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ARTICLE INFO ABSTRACT

Foraging trails of leaf-cutting ants may be exposed to plant material that interferes with foragers’ flux either by
physically blocking it or due to secondary metabolites which affect insect behavior. We hypothesized that plant
secondary metabolites such as plant volatiles may interfere with pheromone communication, triggering clearing
behavior. We impregnated small pieces of paper with different plant odors from native and exotic species and
placed them in the middle of foraging trails of the leaf-cutting ant Acromyrmex lobicornis. As a control, we used
papers impregnated with trail odor. The paper used as substrate for the odors did not constitute a physical
obstacle based on its small surface area. Papers treated with trail odor did not interfere with ant flux and were
not removed from the trail. However, when papers were treated with plant odors, they were removed from the
trail in most of the cases and ant flux was reduced significantly by 15-28%. We found that ants tapped the tip of
their gaster against the ground around the treated papers only when they were impregnated with foreign odors.
The number of gaster tappings as well as the time between the placement of the paper and its removal increased
with plant odor concentration. However, the decision to remove the paper was not correlated with the number of
gaster tappings. Interestingly, clearer ants were smaller than forager ants, suggesting there is morphological
differentiation in clearing behavior of the trail. Results from the current study also suggest that odors trigger
clearing behavior on foraging trails and affect trail marking behavior. Our results provide information about the
potential for plant compounds to constitute obstacles, even when they do not physically obstruct the trail. We
conclude that odors may trigger clearing behavior by interfering with pheromone communication.
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1. Introduction For example, species of genus Atta, Formica, Lasius, Pogonomyrmex,
Messor, Camponotus, Iridomyrmex, and Acromyrmex have been reported

The ecological success of ants is founded on cooperative behavior to build and maintain cleared trails (Acosta et al., 1993; Gamboa, 1975;

and an efficient communication system involving visual and chemical
signals (Holldobler and Wilson, 1990). The use of chemical signals
allow ants to gather information about the quality of resources (Hubbell
et al., 1984; Littledyke and Cherrett, 1978), to distinguish nest-mates
(Lenoir et al., 1999), as well as to communicate fast and effectively
about potential dangers, triggering a defense response (Detrain and
Deneubourg, 1997; Lalor and Hughes, 2011; Pearce-Duvert and Feener,
2010). One of the most elaborate forms of chemical communication
involves the use of trail pheromones, used by many species of ants to
guide workers, regulate colony foraging, and recruit nest-mates
(Czaczkes et al., 2015).

Most ant species rely on pheromone trails to find and exploit re-
sources (Holldobler and Wilson, 1990; Czaczkes et al., 2015), and a
number of ant species build trails cleared of debris and plant material.

Greaves and Hughes, 1974; Holldobler and Wilson, 1990; Plowes et al.,
2013; Wetterer, 1995). The most prominent and well-studied species
among trail clearers are the leaf-cutting ants (Atta and Acromyrmex).
Their trail system may include up to seven individual trails and each
trail usually extends for more than 100 m (Lugo et al., 1973; Shepherd,
1982). Workers travel along these from the nest to feeding sites to re-
trieve plant material as substrate for their symbiotic fungus (Holldobler
and Wilson, 1990). The trail system of leaf-cutting ants includes per-
manent trunk trails which may be used for months or even years as well
as ephemeral trails which branch from them (Kost et al., 2005).

There are several advantages to building and maintaining cleared
trails, well marked and free of debris. Trails lead foragers to known
resources, reducing traveling time and increasing the resource dis-
covery rate (Rockwood and Hubbell, 1987; Shepherd, 1982). In
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addition, trails allow ants to transfer leaf resources (Bruce and Burd,
2012; Roschard and Roces, 2011, 2003), to recruit defenders (Powell
and Clark, 2004) and to exchange information (Bollazzi and Roces,
2011; Farji-Brener et al., 2010). However, maintaining a large and
permanent trail system free of debris requires time and energy. For
example, a single colony of Atta colombica can maintain up to 2730 m of
trails each year (Howard, 2001), for which they need to remove dif-
ferent types of plant material (leaves, flowers and twigs) that naturally
fall over the trails (estimate of annual rates of leaf fall range between
441 and1050 g/m?) (Haines and Foster, 1977; Howard, 2001; Sampaio
et al., 1993).

Costs and benefits of leaf-cutting ants trail construction and main-
tenance have been recently studied by several authors who have in-
vestigated the factors that determine ants to clear trails (Alma et al.,
2019; Bochynek et al., 2017; Bruce et al., 2017; Cevallos Dupuis and
Harrison, 2016; Farji-Brener et al., 2015). For example, for Atta co-
lombica colonies, trail clearing required around 11,000 ant-days of ef-
fort (i.e. an annual energetic cost approximately equivalent to the in-
take of 8000 leaf fragments), which is relatively inexpensive (Howard,
2001) considering that colonies often field more than 10,000 foragers at
a given time (Bruce and Burd, 2012). Conversely, Bochynek et al (2017)
argued that this study has overlooked the cost of providing a standby
clearing workforce, or distinct caste, which responds to sudden and
unpredictable obstructions (Bochynek et al., 2017). However, the
mentioned studies have ignored the potential for chemical compounds
such as plant odors to become an obstacle. Plant material that falls on
the foraging trails may physically block ant flux but also contain che-
micals (e.g. secondary metabolites) that may interfere with social
communication. Some studies have shown that certain volatile com-
pounds can interfere with pheromone communication by negatively
affecting ants and modifying their behavior. For example, trail fol-
lowing behavior of the Argentine ant, Linepithema humile (Mayr) (Hy-
menoptera: Formicidae), can be disrupted by a high concentration of
(Z) 9-hexadecenal, a compound which was found to be attractive to ants
in certain situations, although it is not part of the pheromone system
(Choe et al., 2012; Suckling et al., 2010; Sunamura et al., 2011). In
addition a plant secondary metabolite from leaves of Eucalyptus macu-
late Hook (Myrtaceae), B-eudesmol, interferes with kin recognition,
inducing aggressiveness towards nest-mates in Atta laevigata and A.
sexdens rubropilosa ants (Marinho et al., 2005).

