articles
from peer-reviewed scientific publications and conference papers.
While the peer-reviewed studies primarily concerned laboratory
experimentation, the master’s and Ph.D. reports we found covered
various aspects of evaluating control methods for leaf-cutting ants,
so we have included them if they were of good scientific quality, so
as not to lose valuable information that had not necessarily been
published in scientific journals. Overall, we selected 112 studies from
peer-reviewed journals, 22 master’s reports, 11 Ph.D. theses, and 3
conference papers.

Appropriate studies for the multi-criteria analysis were chosen
from the database by thoroughly screening the title, abstracts, key-
words, and full-text. The studies selected fulfilled the following cri-
teria: 1) they investigated a control method for leaf-cutting ants;
2) the leaf-cutting ants species concerned are present in the pan-
Amazonian region; 3) the study described at least the efficacy of the
method, and 4) the study involved original experimentation and not
just a review of other studies.

In several cases, the same article could present various observa-
tions or approaches; for instance, an evaluation of the toxicity of
different plant extracts on several leaf-cutting ants species. All the
observations complying with our criteria were included in the multi-
criteria analysis, so the number of observations used in the multi-
criteria analysis (i.e., 692 observations) was larger than the number
of publications selected (i.e., 145 articles).

For each observation, the management method and substances
employed were listed. For biocontrol methods, the principal type—
i.e., plant, fungus, mineral, organic molecule of natural origin—and
the family were identified. As a function of the different spatial
scales, complexity and location of the selected observations, we
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Fig. 1. Type of Control methods used according to nest maturity.

described the factors influencing the study specifications—i.e., pub-
lication category, country, region, experimental environment, and
the experimental details—i.e., concentration of substance used and
type of application, to take account of the heterogeneity of the situ-
ations and any potential bias that might affect the relevancy of the
explanations.

The studies thus selected were then analyzed using the different
criteria, as shown in Fig. 2.

The criteria and scales used to analyze the control methods were
based on those specified in ANSES studies (French Agency for Food,
Environmental and Occupational Health Safety).

The process used to assess the efficacy of methods involving
the control of workers (i.e., ability to control the fungus or
colony) in terms of reducing the damage caused by leaf-cutting
ants, differed depending on the study. In order to compare re-
sults expressed in different ways, we created a value scale from
0 to 4:

0: noneffective observations;

1: studies of potential interest, but insufficient efficacy
at present (e.g., natural parasitoid without biocontrol
development);

Second
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Day 421
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2: significantly effective methods but producing poor results (con-
trol or damage limitation less than 50%);

3: significantly effective methods (i.e., control or damage limitation
higher than 50% but dependent on different conditions, such as
successful control only achieved at high concentrations);

4: methods already significantly effective; i.e., control or damage
limitation higher than 50%.

During a second phase, an expert review of the bibliography was made
to evaluate the environmental and human health impacts of the different
elements evaluated. An appropriate scale was also created, from 1 to 4:

elements highly toxic to the environment or human health;
elements moderately toxic to the environment or human health;
elements weakly toxic to the environment or human health;

e

can be considered as safe to the environment or human health.

A scale was also created regarding the operational readiness of
control methods:

1: laboratory testing;
2: ongoing development of the method;
3: method currently available.
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Table 2. Sample size for each variable of the multi-criteria analysis

Environmental Human health ~ Operational ~ Convenience of
Efficacy impact impact readiness application Price
PCA 691 689 689 691 135 79
Beauveria bassiana Against colonies: 4 10 10 10 10 10
Against L. gongylophorus: 3
Against workers: 3
Metharizium anisopliae Against colonies: 4 18 18 18 18 18
Against L. gongylophorus: 3
Against workers: 11
Tithonia diversifolia Against colonies: 1 3 3 3 3 3
Against L. gongylophorus: 1
Against workers: 1
Canavalia ensiformis Against colonies: 3 6 6 6 6 6

Against L. gongylophorus: 1
Against workers: 2

For methods that had been developed, the convenience of their
application was evaluated on a scale from 1 to 4:

complex application;
moderately difficult application;
simple application;

bl i e

very convenient application.

