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ABSTRACT

Foraging in leafcutter ants alternates between periods of inactivity and activity that extend
over several days or weeks. Many factors could influence this alternation, with a
preponderance of environmental factors, such as temperature, humidity, and rain.
Moreover, ant colony size and the management practices used for their control could also
modify the cycles of activity/inactivity. We surveyed the foraging activity of the nests of
the leaf-cutting ant Atta sexdens (Linnaeus) in Eucalyptus plantations and evaluated the
relative importance on foraging activity of temperature, past possible immediate
experience in foraging, and use of machinery. Twenty transects with an average of 6
colonies in each were selected. Each nest was checked for foraging activity once in
different months of the year and we investigated whether foraging inactivity was
influenced by nest size, temperature, number of favorable hours for foraging on the day
preceding the evaluation, and the use of agricultural machinery. The management
practices of A. sexdens nests in Eucalyptus plantations had no influence on the occurrence
of foraging inactivity, contrary to nest size and possible past immediate experience in
foraging. The probability of foraging inactivity decreased by about 23% for each 10m?
increment in the nest size. A nest was also more likely to be active on a certain day if the
conditions for foraging activity had been favorable on the preceding day. Leaf-cutting
ants are one of the main herbivores in Brazil, often reaching pest status in several crops.
Our results indicate that the efficiency of their control in Eucalyptus plantations could be
increased by implementing control strategies several times a year and by increasing the
number of bait applications in areas with a high density of small nests (less than 20 m2),
as these areas are more prone to inactivity and thus may lead to increased control failures.

Keywords: colony size, forest plantations, machinery, rain, temperature.
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INTRODUCTION

Leaf-cutting ants of the genus Atta and Acromyrmex (Hymenoptera: Formicidae)
count among one of the most fascinating insects in the world. They practice a sort of
primitive agriculture: they cut and collect vegetation in the environment and bring it back
to their nest to feed a symbiotic fungus as their main source of food (Holldobler & Wilson,
2010). These ants form huge colonies of several hundred thousand individuals and their
underground nests sometimes occupy more than one hundred cubic meters (Moreira et
al., 2004). Because of their defoliation action, they cause considerable damage to food
and industrial crops (e.g. sugarcane, Eucalyptus) and they are thus considered the main
herbivore in the Neotropical region and a major pest for cultivated plants (Della Lucia et
al. 2014; Leal et al. 2014; Zanetti et al. 2014).

The foraging activity of leaf-cutting ants follows a circadian rhythm (Lewis et al.
1974; Rockwood 1975; Caldato et al. 2016) influenced by several external factors, such
as air temperature and humidity (Giesel et al. 2013; Tiz6n et al. 2014; Bustamante et al.
2020), rain (Farji-Brener et al., 2018), wind (Alma et al., 2016), and natural enemies such
as parasitoids (Yackulic and Lewis 2007; Guillade and Folgarait 2015). Leaf-cutter ants
also show a high plasticity in their activity rhythm. Therefore, the same species can have
different patterns of foraging activity depending on the environment in which it lives, e.g.
forests, savannas, or pastures (Kost et al. 2005; Urbas et al. 2007; Wirth et al. 2007).
However, the foraging activity of leaf-cutting ants alternates between periods of activity
and inactivity of several days, or even weeks, and the origin of this phenomenon remains
unknown. The fact that these periods are not necessarily synchronized between the
colonies located in the same area is particularly intriguing. In cultivated areas such as
pastures or planted forests, where leaf-cutting ants are common, human disturbances
could also play a role in determining these cycles of activity/inactivity. In planted forests,
for example, tractors are used several times a year to manage the soil, treat weeds, and
control leaf-cutting ants. However, the effects of this disturbance on the foraging of leaf-
cutting ants have so far not been documented.