We hypothesized that plant volatile compounds may interfere with
pheromone communication when present on foraging trails, and that
when plant material falls onto foraging trails, the decision to remove it
or not will be in part related to its chemical composition. To test this,
we measured the effect of plant odors on ant traffic and clearing be-
havior. We evaluated several essential oils derived from plant species
occurring in the foraging area of the leaf-cutting ant Acromyrmex lobi-
cornis and which are known to be collected by ants. Specifically, our
aims were to determine whether plant compounds interfere with ant
flow on the foraging trail. Based on perceptual differences in trail-fol-
lowing by leaf-cutting ants related to body size (Kleineidam et al.,
2007), we also investigated the size of ants manipulating the essential
oils placed on the trails. Our results provide basic information about the
potential for plant odors to be perceived as obstacles when present on
the foraging trails, and to trigger clearing behavior.

2. Materials and methods
2.1. Study species

We worked with the leaf-cutting ant Acromyrmex lobicornis. It has a
trail system of up to 7 individual trails, 5cm in width and 50 m in
length (Alma et al., 2017). Sampling was carried out during the summer
of 2017 and 2019 in Dina Huapi, Rio Negro, Argentina (41°04'S y
71°09’0) in an herbaceous/shrub steppe vegetation. The dominant
vegetation of the foraging area of Acromyrmex lobicornis in the study
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area is a mix of native species typical of Patagonian steppes (e.g. Stipa
speciosa, Mulinum spinosum, Imperata condensata, Dysphania ambrosiodes,
Fabiana imbricata and Baccharis pingraea), and exotic species (e.g.
Bromus tectorum, Marrubium vulgare, Carduus nutans, Verbascum thapsus
and Pseudotsuga mengziesii) (Supplementary material, Fig. S1) (Franzel
and Farji-Brener, 2000). We worked with 29 nests of similar size, based
on visual estimation of dome size, which ranged from 60 to 80 cm in
diameter and 30 to 40 cm in height. At each nest, we worked on trails of
6 * 1.77 cm in width (mean * SD).

2.2. Essential oils

We worked with the essential oils derived from Fabiana imbricata
(hereafter pichi) and Dysphania ambrosioides (hereafter paico) both
native plants, and Pinus ponderosa (hereafter pine) and Pseudotsuga
mengziesii (hereafter oregon) both exotic plants in Patagonia. These
plants are present in the foraging area of A. lobicornis and are known to
be foraged upon by them (Franzel and Farji-Brener, 2000; Pérez et al.,
2011). Thus, the ants might encounter these odors either when foraging
or through contact with leaves, twigs or flowers which might fall on
foraging trails. Considering that along the distribution range of A. lo-
bicornis plants may contain between 0.7 and 18% of essential oils in
their leaves (Laciar et al., 2009; Lima et al., 2011; Soberén et al., 2007;
Zavala and Ravetta, 2002), we diluted the essential oils with di-
chloromethane at 0.1 and 1%. Pichi, pine and oregon essential oils were
obtained from Hierbas Patagonica SRL (Esquel, Chubut, Argentina).
Paico essential oil was obtained from Esquel, Universidad San Juan
Bosco, Chubut, as described by (Yossen et al., 2019). Biochemical
characteristics are explained in the supplementary material Table S1.

2.3. Bioassays

To evaluate whether odors trigger clearing behavior, we used small
semicircular pieces (2.5 mm in radius) of filter paper (1) impregnated
with trail odor; (2) untreated; (3) treated with the solvent used to dilute
the plant compounds tested (i.e. dichloromethane); and (4) treated with
the plant compounds. The size of the papers used ensured that they did
not constitute a physical obstacle for ants (i.e. pieces block physically ~
4% of trail width, considering their radius and trail width of 6 cm;
Fig. 1). To impregnate papers with trail odor, we placed a filter paper
(5 x 8 cm) at the center of foraging trails and allowed ants to walk over
it for 24 h. After 24 h, the filter paper was cut to a semicircle of 2.5 mm
radius and immediately placed in the middle of foraging trails. Each
event consisted of placing one piece of treated paper in the middle of a
foraging trail and observing the behavior of trail ants We used different
trails or trail sectors from 29 selected nests, sequentially and randomly
at intervals of one hour among them obtaining a total of 262 events as
detailed in Table 1.From the selected nests 14 of them were assigned all
treatments, while the rest of the nests were only assigned some of the
treatments, totaling 20 or 22 nests per treatment. Each event lasted
until the ants deposited the removed filter papers on the ground or after
a maximum of 30 min had passed if there was no removal.

To determine any potential interference with ant flux on the trail,
we measured ant traffic on the trail for one minute before and im-
mediately after placing the piece of paper (ant flux before and after,
respectively). To measure ant traffic, we counted the number of ants
(loaded and unloaded, inbound and outbound) crossing a given point
on the trail during 1 min. With these data we estimated a proportional
ant flux change (PAFC) due to papers presence as:

(Ant flux before — Ant flux after)
Ant flux before (€]

PAFC =

PAFC equal to O corresponds to no change in ant flux after we
placed the piece of paper, higher than O there was a reduction, and
lower than 0 indicated an increment. We also recorded whether ants
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Fig. 1. Photo showing a piece of filter paper placed in a foraging trail.

