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A B S T R A C T

Cues inside the nest provide social insect foragers with information about resources currently exploited that
may influence their decisions outside. Leaf-cutting ants harvest leaf fragments that are either further pro-
cessed as substrate for their symbiotic fungus, or disposed of if unsuitable. We investigated whether
Acromyrmex ambiguus foragers develop learned preferences for olfactory cues they experienced either in the
fungus or in the waste chamber of the nest. Foragers’ olfactory preferences were quantified as a choice
between sugared papers disks scented with a novel odor and with the odor experienced in one of the nest
compartments, before and after odor addition. Odors incorporated in the fungus chamber led to preferences
towards paper disks smelling of them. Conversely, odors experienced in the waste chambers led to avoidance
of similarly-scented disks. To investigate context-specificity of responses, we quantified learned preferences
towards an odor that occurred first in the fungus chamber, and 14 h later in the waste chamber. Foragers
initially developed a preference for the odor added in the fungus chamber that turned into avoidance when
the same odor solely occurred later in the waste chamber. Avoidance of plants could also be induced in a
more natural context, when fresh leaf disks of novel plants, privet or firethorn, were presented in the waste
chamber. We conclude that learned acceptance or rejection of suitable plants by foragers depend on the
learning context: smells can lead to appetitive learning when present in the fungus garden, or to avoidance
learning when they occur at the dump.

1. Introduction

Insect societies display decentralized, collective responses that are
not explicitly encoded at the individual level, but emerge from re-
sponses of the individuals to relevant local stimuli. Collective tasks such
as foraging regularly need to be adjusted in response to changes in food
sources and colony requirements. To understand the mechanisms un-
derlying the organization of collective foraging responses, the question
of how information about different foraging options and colony needs is
conveyed among nestmates is relevant (Deneubourg and Goss, 1989;
Camazine et al., 2001; Conradt and Roper, 2005; Gordon, 2010).

As central place foragers, individual foragers always return to the
nest after a foraging trip to unload the resources they harvested, and to
pass or to obtain information about the available resources (Roces,
2009). Whilst the food collected from a wide range of resource patches
converges into the nest, cues available inside the colony can provide
nestmates with information about the resources that are being exploited
outside. Olfactory cues of the food incorporated into the nest represent

a major component of the decision-making processes leading to col-
lective exploitation of resources (Pankiw et al., 2004; Farina et al.,
2005; Arenas et al., 2007, 2008; Molet et al., 2009; Jandt and Jeanne,
2005; Mc Cabe and Farina, 2009; Roces, 1990, 1994; Dupuy et al.,
2006).

Studying how workers respond to food-related cues inside the nest
and how collective responses arise, is especially challenging in leaf-
cutting ants (genera Atta and Acromyrmex, Formicidae), the success of
which depends not only on sharing information among nestmates, but
also on acquiring information about the state of their symbiotic fungus
Leucocoprinus gongylophorus, Lepiotaceae, Basidiomycota (Stahel, 1943;
Green and Kooij, 2018). Foraging workers harvest leaf fragments and
transport them to the nest’ underground fungus chambers, where they
are further processed and used to cultivate a fungus that grows on plant
material (Weber, 1972). During these steps, plant volatiles might dif-
fuse from the leaf fragments and locally scent the fungus garden. Then,
naïve foragers that visit this compartment might learn the odors of
those plants currently harvested and use this information to select
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among different plants when foraging outside the nest.
Due to the turnover of the fungus, exhausted plant material and