In this paper, we tested the hypothesis that environmental and anthropic factors
could be responsible for alternating foraging activity/inactivity in leaf-cutting ants. First,
we hypothesize that leaf-cutting ants would be less likely to be inactive on a given day if
this day was preceded by a day with a long period of rainfall (Farji-Brener et al., 2018),
or a day during which the values of air temperature and humidity were not favorable for
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foraging activity (Fowler & Robinson, 1979; Giesel et al., 2013). Second, we hypothesize
that in cultivated areas such as Eucalyptus plantations, anthropic factors like the use of
agricultural machinery could also influence the foraging activity of the colonies, for
example through a change in the physical structure of the nests (Leal et al., 2014). Indeed,
leaf-cutting ants build extensive networks of underground tunnels (Moreira et al., 2004)
that are essential for maintaining an internal microclimate inside their nest suitable for
the cultivation of their symbiotic fungus (Bollazzi & Roces 2007; Bollazzi et al., 2008).
The use of agricultural machinery in cultivated areas is likely to damage the structure of
these tunnels and, therefore, to compromise the integrity of the fungus garden. Hence,
after a nest has been damaged, more workers may be relocated to excavation tasks (Farji-
Brener & Tadey, 2012) at the expense of foraging, leading to a sharp decrease or a
complete stop of foraging activity during several days. Identifying the factors responsible
for the cycles of foraging activity/inactivity could help to promote better control strategies
that minimize waste and environmental contamination and better predict the damages

caused by leaf-cutting ant colonies in cultivated areas.

MATERIALS AND METHODS
Studied site

The leaf-cutting ant colonies studied were located in six different stands of
Eucalyptus plantations in an area of Atlantic Forest situated in the Eastern part of the state
of Minas Gerais, Brazil (Ipatinga -MG). The experiments were carried out in areas with
more cohesive and clayey soils. No stands had been chemically or mechanically treated
for one year at the start of the study. Each of the six stands was surveyed only once
between June 2020 and May 2021.

Factors influencing foraging inactivity

Twenty 12 x 100m transects were delimited in each stand of Eucalyptus plantation
and the number of Atta sexdens (Linnaeus) nests found inside these transects was counted.
Each nest was georeferenced and its size was measured by the larger rectangular area,
including all the mounds of loose excavated soil above the nests (Grandeza et al., 1999).

The foraging activity of all nests within the 6 stands was evaluated once between
June 2020 and May 2021 in one of the following months: June 2020, July 2020,
September 2020, December 2020, January 2021, May 2021. We used the methodology
proposed by Fowler et al. (1993) which consists in placing plastic baits (length: 1 cm)

4
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coated with a powder made from citric pulp close to the nests and to evaluate whether
these baits are then rejected with excavated soil on the mound of loose soil above the nest.
A colony was considered active in our study if ants rejected the baits within 24 hours,
otherwise it was considered inactive. The temperature, humidity, and rainfall were
obtained from the meteorological data of the closest weather station to the surveyed stands
(Figure 1). These data were used to calculate the number of hours in which the
meteorological conditions were favorable for the foraging activity of A. sexdens colonies
on the day preceding our evaluation. We reasoned that foraging activity was more likely
to be observed on the day of evaluation if the meteorological conditions on the previous
day had been favorable for foraging. Based on a previous survey of the foraging activity
of A. sexdens colonies (Abreu 2015; Bustamante and Amarillo-Suarez 2019), we
considered that foraging activity was more likely to occur during an hour if the
temperature was in the range of 18 - 23°C and if no rainfall had occurred. Our previous
activity survey shows that in these conditions the probability of finding ants carrying
vegetation back to their nest on foraging trails reaches at least 25%, half the maximum
value that we observed.

A logistic regression was used to investigate the influence of nest size, the impact
mean temperature on the day of the survey, and the number of favorable hours for
foraging activity on the day preceding the survey of foraging activity, on the probability
for the colonies of being inactive. The analysis did not consider relative humidity because
it is highly correlated with temperature. We also tested the interaction between nest size
and temperature because we reasoned that the probability of being inactive could vary
differently with temperature in colonies of different sizes, with small colonies being more
likely to be inactive at high temperatures than large ones. Worker size polymorphism is
known to vary with colony age, with large colonies having on average larger workers and
a higher size polymorphism than small ones (Wilson, 1980). Since there is a link between
worker size and thermotolerance in leaf-cutting ants (Ribeiro et al., 2012; Bouchebti et
al., 2014; Baudier & O’Donnell 2020), large colonies could thus be active for a larger

temperature range than small colonies.

Impact of tractor passage on foraging activity
Twenty additional transects were delimited in the stands of the Eucalyptus
plantation that was used to evaluate foraging activity. The colonies of A. sexdens found

in these transects were counted and georeferenced and their size was estimated by the
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area covered by the mounds of loose soil over the nest. The foraging activity of each nest
was then assessed in the same way as described above. Then, after 24 hours, a tractor
weighing 3500kg drove over the whole area of the transects and all leaf-cutting ant nests.
Nest activity was then reassessed 24 hours after the tractor passage using the previously
described method. No implement was attached to the tractor, only its weight was
considered to damage the colonies.