Arrow indicate the position and size of the paper piece in relation to the trail.
Credit photo: AMA.

Table 1

Detail of the number of events per treatment and nests sampled. Each event
consisted of placing one piece of treated paper in the middle of a foraging trail
and observing the response of foraging ants. We used different trails or trail
sectors from a total of 29 nests.

Treatment Number of events observed Number of nests observed
Trail odor 28 20
Untreated 40 22
Solvent 30 20
Pichi 0.1% 20 20
Pichi 1% 20 20
Paico 0.1% 21 20
Paico 1% 22 20
Pine 0.1% 20 20
Pine 1% 21 20
Total 262 29

removed papers or not, time of removal initiation after paper placement
(removal delay), time spent manipulating the papers once they started
removing (handling time), distance between the place where ants left
the removed papers and the trail (removal distance) and if the papers
were removed in direction toward or away from the nest. We observed
that workers tapped the tip of their gaster against the ground, so we
measured the number of times we observed this behavior in 8 nests at
least (trail odor in 8 nests, untreated in 11 nests, solvent in 10 nests,
pichi 0.1% in 13 nests, pichi 1% in 14 nests, paico 0.1% in 10 nests,
paico 1% in 11 nests, pine 0.1% in 14 nests, pine 1% in 13 nests, oregon
0.1% in 15 nests and oregon 1% in 14 nests) (Video 1). Finally, 93
clearing ants from 14 nests were collected and measured to determine
whether there was a difference in the size of foragers versus clearers
(removers). We measured their body length from the head to the tip of
the gaster in a stereoscopic microscope and compared it with the size of
foragers obtained from the same nests as those from which we collected
the clearers (34 forager ants).

2.4. Data analysis

To evaluate whether there was an ant flux change induced by
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treatments and there were differences in ant flux change among treat-
ments, we compared the proportional ant flux change (PAFC) with a
linear mixed model (LMM), where the response variable was the PAFC
with normal distribution, the predictive variable was the treatment (as
a categorical variable) and nest as random factor (we had repeated
measurements in each nest). To accomplish homogeneity assumptions,
we used a variance structure for treatments (varldent function) We
performed two different post-tests. On one hand, we compared the
PAFC of each treatment level against an intercept of 0 by using the test
() function of the emmeans package (and setting null = 0). On the other
hand, we compared the PAFC among treatments using the same
package. To evaluate treatment effects on removal decision, we used a
generalized linear mixed models (GLMM) where the response variable
was the removal decision as a binary variable (1 when ants removed
papers and 0 when they left them on the trail) with binomial dis-
tribution, the predictive variable was the treatment and the random
factor as the nest. The removal delay, the handling time, and the re-
moval distance were compared among treatments with a LMM with
normal distribution, treatment as fixed factor and nest as random
factor. These variables were log- transformed to meet the assumption of
normal distribution. We corrected the significance level with a
Bonferroni correction for multiple comparisons (i.e. /11 = 0.004). To
evaluate the effect of treatment concentration (i.e. essential oils at 0,
0.1 and 1%) on the number of times ants tapped their gaster, we
compared treatments with a GLMM with negative binomial distribution
and treatment as fixed factor (essential oils at 0, 0.1 and 1%). We did
not include the trail odor treatment in this analysis because ants never
tapped their gaster around it. We also analyzed the effect of the number
of gaster tappings on the removal decision with a GLMM, where the
response variable was the removal decision with binomial distribution,
the predictive variable was the number of gaster tappings and the
random factor was the nest. We analyzed the effect of the number of
gaster tappings on removal delay with a LMM where the response
variable was the removal delay log-transformed to meet the assumption
of normal distribution, the predictive variables were the number of
gaster tappings and the treatments and the random factor was the nest.
When necessary, normal and homoscedasticity assumptions were tested
graphically by qgplot function and plotting residuals against fitted va-
lues. Finally, we compared the distributions of body length for clearers
and foragers with a Kolmogorov-Smirnov test. Analyses were performed
in the R version 3.5.0 (R Development Core Team, 2013) with packages
nlme (Pinheiro et al., 2017) and Ime4 (Bates et al., 2015). Models were
tested with a likelihood ratio test.

3. Results

We demonstrated that the pieces of paper used did not constitute a
physical obstacle, based on the fact that they did not reduce ant flux
(comparisons of PAFC each treatment level against an intercept of 0,
Bonferroni correction: trail odor: t = 0.54, d.f. =28, P = 1.00, un-
treated: t = 0.23, d.f. =28, P = 1.00; solvent: t = 2.22, d.f. = 28,
P = 0.38; Fig. 2A). On the contrary, plant odor treatments reduced ant
flux significantly (pichi 0.1%: t = 7.30, d.f. = 28, P < 0.0001; pichi
1%: t = 4.59, d.f. = 28, P = 0.0009; paico 0.1%: t = 3.74, d.f. = 28,
P = 0.009; paico 1%: t =6.86, d.f. =28, P < 0.0001; pine 0.1%:
t=>563, d.f. =28, P=0.0001; pine 1%: t=4.12, d.f. =28,
P = 0.003; oregon 0.1%: t = 4.70, d.f. =28, P = 0.0007; and with
oregon 1%: t = 6.08, d.f. = 28, P < 0.0001). Comparison of the ant
flux change among treatments (calculated using formula 1) showed that
there were no differences in flux change between untreated, solvent and
trail odor treatments. However, plant odors induced a greater reduction
in ant flux than treatment with trail odor (GLMM, x2 = 164.23,
d.f. =10, P < 0.0001, N = 262; comparisons between trail odor and
pichi 0.1%: t = 6.50, p < 0.0001, pichi 1%: t = 4.11, p = 0.003, paico
0.1%: t = 3.43, p = 0.03, paico 1%: t = 6.12, p < 0.0001, pine 0.1%:
t=5.11, p < 0.0001, pine 1%: t = 3.50, p = 0.02, oregon 0.1%:



A.M. Alma and M. Buteler

A

o
x

o o
w N
P+
—e—
(o n
—e—

o
N
1
[
o

Proportional ant flux change
[} o
Q@ b
—e—

-0.1-

1001 —

801

60+

40+

Percentage of events

Native plants Exotic plants

t = 3.98, p = 0.004, and oregon 1%: t = 5.31, p < 0.0001; Fig. 2A and
Table S2).