The prices of the different control methods available were also
evaluated on a scale from 1 to 4, taking account of the purchasing
power of an average farmer in French Guiana:

: expensive—i.e., more than €100 per nest;
: moderately priced—i.e., €50 to €100 per nest;
: inexpensive—i.e., less than €50 per nest;

AW N =

: negligible cost.

The different criteria were then entered in an Excel spreadsheet
(Microsoft Pack Office 2017).

Statistical Analysis
As a first step, we ensured that the studies had used independent
datasets; i.e., they were performed by different research teams from
different organizations in different environments, in order to prevent
any bias in the dataset.

We performed the multi-criteria assessment of the type of con-
trol, control efficacy, environmental safety, human health safety,
operational readiness, convenience and price ranges using Principal
Component Analysis (PCA) with the FactoMineR and factoextra
packages. The inputs used for the PCA were the semiquantitative
ranks described above. The criteria were gathered as centered and
normalized variables in a PCA as a precaution, the order of magni-
tude being the same than for noncentered variables, with informa-
tion on the control method as qualitative variables, and experimental
results and analysis of the method as quantitative variables. The PCA
was carried out to illustrate the relationship between the criteria.
The individual scatterplot was drawn with the FactoMineR package
version 2.3, with levels of the concentration ellipses set as 0.95.

In order to precise the most promising control methods for
leaf-cutting ants, various univariate tests have been performed to
compare the efficacy of the control methods, the environment and
human health safety, then the operational readiness of the different
control methods. We also compared the price and convenience of
application for interesting methods with available data (Table 2).

The average and effect size of each outcome variable was evaluated
for the different methods according to the scores defined above.
The rankings were compared using the Kruskall-Wallis test and the
Mann-Whitney post-hoc test. We considered the differences to be
significant at a 5% threshold. The data were compared using the
median values—i.e., IQR.

For significantly effective control methods ranking 3 or above,
the impacts on human health and the environment were based on
the literature and European standards, available via the website at
<https://ec.europa.eu>. For the effective control methods with low
impacts, we noted the means of application has been developed and
its convenience.

Only the most relevant data in the fully analyzed dataset con-
cerning methods with good efficacy, a low impact on the envir-
onment and human health are described in greater detail in this
article.

Statistical analysis was performed using Rstudio version 3.6.1.
software from the R Foundation for Statistical Computing, 2016.

Results

Principal Component Analysis

The ‘Applicator safety’ and ‘Environmental safety’ variables
are clearly shown within the correlation circle (cos* = 0.861;
cos? = 0.826, respectively) and explain 79.03% of the first dimension
(Fig. 3). The first dimension describes the safety of the method, with
the safest method on the right and the most toxic methods on the
left, which explains 35.6% of individual distribution. The orienta-
tion of the ‘Efficacy’ and ‘Operationality’ variables, which are poorly
displayed in the circle (cos? = 0.204; cos? = 0.212, respectively) ex-
plains 19.48% of the first dimension, and appears to indicate that
the most effective methods with market applications might be toxic
to human health and the environment.

The ‘Price’ and ‘Convenience’ variables are well displayed within
the correlation circle (cos? = 0.670; cos? = 0.512, respectively) and
explain 92.67% of the second dimension (Fig. 3). The second di-
mension describes how easy it would be for farmers to adopt the
method, with affordable methods at the top and methods practic-
ally unusable for farmers at the bottom of the circle, which explains
21.3% of the individual distribution.

The eigenvalues of the first (2.14) and second (1.28) dimensions
are higher than 1, unlike the eigenvalues of the other dimensions.
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Only the first and second dimensions were therefore selected to ex-
plain the individual distributions according to the Kaiser criterion
(i.e., selection of principal components with eigenvalues >1).

According to the correlation circle for the variables, the first axis
of the individual scatterplot of the PCA defines the safety of the man-
agement method, and the second axis explains the ease of adoption
of the method by farmers (Fig. 4).