The effect of the tractor on the probability of a nest being inactive was tested with
a binomial GLMM. The chambers of small nests of A. sexdens are much closer to the soil
surface than those of large ones (Camargo et al., 2016). Therefore, small nests are
probably more likely to be affected by the passage of the tractor than large ones and the
probability of being inactive may thus vary differently before and after the passage of the
tractor for nests of different sizez. Consequently, we included the following independent
variables in the model: tractor passage (with two levels: control — before the passage of
the tractor, treatment — after the passage of the tractor), nest size, and the interaction
between these two variables. The nest identity was included as a random variable in the
model.

All analyses were performed and graphics generated with R 3.4.1. The package
ggplot2 (Wickam et al., 2022) was used to create the graphics. The package Ime4 was
used to perform the GLM and GLMM (Bates et al., 2015) and the package DHARMa
(Harting & Lohse, 2022) to check the quality of the statistical models The significance of
each model variable was assessed by using the R drop1() function which deletes each
single term from the full model and then compares the change in fit of the model before
and after deletion with a x2 test.

RESULTS

Characterization of Leaf-Cutter Ant Infestation in Experimental Plots

A total of 579 A. sexdens nests were surveyed in the study. The majority of nests were
relatively small, with those under 10 m2 being the most common. In contrast, larger nests,
exceeding 60 m2, were less frequently encountered (Figure 2a) which concords with the
typical leaf-cutting ant nest size distribution (Caldeira et al. 2005). Most of the transects
showed an average of 3 to 6 nests (Figure 2b), reflecting a moderate nest density across
the study area. High infestation levels, defined as transects with more than 9 nests, were

rare and difficult to identify.
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Evaluation of foraging inactivity

The mean daily air temperature on the day of evaluation had no statistically
significant influence on the occurrence of foraging inactivity (Table 1). On the other hand,
nest size slightly influenced the probability of foraging inactivity (Table 1): independent
of the number of favorable hours for foraging and of daily average temperature, small
nests were more likely to be inactive than large ones (Figure3). The number of favorable
hours for foraging on the day preceding the evaluation had also a statistically significant
effect on the occurrence of foraging inactivity (Table 1): independent of nest size and
daily average temperature, the colonies were more likely to be inactive if the number of

favorable hours was small (Figure 4).

Impact of tractor passage on foraging activity

There was no interaction between the size of the colonies and the passage of the
tractor over the nests. In other words, the damages caused by the tractor had no impact
on the occurrence of foraging inactivity, regardless of colony size. Moreover, there was
no statistically significant effect of the damages caused by the tractor or the size of the

nests on the occurrence of inactivity of the colonies (Table 2).

DISCUSSION

Leaf-cutting ants are peculiar because, contrary to most tropical insects, they are
characterized by an alternation of foraging activity/inactivity spanning over several days
or weeks. In species of ants living in high latitudes, activity is strongly dependent on
seasonal changes in meteorological conditions, and ants can remain inactive for several
months in the winter period (Jacquier et al., 2021). However, inactivity periods in leaf-
cutting ants are shorter and can be observed even when the meteorological conditions are
relatively stable. In this work, we found that leaf-cutting ants foraging inactivity is
unrelated to temperature. On the other hand, we found that past immediate experience
can affect foraging activity as well as factors specific to the colonies, such as their size.
Finally, we show that the use of machinery to control leaf-cutting ants in eucalyptus
forests does not affect ant foraging activity, at least in our studied region.

Temperature is a limiting factor for foraging in leaf-cutting ants, with colony
foraging activity generally being observed only within a given range of ambient
temperatures (Giesel et al., 2013; Caldato et al., 2016; Baudier & O’Donnell 2020; Welch

et al., 2020). Temperature changes can modulate foraging activity in different ways, e.g.
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the intensity of worker flows on foraging trails (Giesel et al., 2013), the speed and size of
foraging workers (Burd, 1996; Ramirez-Olier et al., 2022), and the proportion of workers
carrying leaf fragments and thus the rate of vegetation biomass carried to the nest
(Endringer et al., 2012). Nevertheless, we found no influence of ambient temperature on
the foraging activity of A. sexdens colonies in the present study. A. sexdens is widely
distributed in Brazil and it is characterized by a high thermotolerance. This should allow
this species to forage in a wide range of temperatures in rural and urban areas (Angilletta
et al., 2007; Roeder et al., 2021). Nevertheless, the range of ambient temperatures to
which the colonies were exposed during our survey may have been too narrow to
significantly impact foraging activity.