Treatments affected the removal behavior of ants (GLMM,
x2 = 31.22, d.f. =10, P = 0.0005, N = 262; Fig. 2B and Table S3).
Papers impregnated with trail odors were not removed (one removal
event out of 28 observations), while the control papers (untreated and
treated with solvent) induced removal in many cases, in a similar way
as the essential oil treatments. Ants removed untreated papers and
those treated with solvent in 57% and 73% of the cases, respectively,
while papers impregnated with plant odors were removed in 75-95% of
the cases. Interestingly, removals were always performed by one
worker.

For those papers that were removed, the time between treatment
placement and removal was similar among treatments except for those
papers treated with pichi at 0.1% which were removed faster than
untreated papers (LMM, Xz =20.89, d.f. =9, p=0.01, N =185;
Fig. 3A and Table S4). Handling time was also similar among treat-
ments (GLMM, ¢ = 15.02, d.f. = 9, p = 0.09, N = 185; Fig. 3B). Once
an ant removed a filter paper from the trail, it placed it on the ground
outside of the trail, at a short distance from it. The distance from the
trail at which those obstacles were placed after removal, did not vary
among treatments (GLMM, x2 =11.63, df. =9, p=0.24, N = 185;
Fig. 3C).

With regards to the direction in which the obstacles were removed,
ants typically carried the obstacles in a direction which was opposite to
the nest entrance before placing them on the ground. This was the case
both for untreated (70%) as well as treated papers (73-94%) placed on
the trails.

We observed that ants tap the tip of their gaster against the ground
around all the papers, including untreated ones, but not around papers
impregnated with trail odor (Fig. 4A). Furthermore, the highest es-
sential oil concentrations increased by 2.56 times the number of gaster
tappings than the lowest concentrations (GLMM, x> = 9.81, d.f. = 1,
p = 0.002, N = 114). There was no relation between the number of
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Fig. 2. Effect of treatments on ant flux and removal decision.
(A)Proportional ant flux change (mean * SE) and (B) per-
centage of events of removal and non-removal for papers
impregnated with the trail odor, untreated, treated with sol-
vent alone, pichi, paico, pine and oregon at 0.1 and 1%.
Different letters indicate significant differences among treat-
ments (a = 0.004).

T Reduction

T T lNo change

Increment

@ Removal
[J No removal

tappings and the decision to remove (GLMM, x? = 0.89, d.f. =1,
p = 0.40, N = 133), but we found a positive relation between the
number of tappings and the removal delay: ants took longer to remove
pieces of paper that were marked more (LMM, %2 = 6.71, d.f. = 1,
p = 0.009, N = 133; Fig. 4B).

Finally, clearer ants were smaller than forager ants (Kolmogorov-
Smirnov test, D = 0.78, p < 0.0001, N foragers = 34, N clearer = 93;
Fig. 5). Forager ants had a mean body length of 5.77 + 0.39 mm while
clearer ants had a mean of 4.38 = 0.99 mm (mean = SD).

4. Discussion

This is the first study demonstrating that odors interfere with trail
maintenance behavior, even when they do not represent a physical
obstacle. Previous studies on foraging behavior with leaf-cutting ants
had demonstrated that unsuitable plant resources are removed from the
foraging trails (Roces, 1994, 1990, Saverschek et al., 2010; Saverschek
and Roces, 2011). We observed that essential oils from plants that are
typically used as food resources by ants triggered clearing behavior and
were removed from the trail in the same way as obstacles. Thus, we
showed that odors alone, even when they are not part of a potentially
unsuitable plant resource, and which do not constitute a physical ob-
stacle either, were removed from the trail unless they were impregnated
with the trail odor. Interestingly, we observed a similar behavior to-
wards the odors from native and exotic plants.

We observed two different behaviors in relation to the obstacles we
placed on the trails. Firstly, ants removed small pieces of paper treated
with essential odor from the trail in a direction away from the nest
entrance, as observed by Cevallos et al. (2016) for obstacles consisting
of leaf fragments. Secondly, they tapped their gaster on the ground
around those pieces of paper. In leaf-cutting ants as in other myrmicine
ants, the venom gland is the source of pheromone trails (Morgan,
2009), and workers bring the tip of the gaster into contact with the
ground to deposit pheromones. Thus, we might interpret this behavior
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Fig. 3. Removal behavior of ants related to treatments.

(A) Removal delay, (B) handling time and (C) removal distance from the trail
(mean = SE) for untreated papers, papers treated with solvent alone or im-
pregnated with plant odor at 0.1% and 1%. Different letters indicate significant
differences among treatments (o = 0.004).

as an indication of marking with trail pheromone. In agreement with
our hypothesis that plant odor might interfere with trail communica-
tion, we found that ants tapped the tip of their gaster against the ground
around all the pieces of paper we placed on the trail, except for those
impregnated with trail odors. The highest concentration of essential oil
elicited more gaster tappings. Moreover, those papers around which
ants tapped the tip of the gaster more frequently remained on the trails
longer than those with fewer tappings. Assuming this species lays
pheromones when its ants tap their gaster, a plausible explanation for
these results may be that ants mark the obstacles with trail pheromone
to mask any foreign odors, strengthen the trail pheromone, and keep a
clear trail that is easier to follow. In turn, this marking would make the
papers less disruptive for forager ants, as it would not impact traffic,
and also less obvious as an obstacle in need to be removed.