The effective methods and developed products are mostly
chemical—i.e., Sulfuramid, Fipronil, Mirex—but these are not sus-
tainable because they are harmful to human health and the environ-
ment (Fig. 4). While farmers can easily adopt some of these developed
products, some methods are still undergoing laboratory testing or re-
quire special equipment, thus hampering their use. Mechanical and
integrated methods are sustainable but not very effective in the man-
agement of leaf-cutting ants (Fig. 4). Mechanical methods may in-
volve the use of large pieces of equipment such as excavators which
can be costly for farmers, or may only require manual labor, which
is affordable for most but time-consuming. Most of the integrated
methods could not be evaluated in terms of their price or conveni-
ence of application. Biocontrol methods include a broad range of
methods with differing efficacy, impacts on the environment and
human health and ease of adoption by farmers.

Encouraging results were seen with some of the biocontrol
methods involving entomopathogenic fungi and plant extracts, as
well as a low risk to human health and/or the environment (Fig. 5).

Entomopathogenic Fungi

Use of the Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales:
Cordycipitaceae) fungus caused damage to colonies (IQR = 4) of
Acromyrmex sp. (Pdiz and Granados 2013) and A#ta sexdens
rubropilosa (Canali 2017). Beauveria bassiana was toxic to the
symbiotic fungus Leucoagaricus gongylophorus (IQR = 4) and Atta
sexdens rubropilosa (Santos et al. 2007, Castilho et al. 2010, Canali
2017), Atta sexdens sexdens (Loureiro and Monteiro 2005), Atta
sp., and Acromyrmex sp. (Bezerra 2018) worker ants (IQR = 4). The
use of Beauveria bassiana with other entomopathogenic fungi such

as Aspergillus nomius Kurtzman, B. W. Horn and Hesselt. (Eurotiale:
Trichocomaceae), Isaria farinosa (Holmsk.) Fr. (Hypocreales:
Cordycipitaceae) or Trichoderma harzianum Rifai. (Hypocreales:
Hypocreaceae) was less effective in controlling colonies (IQR = 2.5;
IQR = 2; IQR = 2, respectively, than using Beauveria bassiana alone,
except for the combination of Beauveria bassiana and Metarhizium
anisopliae  (Metschn.) Sorokin (Hypocreales: Clavicipitaceae),
which effectively controlled Acromyrmex landolti fracticornis col-
onies (IQR = 4) (Amarilla Salinas and Arias Ruiz Diaz 2011). The
Metarhizium anisopliae (Metschn.) Sorokin fungus used alone dis-
played satisfactory efficacy in controlling colonies (IQR = 3) with
good control of Atta cephalotes colonies (Lopez Arismendy and
Orduz Peralta 2002). Metarhizium anisopliae displayed satisfac-
tory efficacy in controlling the symbiont (IQR = 4). It provided an
effective control of Atta sexdens rubropilosa (Jaccoud et al. 1999,
Santos et al. 2007, Castilho et al. 2010, Barcoto et al. 2017, Canali
2017), Atta cephalotes (Varén Devia 2006), and Atta sexdens sexdens
(Loureiro and Monteiro 2005, Barbosa and de Sousa 2012) workers
(IQR = 4). Metarhizium anisopliae caused high mortality among
Atta sexdens worker ants when cyclosporine was added (IQR = 4)
(Dornelas et al. 2017). The combination of Metarhizium anisopliae
with Trichoderma viride Pers. (Hypocreales: Hypocreaceae) enabled
the effective control of Atta cephalotes colonies (IQR = 4) (Lopez
Arismendy and Orduz Peralta 2002), whereas the use of Trichoderma
viride alone did not achieve that (IQR = 1) and displayed weak tox-
icity on the symbiont (IQR = 1) and workers (IQR = 0).