dead fungus are removed from the garden and disposed of at the colony
dump (Herz et al., 2007; Jonkman, 1980; Bot et al., 2001; Hart and
Ratnieks, 2001; Farji-Brener et al., 2016). If the harvested plant is
harmful for the fungus, presumably due to compounds with fungicidal
effect, foragers can learn to avoid the cues of the plant in question
(Thiele et al., 2014; Ridley et al., 1996; North et al., 1999; Herz et al.,
2008; Saverschek and Roces, 2011) and later discontinue its harvesting.
This phenomenon starts several hours after the plant was incorporated
as substrate for the fungus, and it is known in the literature as delayed
avoidance. Although the precise underlying mechanisms for plant de-
layed avoidance remain elusive, it is likely that ants learn to associate
some plant’s chemical features, such as its odors (Saverschek and Roces,
2011), with cues available in or signals emitted by the impaired fungus.
Consistent with the delayed avoidance at the foraging site, it was re-
cently observed that A. ambiguus workers also showed delayed avoid-
ance inside the nest, as gardeners interrupt the processing of already-
incorporated unsuitable leaves in the fungus chamber. Interestingly,
freshly-cut leaf fragments rejected inside the fungus chamber were
subsequently disposed of in the waste chamber (Arenas and Roces,
2016a). The accumulation of unprocessed and partially-decomposed
leaf fragments in the waste chamber (Arenas and Roces, 2016a) opens
the question if the presence of plant-related odors in the dump provides
foragers with information about plant suitability that could be used
during plant selection outside of the nest. New evidence indicates that
in the dump, waste originating from unsuitable plants induced their
avoidance by foragers outside the nest (Arenas and Roces, 2017).
However, to what extent the mere presence of odors in the waste
chamber provides ants with information of the resources that should be
avoided outside the nest remains unknown.

We hypothesize that the relevance of any olfactory cue as a pre-
dictor of a suitable or an unsuitable plant strongly depends on the
context where it is experienced. On the one hand, odors of freshly-cut
fragments experienced by ants under the appetitive context of the
fungus chamber might indicate that a putative suitable plant was found,
and that more foragers should be recruited for its exploitation. On the
other hand, the presence of odors of freshly-cut plant fragments in the
waste chamber implies that the resource was disposed of because it did
not qualify as suitable for the fungus, thus enabling ants to learn the
odors within an aversive context.

Then, we predict that odors recently incorporated into the fungus
chamber would increase the acceptance of the resource smelling of it by
foragers, but those experienced at the dump should induce avoidance of
similarly-smelling plants. To test our hypothesis, we added inert paper
disks scented with an odor: i) into the fungus chamber; ii) into the
waste chamber, or iii) scented with two different odors, one added in
the fungus chamber and the other in the waste chamber. Foraging
preferences were evaluated before and after odors were added in the
respective nest chambers. Olfactory preferences by single foragers were
quantified outside the nest using a pick-up choice test that offered su-
gared paper disks scented either with the experienced odor, or with an
alternative novel one. To investigate whether ants update the meaning
of a particular olfactory cue according to the context, we also quantified
foraging preferences when a given odor was first experienced in the
fungus chamber, mimicking the context of an accepted and readily-in-
corporated plant into the nest, and later experienced in the waste
chamber, recreating a situation in which the recently-incorporated leaf
fragments were rejected and disposed of at the dump. Finally, we
provide evidence that the avoidance responses observed after the use of
controlled amounts of artificial odors also occur in a natural context,
when plant cues were directly provided by fresh fragments of suitable
leaves placed into the waste chamber.

2. Material and methods

2.1. Ant subcolonies

Experiments were conducted during 2012 and 2013 at the Biocenter
of the University of Würzburg, Germany. Sixty-seven queenless sub-
colonies, composed of 1000 cm3 of fungus (i.e., fungus plus gardeners
within the matrix) and about 1000 outside workers were used as ex-
perimental units. Subcolonies were obtained from 6 large lab colonies
of Acromyrmex ambiguus collected in Uruguay in 2002, and reared in a
climatic chamber at 25 °C and 50% relative humidity under a 12:12 h
light:dark cycle. Subcolonies were organized in three compartments:
the foraging box, the fungus chamber and the waste chamber. Each
compartment consisted of transparent boxes (19× 8.5× 8.5 cm) that
connected to each other by clear PVC-tubes (15 cm long, 1.27 cm out-
side diameter; for further details see Arenas and Roces, 2016a). The
fungus chamber housed the fungus garden, the waste chamber the ac-
cumulated colony waste, and the foraging box the leaves provided to
the ants. According to the availability of plants through the season,
subcolonies were fed firethorn (Pyracantha), blackberry (Rubus), or
privet (Ligustrum) leaves. Subcolonies also received water and honey-
water every day. They remained only unfed at the day of the experi-
ments.