In addition, our results showed that pieces of paper treated with
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essential oils, reduced ant flux in similar ways as physical obstacles
(Alma et al., 2019). Control pieces of paper (untreated and treated with
solvent) and those treated with the trail odor did not reduce ant flux,
while those treated with plant essential oils had a cost in terms of ant
traffic reduction, which was not related to the size of the obstacle but to
the odor. Even though pieces of paper in the current study blocked only
~ 4% of trail width, when they were impregnated with plant com-
pounds they reduced ant flux in the same proportion as leaves blocking
trails by 50% (Alma et al., 2019). A reduction in ant flux might be
caused by a reduction in the number of ants on the trail or a reduction
in the speed of ants on the trail. Considering that we measured the ant
flux just before placing the filter papers and that there was no flux
reduction in the control, the most plausible explanation is that the
odors tested reduced the speed of ants. In accordance, we observed
foraging ants stopped when first approaching the treated papers.
Therefore, if not removed from the trail, plant compounds may de-
crease the foraging rate of ants consequently affecting colony fitness.

Trail maintenance is vital for leaf-cutting ants since trails connect
the nest with resources. Therefore, they invest workforce, time and
energy in maintaining their trails free of debris. Several studies have
focused on the costs and benefits of physical obstacles and how ants
maintain their trail system (Bochynek et al., 2017; Farji-Brener et al.,
2015; Howard, 2001). For example, in Atta spp. leaf-cutting ants, leaf
fragments in trails were considered as physical obstacles because they
reduced ant flux, and the decision of removing the obstacle was cor-
related to the reduction in traffic, which in turn was correlated with
obstacle size (Alma et al., 2019; Bruce et al., 2017). However, this is the
first study showing that plant compounds might interfere with trail
following behavior affecting the clearing behavior of ants. We found
that the only treatment that did not elicit removal was the trail odor,
suggesting that foreign odors determine the removal decision possibly
due to interference with trail odors (e.g. trail pheromones) or because
they are recognized as foreign to the trail. Moreover, untreated filter
papers were removed from the trail in 57% of the cases even when they
did not reduce ant flux. Thus, traffic reduction would not be the only
variable affecting decision making of clearing a trail. When a leaf, twig
or flower fall over the trail, ants should decide whether to remove it or
not according to their size (Alma et al., 2019), but also to their chemical
composition.

We found that clearer ants were smaller than forager ants by ~
32%. Very small ants (< 5.5 mm) did not deliver resources to the nest
but cleared trails. Division of labor on foraging trails has been pre-
viously observed, where smaller ants present on the trails that are not
carrying leaves are assumed to engage in trail maintenance (Evison
et al., 2008; Lugo et al., 1973). Although a previous study found that
larger ants of Atta colombica were primarily engaged in trail clearing
(Howard, 2001), the study included only three nests. Here, we sampled
more than 20 nests and found similar results to those obtained for Atta
sexdens (Alma et al., 2019) where clearer ants were smaller than for-
agers by ~ 25%. On the other hand, Cevallos et al. (2016) observed all
sizes of ants to be involved in obstacle removal in Atta cephalotes.
These discrepancies suggest that morphological caste differentiation is
variable among species of leaf-cutting ants. Large workers are assumed
to detect trail odor at lower concentration than small workers because
they have a larger number of sensilla and olfactory receptor neurons on
their antennae (Kleineidam et al., 2007). Hence, the interference of trail
pheromones with a plant’s odor would have a greater impact on smaller
ants who then decide to remove the papers. Future studies should
evaluate mechanisms explaining why small ants accomplish the
clearing task and if this is a consequence of their chemical sensitivity.

This work provides novel information about how plant material
present in foraging trails may disrupt foraging, delaying the input of
plant material into the nest, irrespective of physical characteristics of
size and shape. Given that pieces of paper containing trail odor did not
reduce ant flux and were not removed from the trail, the mechanism by
which ants decide to remove obstacles may be related to the odor as
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well as to the size of the objects. We demonstrated that even small
objects that do not represent physical obstacles for walking ants are
removed unless they are impregnated with the trail odor. This may be
the reason why ants remove small obstacles that not necessarily ob-
struct ant flux. Thus, odors alone appear to trigger clearing behavior on
the trails. Additional studies could analyze in more detail how size and
odors of obstacles interact and shape trail maintenance. Also, future
studies should determine the role of gaster tapping, and identify any
pheromones released to understand the mechanisms behind this beha-
vior. The role of plant secondary metabolites in plant insect interactions
is typically studied in host search and foraging contexts. Our work
suggests that these plant compounds are also used as cues, in con-
junction with physical characteristics, to assess the state of foraging
trails and to make decisions with regards to to trail maintenance.

Author contribution
AMA and MB conceived the idea, designed the sample, took the data

and analyzed them. Both authors participated in writing the manu-
script.

Declaration of Competing Interest
The authors declare no conflict of interest
Acknowledgements
We thank A. G. Farji-Brener, Patricia Fernandez and Luciana

Elizalde for helpful comments on an earlier version of this manuscript.
We thank Silvia B. Gonzalez and Hierbas Patagonicas SRL who donated

the essential oils used in this study.
References

Acosta, F.J., Lopez, F., Serrano, J.M., 1993. Branching angles of ant trunk trails as an
optimization cue. J. Theor. Biol. https://doi.org/10.1006/jtbi.1993.1020.