The most effective methods to control field colonies were the
commercial bait Bibisav-2 using Beauveria bassiana at a concentra-
tion of 100 g/m? for Acromyrmex octospinosus colonies (IQR = 4)
(Pérez Alvarez and Trujillo Gonzélez 2002); artisanal bait made from
Metarbizium anisopliae powder at a concentration of 10° conidia/ml
for Atta sexdens rubropilosa colonies (IQR = 4) (Travaglini 2017);
spraying a solution of 200 g/3 liter Beauveria bassiana (IQR = 4) in
Acromyrmex sp. nests (Pdiz and Granados 2013). Spraying a mix-
ture of Beauveria bassiana and Trichoderma harzianum at a concen-
tration of 266 g/4 liter was also effective in controlling Atta sp. field
colonies (IQR = 4) (Paiz and Granados 2013), but had no effect on
workers (IQR = 0). The use of conidia powder in the nest with a mix-
ture of Beauveria bassiana and Aspergillus nomius or Isaria farinosa
at 10° conidia/ml had a weak effect on colonies (IQR = 2). The use
of artisanal bait made from Metarhizium anisopliae powder was in-
effective at a concentration of 10° conidia/g (IQR = 0).

According to the literature and to European legislation, Beauveria
bassiana and Metarhizium anisopliae have been evaluated as being
safe for the environment and human health.

Plant Extracts

The use of certain plant extracts such as Tithonia diversifolia
(Hemsley) A. Gray (Asterales: Asteraceae) and Canavalia ensiformis
L. DC. (Fabales: Fabaceae) has also been shown to be effective in
controlling the activity of leaf-cutting ants.

Tithonia diversifolia extracts also exert fungicidal effects against
the symbiotic fungus (IQR = 4) but are only weakly toxic on worker
ants (IQR = 2). Using a 10-30 kg mulch of Tithonia diversifolia of
stems and leaves in nest sizes inferior to 35 m?, enabled the effective
management of Atta cephalotes colonies in the field (IQR = 4)
(Rodriguez et al. 2015); as use of this plant is not considered to
constitute a plant health product, it is considered to be safe to the
environment and operator health.

Canavalia ensiformis extracts were shown to be toxic to the
symbiont (IQR = 4) but produced mixed results regarding worker
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control (IQR = 2). These extracts were effective in Atta sp. control-
ling colonies (IQR = 3) (Sdnchez 2005), whereas their use combined
with Cymbopogon citratus (DC.) Stapf (Poales: Poaceae) extracts
(IQR = 2) or Gallesia integrifolia (Spreng.) Harms (Caryophyllales:
Phytolaccaceae) extracts (IQR = 2) were little effective. Canavalia
ensiformis leaves used as a mulch in leaf-cutting ant nests was ef-
fective (IQR = 4) in controlling A#ta sp. field colonies at doses of
7-9 kg per nest for nest of 30 m? (Sdnchez 2005); an aqueous solution
of Canavalia ensiformis at a concentration of 1-kg plant material/
liter resulted in the good control of Atta sp. field colonies (IQR = 3)
(Sanchez 2005). Placing macerated seeds in the nests was not ef-
fective in controlling colonies (IQR = 0). As for Tithonia diversifolia,
the application of mulch is not deemed to constitute a plant health
product and can be considered as safe for the environment and
human health. According to the literature and to European legis-
lation, using an aqueous solution made from Canavalia ensiformis
plant material has been evaluated as having a low risk for the envir-
onment and operator health.

Figure 6 shows the effective methods described above using
entomopathogenic fungi or plants, and the times when they should
be used as a function of the life cycle of a leaf-cutting ant colony.

Discussion

The management of leaf-cutting ants involves various control
methods using chemical products, biological, mechanical, or inte-
grated methods. However, few of these methods combine efficacy
with safety for farmers and the environment and their simple adop-
tion. Our analysis of these different methods allowed us to highlight
certain methods that combined these requirements.