The greater probability of small colonies (size < 20 m?) of being more inactive
than large ones (size > 60 m?) could be linked to the size of the workers in the colony.
Leafcutter ants show strong polymorphism, and the size of workers varies according to
age and colony size (Holldobler & Wilson, 2010). The average size of the workers in
young colonies is smaller than in old ones and there is less variation in the size of foraging
workers (Holldobler & Wilson, 1990). This may restrict the range of temperatures at
which the colonies can forage. In fact, large workers are more tolerant to low or high
temperatures than small ones, because of their lower surface/volume ratio (Bouchebti et
al., 2014; Bujan et al., 2016; Perl & Niven, 2018; Packard, 2020).Therefore, small
colonies’ activity/inactivity should be more dependent on ambient conditions than large
colonies. Another factor that could affect the foraging activity of small nests is
competition. The density of A. sexdens nests in Eucalyptus plantations can reach a high
level and the nest distribution is generally aggregated (Camargo, 2008; Souza et al.,
2011). This may increase the effect of competition. Big colonies are also likely to have
higher competitive advantages than small ones because their division of labor is more
efficient and they are thus able to handle a high rate of leaf fragments reaching their nests
(Wilson, 1980). In addition, the larger workers of big colonies can collect more plant
biomass per capita (Bouchebti et al., 2015) and are more efficient at defending the colony
than smaller workers from young colonies. Furthermore, small colonies have a smaller
fungus garden volume than large colonies and are, therefore, more vulnerable to
starvation during prolonged periods of adverse weather conditions. This could explain the
high mortality rate observed in colonies at an early stage of development (Zanetti et al.,
2014).
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The number of hours favorable for foraging on the day preceding the survey had
a statistically significant effect on the probability of a nest being inactive: colonies of any
size were less likely to be inactive when the number of hours favorable for foraging on
the day preceding the survey was low. A nest was thus more likely to be active on a certain
day if the conditions for foraging activity had been favorable on the preceding day.
Therefore, ants did not stop foraging because of a possible accumulation of vegetation
biomass in their nest. The nests used in this survey probably had many chambers with
fungus gardens and would, therefore, be capable of incorporating a large volume of
vegetation. For example, a two-year old 56 m2 nest can contain around 390 chambers with
a fungus garden (Autori, 1942; Swanson et al., 2019).

We found that the passage of the tractor over the nests had no impact on the
colonies' inactivity. This could be because large A. sexdens nests are quite deep. Even in
young colonies, the depth of the chambers can range from 10 to 30 cm below the soil
surface (Camargo et al., 2016). Therefore, the weight of the tractor and the pressure it
exerted on the ground were probably insufficient to cause significant-damage to the nests.
Moreover, the soils of our survey areas have a high content of clay and organic matter
and thus are less likely to lose their physical structure than other types of soil when
subjected to strong pressure (Bronick & Lal 2005). This finding is particularly relevant,
as tractor use is common in forestry operations, especially for fertilization, weed and leaf-
cutting ant control. The fact that the tractor's wheel pressure does not induce inactivity in
the colonies suggests that the use of machinery does not lead to a decrease in control
effectiveness.

Leaf-cutting ants show a high capacity to establish their nests in disturbed
conditions, even in areas with high use of agricultural machinery. This explains why they
reach a pest status in many crops (Robinson & Fowler, 1982; Zanetti et al., 2014).
Chemical control with granulated formicide baits is often the only method to control their
population. Therefore, knowledge of the factors that influence the period and duration of
these ants’ foraging inactivity is essential for their management. This knowledge would
help to adjust the timing of application of these baits, improving control efficiency and
reducing their effects on non-target insects. Our study shows that applying formicide baits
twice or more a year in areas with a high density of nests smaller than 20 m? may be
particularly beneficial. In fact, these areas are more likely to experience periods of
inactivity, during which the effectiveness of control measures may be reduced, leading to