Alma, A.M., Farji-Brener, A.G., Elizalde, L., 2019. When and how obstacle size and the
number of foragers affect clearing a foraging trail in leaf-cutting ants. Insectes Soc.
66, 305-316. https://doi.org/10.1007/s00040-018-00680-x.

Alma, A.M., Farji-Brener, A.G., Elizalde, L., 2017. A breath of fresh air in foraging theory:
the importance of wind for food size selection in a central-place forager. Am. Nat.
190, 410-419. https://doi.org/10.1086/692707.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67, 1-48. https://doi.org/10.2307/2533043&gt.

Bochynek, T., Meyer, B., Burd, M., 2017. Energetics of trail clearing in the leaf-cutter ant
Atta. Behav. Ecol. Sociobiol. (Print) 71, 1-10.

Bollazzi, M., Roces, F., 2011. Information needs at the beginning of foraging: grass-cut-
ting ants trade off load size for a faster return to the nest. PLoS One 6, 1-9. https://
doi.org/10.1371/journal.pone.0017667.

Bruce, A.L, Burd, M., 2012. Allometric scaling of foraging rate with trail dimensions in
leaf-cutting ants. Proc. Biol. Sci. 279, 2442-2447. https://doi.org/10.1098/rspb.
2011.2583.

Bruce, A.IL, Czaczkes, T.J., Burd, M., 2017. Tall trails: ants resolve an asymmetry of in-
formation and capacity in collective maintenance of infrastructure. Anim. Behav.
127, 179-185. https://doi.org/10.1016/j.anbehav.2017.03.018.

Cevallos Dupuis, E., Harrison, J.F., 2016. Trunk trail maintenance in leafcutter ants: caste
involvement and effects of obstacle type and size on path clearing in Atta cephalotes.
Insectes Soc. 64, 1-8. https://doi.org/10.1007/s00040-016-0530-y.

Choe, D.H., Villafuerte, D.B., Tsutsui, N.D., 2012. Trail pheromone of the argentine ant,
Linepithema humile (Mayr) (Hymenoptera: formicidae). PLoS One 7. https://doi.
org/10.1371/journal.pone.0045016.

Czaczkes, T.J., Griiter, C., Ratnieks, F.L.W., 2015. Trail pheromones: an integrative view
of their role in social insect colony organization. Annu. Rev. Entomol. 60, 581-599.
https://doi.org/10.1146/annurev-ento-010814-020627.

Detrain, C., Deneubourg, J., 1997. Scavenging by Pheidole pallidula: a key for under-
standing decision-making systems in ants. Anim. Behav. 53, 537-547.

Evison, S.E.F., Hart, A.G., Jackson, D.E., 2008. Minor workers have a major role in the
maintenance of leafcutter ant pheromone trails. Anim. Behav. 75, 963-969. https://


https://doi.org/10.1006/jtbi.1993.1020
https://doi.org/10.1007/s00040-018-00680-x
https://doi.org/10.1086/692707
https://doi.org/10.2307/2533043&gt
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0025
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0025
https://doi.org/10.1371/journal.pone.0017667
https://doi.org/10.1371/journal.pone.0017667
https://doi.org/10.1098/rspb.2011.2583
https://doi.org/10.1098/rspb.2011.2583
https://doi.org/10.1016/j.anbehav.2017.03.018
https://doi.org/10.1007/s00040-016-0530-y
https://doi.org/10.1371/journal.pone.0045016
https://doi.org/10.1371/journal.pone.0045016
https://doi.org/10.1146/annurev-ento-010814-020627
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0060
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0060
https://doi.org/10.1016/j.anbehav.2007.07.013

A.M. Alma and M. Buteler

doi.org/10.1016/j.anbehav.2007.07.013.

Farji-Brener, A., Chinchilla, F., Umana, M.N., Ocasio-Torres, M.E., Chauta-Mellizo, A.,
Acosta-Rojas, D., Marinaro, S., Torres de Curth, M., Amador-Vargas, S., 2015.
Branching angles reflect a tradeoff between reducing trail maintenance cost or travel
distance in leaf-cutting ants. Ecology 96, 510-517.

Farji-Brener, A.G., Amador-Vargas, S., Chinchilla, F., Escobar, S., Cabrera, S., Herrera,
M.L, Sandoval, C., 2010. Information transfer in head-on encounters between leaf-
cutting ant workers: food, trail condition or orientation cues? Anim. Behav. 79,
343-349. https://doi.org/10.1016/j.anbehav.2009.11.009.

Franzel, C., Farji-Brener, A., 2000. ;Oportunistas o selectivas? Plasticidad en la dieta de la
hormiga cortadora de hojas Acromyrmex lobicornis en el noroeste de la Patagonia.
Ecol. Austral 10, 159-168.

Gamboa, G.J., 1975. Foraging and leaf-cutting of the desert gardening ant Acromyrmex
versicolor versicolor (Pergande) (Hymenoptera: formicidae). Oecologia 110,
103-110.

Greaves, T., Hughes, R.D., 1974. The population biology of the meat ant. J. Aust.
Entomol. Soc. 13, 329-351. https://doi.org/10.1111/j.1440-6055.1974.tb02212.x.

Haines, B., Foster, R., 1977. Energy flow through litter in a panamanian forest. J. Ecol. 65,
147-155.

Holldobler, B., Wilson, E.O., 1990. The ants, Berlin, Germany.

Howard, J.J., 2001. Costs of trail construction and maintenance in the leaf-cutting ant
Atta columbica. Behav. Ecol. Sociobiol. (Print) 49, 348-356. https://doi.org/10.
1007/5002650000314.