2.2. The influence of plant cues from the nest chambers on foraging
decisions

2.2.1. Olfactory cues either in the waste or in the fungus chamber
Here we tested whether the presence of an odor in: i) the waste

chamber, ii) the fungus chamber, or iii) in the fungus chamber, but
simultaneously presented with a second odor in the waste chamber,
influenced odor preferences by foraging workers. To this end, we added
10 standardized paper disks scented with rose essence (0.5 µl odor per
disk; Duftöl, Germany) into the waste chamber of 7 subcolonies (first
series). In a second series, we added the same number of scented disks
into the fungus chamber of 7 additional subcolonies. Finally, we added
10 disks scented with rose into the fungus chamber, and 10 disks
scented with lemongrass into the waste chamber of a third group of 7
subcolonies. We added the disks directly on the surface of the fungus
garden or on the top of the waste pile.

Foraging preferences in all the three experimental series were tested
twice, i.e., before and after giving the scented disks to the respective
nest compartments. In all the three series, the first tests were done
22–24 h before adding the disks. In the first series, the second tests were
performed 12–14 h after the addition of the disks into the waste
chamber. In the second series, choice tests were done 2 h after the
addition of the disks into the fungus chamber. In the third series, tests
were done 2 h after disks were added into the fungus, and 12–14 h after
they were added into the waste chamber. Foraging preferences were
evaluated in pick-up dual-choice tests, on a 3×3 cm platform located
on a bridge 100 cm apart from the entrance of the nest. The bridge
worked as the main trail connecting the foraging box of the nest with a
second empty box (19× 19×8.5 cm) placed 140 cm apart. Workers
could forage on the platform for at least 1 h before the tests, to ensure a
well-established foraging column on the bridge. Single foragers choose
among four sugared paper disks scented with rose and lemongrass (i.e.,
2 with rose and 2 with lemongrass) offered on the platform. Sugared
paper disks were soaked in 10% w/w sucrose solution and then dried.
They proved to be very attractive to foraging leaf-cutting ants and have
been successfully used in previous choice experiments (Roces, 1993;
Roces and Núñez, 1993). To scent the sugared paper disks, they were
enclosed overnight inside a dish (9 cm in diameter) containing a small
cup with 2ml of the scent essence. Each test extended for 2 h, and
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choices were made by 20–30 foragers per subcolony. Once a single ant
picked a disk up, a new disk was added onto the platform. The loaded
ant was capture on its way back to the nest. Captured ants were re-
turned to their subcolonies when tests finished. The collection of rose
(or lemongrass) scented disks over the total number of disks collected
was used as an index to quantify the standardized acceptance of one
odor over the other. The index ranged from 0.0 to 1.0. A value of 0.5
indicated equal acceptance of both offered alternatives.

We repeated the whole experiment composed of three series using a
different pair of odors: blackberry and vanilla (Duftöl, Germany).
Blackberry was used to scent the disks added into the waste chamber
(first series) and into the fungus chamber (second series). For the third
series, we added blackberry-scented disks into the fungus chamber, and
disks scented with vanilla into the waste chamber.

2.2.2. Sequential presentation of single odors in the fungus and waste
chamber

In this experiment, we evaluated changes in foraging preferences
towards an odor that might provide conflicting information as it was
first experienced only in the fungus chamber, and 2 days later only in
the waste chamber. The experimental procedure recreates the natural
situation in which a fragment of an initially-accepted, yet harmful
plant, is readily incorporated into a fungus chamber, and later rejected
and disposed of at the dump when it proved unsuitable. By offering the
same odor sequentially in the two different nest compartments, we
investigated the abilities of ants to update the meaning of a cue ac-
cording to the context where it was experienced. To this end, we
measured foraging preferences using pick-up choice tests as described
above: i) before the odor was added (T0), ii) four hours after 10 scented
paper disks were added into the fungus chamber (T1), and iii) 14 h after
10 new scented disks were given into the waste chamber (T2).
Following a similar procedure as in the previous experiments, rose and
blackberry essences were used to scent the disks (0.5 µl odor per disk;
Duftöl, Germany). Choice tests were performed every two days: T0 was
carried out the first day at 09:00 a.m.; T1 on day 3 at 13:00 a.m., and T2
on day 5 at 09:00 a.m.).