Leaf-cutting ant management using entomopathogenic fungi has
been evaluated during various studies. Using fungi from the genus
Beauveria and Metarhizium anisopliae, which are used as biocon-
trol agents for various arthropod pests (Goettel et al. 2005) pro-
duced some encouraging results regarding the control of leaf-cutting
ants in the laboratory. These fungi are toxic to these ants because
they produce hydrolytic enzymes that degrade the insect cuticle,
such as the subtilisin-like serine protease produced by Metarhizium
anisopliae (Abdelghany 2015). The Beauveria genus produces
oosporin, a mycotoxin that disturbs the redox reaction and inhibits
the activity of ATPase (Pinto et al. 2012). Entomopathogenic fungi
can also develop mechanisms such as causing alterations to cell walls
or producing immunomodulatory substances or toxins to overcome
the immune system of the host insect (Cova et al. 2009). Metarhizium
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anisopliae can produce a protease that inhibits the adhesion activity
and phagocytosis of plasmocytes in the infected insects (Silva 2002).
Insects contaminated by Beauveria sp. or Metarhizium sp. display
reduced feeding behavior, starting 1-4 d after contamination and
lasting until they die (Abdelghany 2015).

The efficacy of control by Beauveria bassiana and Metarhizium
anisopliae can differ between strains and isolates because of inter-
and intraspecies genetic variability of entomopathogenic fungus
(Oliveira et al. 2004, Castilho et al. 2010). Sporulation capacity and
fungal pathogenicity against leaf-cutting ants depend on the species
and isolate of the fungus used (Castilho et al. 2010). The effective
control of leaf-cutting ant colonies also depends on the ant species
(Castilho et al. 2010), the natural resistance of leaf-cutting ants (Alves
1998), colony size (Leclerc and Detrain 2018), and environmental
conditions (Agostini et al. 2015). Leaf-cutting ants defend themselves
against infection through behaviors such as grooming—i.e., the act of
cleaning themselves and other ants of alien spores—or weeding—i.e.,
removing contaminated parts of the fungus garden (Currie and Stuart
2001)—and remove dead and sick ants from the colonies (Cardoso
2010). Because of the highly complex and evolved behavior of leaf-
cutting ants, the use of moderately virulent isolates could be more
effective than that of highly virulent isolates, so as not to stimulate a
rapid defense reaction by the ants (Castilho et al. 2010).

Effective laboratory tests are not always successful when trans-
ferred to the control of colonies in the field (Castilho et al. 2010).
Although laboratory conditions are closed off from field conditions,
the stress generated by manipulating the workers and a different
colony organization (e.g., the presence of only one cast and ab-
sence of a queen) may favor worker mortality (Castilho et al. 2010;
Ribeiro et al. 2012). Because of this laboratory stress and the queen’s
ability to replace workers in the event of deaths, field colonies are
more resilient than colonies without a queen tested under labora-
tory conditions. Field workers adapt their behavior towards the
contaminant, changing their activities and using different entrance

holes to avoid the hazard (Silva and Diehl-Fleig 1988, Diehl-Fleig
and Lucchese 1991); leaf-cutting ants may even relocate their nest
in extreme cases (Machado et al. 1988), while they cannot do this
under laboratory conditions.

To overcome these problems and achieve the effective control
of field colonies, it might be useful to increase the doses, like Lopez
and Orduz (2003) who obtained high mortality rates with a bait
containing a mix of Metarhizium anisopliae and Trichoderma viride
(1 x 10° conidia/g; 20 g/m?) and applying the treatment three times
instead of once. Spraying with an aqueous solution containing
entomopathogenic fungi has also resulted in good field colony man-
agement, but the volume of the solution needs to be adapted to the
size of the colony. Nevertheless, spraying is less convenient for an ap-
plicator than bait, and requires specific equipment. Both Beauveria
bassiana and Metarhizium anisopliae have been evaluated as being
safe for the environment and human health, but only some strains
have been approved by European regulations (available on the EU
Pesticide database website: https://ec.europa.eu.). In case of environ-
mental contamination, a high risk for honeybees has been identified
with the application of Beauveria bassiana strain 147, but the risk
for nontarget arthropods could not be demonstrated, due to the lack
of available information (European Food Safety Authority 2015).
Metarhizium anisopliae shows a low-risk to nontarget arthropod
compared with chemicals application. A data gap was identified for
the long-term impact of Metarhizium anisopliae to the nontarget
arthropods, due to the persistency of the fungus in soil and the wide
range of hosts (European Food Safety Authority 2012).