Hubbell, S.P., Howard, J.J., Wiemer, D.F., 1984. Chemical leaf repellency to an Attine
ant: seasonal distribution among potential host plant species. Ecology 65,
1067-1076.

Kleineidam, C.J., Rossler, W., Holldobler, B., Roces, F., 2007. Perceptual differences in
trail-following leaf-cutting ants relate to body size. J. Insect Physiol. 53, 1233-1241.
https://doi.org/10.1016/j.jinsphys.2007.06.015.

Kost, C., de Oliveira, E.G., Knoch, T.A., Wirth, R., 2005. Spatio-temporal permanence and
plasticity of foraging trails in young and mature leaf-cutting ant colonies (Atta spp.).
J. Trop. Ecol. 21, 677-688. https://doi.org/10.1017/50266467405002592..

Laciar, A., Vaca Ruiz, M.L., Carrizo Flores, R., Saad, J.R., 2009. Antibacterial and anti-
oxidant activities of the essential oil of Artemisia echegarayi Hieron. Asteraceae).
Rev. Argent. Microbiol. 41, 226-231.

Lalor, P., Hughes, W., 2011. Alarm behaviour in Eciton army ants. Physiol. Entomol. 36,
1-7. https://doi.org/10.1111/j.1365-3032.2010.00749.x.

Lenoir, A., Fresneau, D., Errard, C., Hefetz, A., 1999. Individuality and colonial identity in
ants: the emergence of the social representation concept. Inf. Process. Soc. Insects
219-237. https://doi.org/10.1007/978-3-0348-8739-7_12.

Lima, B., Lépez, S., Luna, L., Agiiero, M.B., Aragén, L., Tapia, A., Zacchino, S., Lopez,
M.L., Zygadlo, J., Feresin, G.E., 2011. Essential oils of medicinal plants from the
central andes of Argentina: chemical composition, and antifungal, antibacterial, and
insect-repellent activities. Chem. Biodivers. 8, 924-936. https://doi.org/10.1002/
cbdv.201000230.

Littledyke, M., Cherrett, J.M., 1978. Defence mechanisms in young and old leaves against
catting by the leaf- catting ants Atta cephalotes (L.) and Acromyrmex octospinosus
(Reich) (Hymenoptera : formicidae). Bull. Entomol. Res. Suppl. Ser. 68, 263-271.

Lugo, A.E., Farnworth, E.G., Pool, D., Jerez, P., 1973. The impact of the leaf cutter ant
Atta colombica on the energy flow of a tropical west forest. Ecology 54, 1292-1301.

Marinho, C.G.S., Della Lucia, T.M.C., Guedes, R.N.C., Ribeiro, M.M.R., Lima, E.R., 2005.
Beta-eudesmol-induced aggression in the leaf-cutting ant Atta sexdens rubropilosa.
Entomol. Exp. Appl. 117, 89-93. https://doi.org/10.1111/j.1570-7458.2005.
00338.x.

Morgan, E.D., 2009. Trail pheromones of ants. Physiol. Entomol. 34, 1-17. https://doi.
org/10.1111/j.1365-3032.2008.00658.x.

Pearce-Duvert, J., Feener Jr., D.H., 2010. Resource discovery in ant communities : do food
type and quantity matter? Ecol. Entomol. 35, 549-556. https://doi.org/10.1111/j.
1365-2311.2010.01214.x.

Behavioural Processes 169 (2019) 103989

Pérez, S.P., Corley, J.C., Farji-Brener, A.G., 2011. Potential impact of the leaf-cutting ant
Acromyrmex lobicornis on conifer plantations in northern Patagonia. Argentina.
Agric. For. Entomol. 13, 191-196. https://doi.org/10.1111/§.1461-9563.2010.
00515.x.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S., Van Willigen, B., 2017.
Nlme: Linear and Nonlinear Mixed Effects Models. R Packag, 3rd edn. pp. 1-336.

Plowes, N.J.R., Johnson, R.A., Hoelldobler, B., 2013. Foraging behavior in the ant genus
Messor (Hymenoptera: formicidae: myrmicinae). Myrmecol. News 18, 33-49.

Powell, S., Clark, E., 2004. Combat between large derived societies: a subterranean army
ant established as a predator of mature leaf-cutting ant colonies. Insectes Soc. 51,
342-351. https://doi.org/10.1007/s00040-004-0752-2.

R Development Core Team, 2013. R: a Language and Environment for Statistical
Computing. https://doi.org/citeulike-article-id:2400517. .

Roces, F., 1994. Odour learning and decision-making during food collection in the leaf-
cutting antAcromyrmex lundi. Insectes Soc. 41, 235-239. https://doi.org/10.1007/
BF01242294.

Roces, F., 1990. Olfactory conditioning during the recruitment process in a leaf-cutting
ant. Oecologia 83, 261-262. https://doi.org/10.1007/BF00317762.

Rockwood, L.L., Hubbell, S.P., 1987. Host-plant selection, diet diversity, and optimal
foraging in a tropical leafcutting ant. Oecologia 74, 55-61.

Roschard, J., Roces, F., 2011. Sequential load transport in grass-cutting ants (Atta vol-
lenweideri): maximization of plant delivery rate or improved information transfer?
Psyche A J. Entomol. 1-10. https://doi.org/10.1155/2011/643127.

Roschard, J., Roces, F., 2003. Cutters, carriers and transport chains: distance-dependent
foraging strategies in the grass-cutting ant Atta vollenweideri. Insectes Soc. 50,
237-244. https://doi.org/10.1007/s00040-003-0663-7.

Sampaio, E., Dall’olio, A., Nunes, K., De Lemos, E., 1993. A model of litterfall, litter layer
losses and mass transfer in a humid tropical forest at Pernambuco. Brazil. J. Trop.
Ecol. 9, 291-301. https://doi.org/10.1017/5026646740000732X.