2.2.3. Cues from fresh leaves in the waste chamber
Here we investigated the effect of cues provided by fresh leaf

fragments in the waste chambers on olfactory preferences by foraging
workers, to confirm that the avoidance responses measured after the
addition of artificial odors also occur under more natural conditions,
namely, when freshly-cut leaf fragments are discarded and dropped
among the debris of the waste pile. Considering that unprocessed and
partially-decomposed leaf fragments of plants are managed as waste if
experienced as unsuitable for the fungus (Arenas and Roces, 2016a),
we reasoned that the presence of fresh leaf fragments inside the waste
chamber would provide ants with information about the suitability of
the harvested plants. As recently described, ants could recover fresh
leaf disks suddenly added into the dump if the plant was initially
accepted and incorporated as a substrate for the fungus (Arenas and
Roces, 2016a). To reduce the attractiveness of the leaf fragments and
avoid their potential recovery, we exposed freshly-cut leaf fragments
overnight to a small waste sample (10 g) collected from the waste
chamber of the same experimental subcolony, so that they were im-
pregnated with waste volatiles (inside a petri dish; 9 cm diameter). In
a first group of 8 subcolonies, 10 waste-exposed disks of privet leaves
were added into the waste chambers. Foragers’ preferences towards
privet leaf disks were evaluated in pick-up choice tests against disks of
Oregon-grape leaves (Mahonia aquifolium). Acceptance was tested
twice, 22–24 h before and 12–14 h after adding the leaf disks into the
dump. During tests, we used non-exposed disks freshly cut out of

natural fresh leaves. On a second group of 7 subcolonies, we repeated
the experiment using waste-exposed leaf disks of firethorn instead of
privet. Here, firethorn was offered and compared against privet in the
pick-up choice tests.

2.3. Statistics

The effects of factors on standardized acceptances were assessed by
means of Generalized Linear Mixed Models (GLMM) with binomial
error distribution. Models were fitted in R program (R Development
Core and Team, 2016) using the “glmer” function of the “lsmeans”
package (Lenth, 2015). Because data were taken from samples of dif-
ferent size, we included the argument weight, which gives more weight
to larger samples. For the first experiment, we considered the test (a
two-level factor corresponding to measurements performed before and
after the odor exposure), the compartment or comp (a three-level factor
corresponding to the waste chamber, the fungus chamber and the
fungus+waste chamber), and the odor (a two-level factor with rose vs.
lemongrass pair and blackberry vs. vanilla pair) as fixed effect. Fur-
thermore, we included their interactions and the subcolony as a random
factor. For the second experiment, we considered the test (a three-level
factor corresponding to T0; T1 and T2) and the odor (a two-level factor
corresponding to the rose vs. lemongrass pair or the blackberry vs.
vanilla pair) as fixed effects, and again, their interactions and the sub-
colony as a random factor. For the third experiment, we included the test
(a two-level factor as measurements were done before and after adding
the leaf disks) and the plant (a two-level factor corresponding to the pair
privet vs. Oregon grape or the firethorn vs. privet alternative) as fixed
effects, their interactions and the subcolony as random factor.

3. Results

3.1. Olfactory cues either in the waste or in the fungus chamber

Foragers rejected sugared paper disks smelling of the odors that
scented the waste chamber of their nest. On the contrary, odors learned
within the fungus chamber increased acceptance by foragers (Fig. 1).
Responses were totally independent of the identity of the odors used to
scent the different chambers (odor: F= 2.299, p= 0.137). Standar-
dized acceptances did not differ for the odor identity among the com-
partments (comp*odor: F=0.254, p=0.776), and they were also not
different for the odors before and after odor exposure (test*odor:
F=0.281, p=0.599). The interaction of the factor odor with the two
previous factors was not significant either (test*comp*odor: F=0.6257,
p=0.540).

As hypothesized, standardized acceptances obtained before and
after adding the scented disks strongly depended on the nest com-
partment (test*comp: F= 29.609, p < 0.0001). Before adding scented
disks into the waste chambers, foragers showed no preferences for the
tested odors (standardized acceptances of rose- and blackberry-scented
disks were 0.53 and 0.50, respectively; Fig. 1A and D). After the ad-
dition of scented disks to the dump, workers showed a significant lower
preference for that odors (indices decreased to 0.26 for rose and 0.35
for blackberry), as compared to the previous day (Simple effects waste
chamber: Z=−5.032, p < 0.0001; Fig. 1A and D).