This multi-criteria analysis also showed that the use of plants
and plant extracts also produced some interesting control results.
Tithonia diversifolia and Canavalia ensiformis displayed toxic ef-
fects against Leucoagaricus gongylophorus. This toxicity could be
explained by the presence of secondary metabolites in the tissue of
the plant, such as flavonoids (Mullenax 1979, Chagas-Paula et al.
2012) or a mix of fatty acids (Monteiro et al. 1998). The direct effect
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of plant substrates in the fungus garden may be limited under field
conditions, as gardeners can detect the fungus garden response to
the incorporation of plant substrates, and reject those harmful to
the garden (Barcoto et al. 2017). Tithonia diversifolia and Canavalia
ensiformis have also displayed insecticidal effects against workers.
Secondary metabolites such as glycosides, alkaloids, phenols, or es-
sential oils may explain the toxicity of these plants against insects, as
these compounds also act as inhibitors of growth and reproduction
as well as insect repellents and deterrents (Jacobson 1989, Saxena
1989). Secondary compounds may also be toxic to the microorgan-
isms involved in ant protection and the decomposition of plant bio-
mass (Rodriguez et al. 2015).

A mulch of Tithonia diversifolia and Canavalia ensiformis en-
abled the effective control of field colonies. The incorporation of
these plants into soils may indirectly harm the fungus garden, as
their decomposition may induce a rise in the pH, as was observed
for Tithonia diversifolia by Ikerra et al. (2006), or it could affect
the fungal symbiont (Loeck et al. 2004). In response to this attack,
workers may build new chambers and tunnels to relocate the fungus
garden, thus reducing external activity (Rodriguez et al. 2015). The
use of a mulch to cover openings may also affect ventilation of the
nest (Rodriguez et al. 2015). The use of plant mulch to control leaf-
cutting ants nest has been evaluated as safe for the environment
and applicator health, and can be used under European regulations.
Mulch applications are simple to implement and represent an inex-
pensive method of control.

Tithonia diversifolia is widely spread around the world and
can be found in Brazil, Colombia, Ecuador, French Guiana, and
Venezuela (CABI 2020). This plant is considered as invasive in
various countries but has been naturalized in the northern regions
of Brazil (i.e., Amazonas, Para), in Colombia, French Guiana, and
Venezuela (CABI 2020). Tithonia diversifolia can be found in various
ecosystems including agricultural lands, disturbed areas, and road-
sides (CABI 2020). Hence, Tithonia diversifolia can be easily found
by farmers and used as mulch. Canavalia ensiformis has been intro-
duced in various countries of South America and can be found in
Brazil, Colombia, Ecuador, French Guiana, Guyana, Peru, Surinam,
and Venezuela (CABI 2020). This plant can be found in agricultural
land, disturbed areas, natural forests and shrublands (CABI 2020).
Farmers from the pan-amazonian may have access to Canavalia
ensiformis for mulch use.

This multi-criteria analysis highlighted some management
methods to control leaf-cutting ants that are effective and safe for
human health and the environment. Because of the considerable vari-
ability of the results that can occurs for the different control methods,
dependent on the genetic diversity of the entomopathogenic fungi
or plants used, environmental conditions, the species of leaf-cutting
ants and the characteristics of different colonies, more field studies
on the application of plant mulch and entomopathogenic fungi
to control leaf-cutting ants now need to be performed in order to
clarify the factors underlying their success. Leaf-cutting ants are able
to adapt their behavior to threats and disturbances (Norman et al.
2017); we therefore encourage a combination of control methods so
as to limit their opportunities for adaptation. Biocontrol methods
could be used to limit ant activity, alongside mechanical (e.g., phys-
ical barriers) and integrated (e.g., crop diversification) management
methods to protect crops. Future experiments should be conducted
using designs managed in collaboration with local farmers, in
order to whether particular methods are suited to the cultural and
socioeconomic conditions of the region, thus facilitating their adop-
tion by farmers.
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