the persistence of the leaf-cutter ant population. Repeated interventions in such areas may
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help to mitigate these gaps in control, improving overall management results. However,
it is also essential to consider the memory mechanisms of leaf-cutting ants (Falibene et
al., 2015; Saverschek et al., 2010; Saverschek & Roces, 2011), as they cease to transport
baits when they have associated the presence of attractants with mortality within the
colony, which may compromise long-term control efficacy. Therefore, it is crucial to

adjust correctly the interval between chemical bait applications to ensure control efficacy.
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Figure 1. Climate patterns recorded over three successive years (2019-2021), including the two years of the
survey (2020-2021), calculated from data of the nearest meteorological station to the two collection sites.
(a) Monthly average cumulated precipitation in mm. (b) Monthly average temperature in °C. (c) Monthly
average relative humidity in %. "Sampling site 1" refers to collections conducted in June and July 2020,
while "Sampling site 2" to those conducted in September and December 2020, and in January and May
2021. The shaded areas represent the confidence interval of the mean values. The data presented provide a
comprehensive overview of the climatic conditions in the regions where the data were collected, which is

critical for understanding their potential influence on the studied ecological processes.
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Figure 2: Frequency histogram of Atta sexdens nest sizes observed across all transects (a) and average
number of nests per transect (b). The majority of nests were smaller than 10 m?, with few nests

exceeding 60 m2. Most transects contained between 4 and 6 nests, reflecting a moderate nest density.

High infestation levels (more than 9 nests per transect) were rarely observed.

18



©c o 0o 0o O =
o O N ® © O
L 1 L 1 L L

ing inactivity

g
o
°

fora

Probability of colonies showing
o O
N w

<
—
L

~

0 20 40 60 80 100 120 140 160 180 200 220 240
Nest size (m?)

o
o
L

509

510 Figure 3. Probability of Atta sexdens colonies showing foraging inactivity as a function of nest size. Small
511 nests of Atta sexdens have a higher probability of showing foraging inactivity than large ones. The figure
512 shows the predictions of the probability as a function of nest size for the mean temperature (22.8°) and the
513 mean number of hours favorable for foraging on the day preceding the evaluation of foraging activity, i.e.

514 9 hours. The grey area represents the confidence interval of the predictions. N = 579 nests.

515

19



516

517
518
519
520
521
522
523

o o =
® © O
1 L 1

Number of nests

= 0.7 -
50

100
p 0-5- 150

nactivit
o
(0))

foraging

Probability of colonies showing
o 0 o
N W B

©
N
1

o
o
L

4 5 6 7 8 9 10 11 12
Number of favorable hours

Figure 4. Probability of Atta sexdens colonies showing foraging inactivity as a function of the number of
hours favorable for foraging on the day preceding the evaluation of foraging activity. The figure shows the
predictions of the probability as a function of the number of favorable hours for foraging for the mean
temperature (22.8°) and the mean size of the nests in the sample, i.e. 17.44m2. The grey area shows the
confidence interval of the predictions. The size of the points is proportional to the number of nests with the

corresponding value. N=579 nests.
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524  TABLES

525  Table 1. Influence of nest size, temperature and the number of hours favorable for foraging on the day

526 preceding the evaluation of foraging activity, on the occurrence of inactivity in A. sexdens nests.

Variables df Deviance? 12 pb

Nest size 1 366.64 4.00 0.0454
Mean temperature 1 363.70 1.07 0.3013
Number favorable hours 1 368.58 5.95 0.0147
Mean temperature x Nest size 1 365.90 3.27 0.0705
Number favorable hours x Nest size 1 365.18 2.55 0.1108

527 2 GLM (family: binomial; link: logit; response: inactive [=1], active [=0]). The results show the

528 change in fit in the model when each single term of the full model is deleted in turn (type 111 Anova).

529 b p-values lower than the significance threshold of 0.05 are indicated in bold.
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Table 2. Influence of forest management practice on the occurrence of inactivity in Atta

sexdens nests

Variables df 2 pb

Nest size 1 3.6429 0.0563
Tractor passage 1 2.1640 0.1413
Nest size x Tractor passage 1 2.4445 0.1179

& GLMM (family: binomial; link: logit; response: inactive [=1], active [=0]). The results show
the change in fit in the model when each single term of the full model is deleted in turn (type IlI

Anova).

b p-values lower than the significance threshold of 0.05 are indicated in bold.
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