Saverschek, N., Herz, H., Wagner, M., Roces, F., 2010. Avoiding plants unsuitable for the
symbiotic fungus: learning and long-term memory in leaf-cutting ants. Anim. Behav.
79, 689-698. https://doi.org/10.1016/j.anbehav.2009.12.021.

Saverschek, N., Roces, F., 2011. Foraging leafcutter ants: olfactory memory underlies
delayed avoidance of plants unsuitable for the symbiotic fungus. Anim. Behav. 82,
453-458. https://doi.org/10.1016/j.anbehav.2011.05.015.

Shepherd, J., 1982. Trunk trails and the searching strategy of a leaf-cutter ant, Atta co-
lombica. Behav. Ecol. Sociobiol. (Print) 11, 77-84. https://doi.org/10.1007/
BF00300095.

Soberén, J.R., Sgariglia, M.A., Sampietro, D.A., Quiroga, E.N., Vattuone, M.A., 2007.
Antibacterial activity of plant extracts from northwestern Argentina. J. Appl.
Microbiol. 102, 1450-1461. https://doi.org/10.1111/j.1365-2672.2006.03229.x.

Suckling, D.M., Peck, R.W., Stringer, L.D., Snook, K., Banko, P.C., 2010. Trail pheromone
disruption of argentine ant trail formation and foraging. J. Chem. Ecol. 36, 122-128.
https://doi.org/10.1007/s10886-009-9734-1.

Sunamura, E., Suzuki, S., Nishisue, K., Sakamoto, H., Otsuka, M., Utsumi, Y., Mochizuki,
F., Fukumoto, T., Ishikawa, Y., Terayama, M., Tatsuki, S., 2011. Combined use of a
synthetic trail pheromone and insecticidal bait provides effective control of an in-
vasive ant. Pest Manage. Sci. 67, 1230-1236. https://doi.org/10.1002/ps.2172.

Wetterer, J.K., 1995. Forager size and ecology of Acromyrmex coronatus and other leaf-
cutting ants in Costa rica. Oecologia 104, 409-415. https://doi.org/10.1007/
BF00341337.

Yossen, M.B., Lozada, M., Kuperman, M.N., Gonzalez, S., Gastaldi, B., Buteler, M., 2019.
Essential oils as vespid wasp repellents: implications for their use as a management
strategy. J. Appl. Entomol. 1-9. https://doi.org/10.1111/jen.12631.

Zavala, J.A., Ravetta, D.A., 2002. The effect of solar UV-B radiation on terpenes and
biomass production in Grindelia chiloensis (Asteraceae), a woody perennial of
Patagonia, Argentina. . Plant Ecol. 161, 185-191. https://doi.org/10.1023/
A:1020314706567.


https://doi.org/10.1016/j.anbehav.2007.07.013
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0070
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0070
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0070
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0070
https://doi.org/10.1016/j.anbehav.2009.11.009
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0080
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0080
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0080
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0085
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0085
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0085
https://doi.org/10.1111/j.1440-6055.1974.tb02212.x
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0095
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0095
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0100
https://doi.org/10.1007/s002650000314
https://doi.org/10.1007/s002650000314
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0110
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0110
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0110
https://doi.org/10.1016/j.jinsphys.2007.06.015
https://doi.org/10.1017/S0266467405002592
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0125
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0125
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0125
https://doi.org/10.1111/j.1365-3032.2010.00749.x
https://doi.org/10.1007/978-3-0348-8739-7_12
https://doi.org/10.1002/cbdv.201000230
https://doi.org/10.1002/cbdv.201000230
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0145
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0145
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0145
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0150
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0150
https://doi.org/10.1111/j.1570-7458.2005.00338.x
https://doi.org/10.1111/j.1570-7458.2005.00338.x
https://doi.org/10.1111/j.1365-3032.2008.00658.x
https://doi.org/10.1111/j.1365-3032.2008.00658.x
https://doi.org/10.1111/j.1365-2311.2010.01214.x
https://doi.org/10.1111/j.1365-2311.2010.01214.x
https://doi.org/10.1111/j.1461-9563.2010.00515.x
https://doi.org/10.1111/j.1461-9563.2010.00515.x
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0175
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0175
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0180
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0180
https://doi.org/10.1007/s00040-004-0752-2
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0190
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0190
https://doi.org/10.1007/BF01242294
https://doi.org/10.1007/BF01242294
https://doi.org/10.1007/BF00317762
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0205
http://refhub.elsevier.com/S0376-6357(19)30261-X/sbref0205
https://doi.org/10.1155/2011/643127
https://doi.org/10.1007/s00040-003-0663-7
https://doi.org/10.1017/S026646740000732X
https://doi.org/10.1016/j.anbehav.2009.12.021
https://doi.org/10.1016/j.anbehav.2011.05.015
https://doi.org/10.1007/BF00300095
https://doi.org/10.1007/BF00300095
https://doi.org/10.1111/j.1365-2672.2006.03229.x
https://doi.org/10.1007/s10886-009-9734-1
https://doi.org/10.1002/ps.2172
https://doi.org/10.1007/BF00341337
https://doi.org/10.1007/BF00341337
https://doi.org/10.1111/jen.12631
https://doi.org/10.1023/A:1020314706567
https://doi.org/10.1023/A:1020314706567

	Plant odors trigger clearing behavior in foraging trails- do they represent olfactory obstacles?
	Introduction
	Materials and methods
	Study species
	Essential oils
	Bioassays
	Data analysis

	Results
	Discussion
	Author contribution
	Declaration of Competing Interest
	Acknowledgements
	References