Conversely, foragers significantly preferred the sugared paper disks
smelling to the odors that scented the fungus chamber (Simple effects
fungus chamber: Z=−4.618, p < 0.0001). When rose scent was pre-
sent in the fungus chamber, standardized acceptance of rose-scented
disks increased from 0.44 to 0.61 (Fig. 1B). In subcolonies with fungus
chambers provided with blackberry scent, acceptance of blackberry-
scented disks increased from 0.50 to 0.69 (Fig. 1E).
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A change in the foragerś preferences also occurred in the third ex-
perimental series, when two different odors were simultaneously pre-
sented in the fungus and waste chambers (Simple effects fungus chamber
and waste chamber: Z=−4.131, p < 0.0001). For the pair rose and
lemongrass, the standardized acceptance of rose scent increased from
0.44 to 0.67 (Fig. 1C), whilst for the other pair, the standardized ac-
ceptance of blackberry scent, which initially averaged 0.50, increased
up to 0.67 after the exposures (Fig. 1F).

3.2. Sequential presentation of single odors in the fungus and waste
chambers

Preferences of foraging workers depended on the olfactory in-
formation available in the different compartments of the nest over the
three tests of the experiment (test: F= 28.417, p < 0.001), but were
independent of the identity of the odors used (test*odor: F= 0.025,
p=0.975; odor: F= 0.225, p= 0.645, Fig. 2).

The standardized acceptance measured at T0, which averaged a

value of 0.46 for rose scent and 0.5 for blackberry scent, indicated a
very similar acceptance of both tested pairs of odors before the addition
of scented paper disks into the nest. Fifty-three hours later (T1), and
four hours after odor cues were added into the fungus chamber, the
acceptance of scented disks increased (Simple effects T0 vs. T1:
Z=−4.489, p < 0.001, Fig. 2). It rose up to 0.67 for rose scent, and to
0.71 for blackberry scent. Finally, 35 h after the previous test (at T2)
and 14 h after scented disks were given into the waste chamber, the
standardized acceptance of scented disks decreased (Simple effects T1
vs. T2: Z=−7.445, p < 0.001, Fig. 2). The decline to 0.31 in the
acceptance for rose scent and to 0.34 for blackberry scent showed a
clear avoidance response towards the odors experienced in the waste
chamber. Differences were also detected between T0 and T2 (Simple
effects T0 vs. T2: Z=−3.046, p=0.006, Fig. 2), indicating that re-
sponses elicited by scenting the waste chambers not only decreased
odor preferences until initial levels of acceptance but statistically be-
yond, inducing rejection.

Fig. 1. Olfactory cues either in the waste or in the fungus chamber. Acceptance of scented paper disks before and after giving odors into different compartments of
the nest. Standardized acceptances of rose-scented paper disks (A–C) and blackberry-scented paper disks (D–F) (intake of either rose or blackberry-scented paper
disks/total intake) were recorded in individual binary choice assays. Rose scent was tested against lemongrass scent (A-C), and blackberry scent against vanilla scent
(D–F), 24 h before and 12–14 h after 10 paper-disks scented with rose or blackberry were given into the waste chamber (A and D), or 2 h after disks were added into
the fungus chamber (B and E). In C, we gave 10 paper disks scented with rose into the fungus chamber plus 10 paper disks scented with lemongrass into the waste
chamber. F, as in C, but using blackberry and vanilla scents instead of rose and lemongrass. The box plots show medians, quartiles and 5th and 95th percentiles from
seven subcolonies in each panel, with the exception of those at C and F, which were obtained from six subcolonies. Asterisk indicates statistically significant
differences (***p < 0.0001) between indices after simple effects.
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3.3. Cues from fresh leaves in the waste chamber

Ants changed their foraging preferences after the addition of waste-
exposed leaf disks into the waste chamber (test: F=45.931,
p < 0.001, Fig. 3). Such changes were independent of the plants used
(test*plant: F=0.0235, p=0.038). Foragers showed preferences for
privet (index=0.72) and firethorn (0.58) before the addition of waste-
exposed leaf disks into the waste chamber, which both decreased (to
0.45 for privet and to 0.29 for firethorn) in a very similar manner
12–14 h after the leaf exposure. These results indicate that ants learned
to avoid suitable plants at the foraging site solely through the presence
of their cues inside the waste chamber.

Even though both plants elicited the same pattern of response, the
standardized acceptances for privet vs. Oregon-grape and for firethorn
vs. privet were indeed different (Plant: F= 5.190, p=0.038), as those
for privet were always higher than those for firethorn.

4. Discussion

How do sensory cues experienced by foragers inside the nest affect
their plant choice when searching outside? Plant cues learned inside the
colony could lead to a bias for these stimuli and help foraging workers
to decide on a particular resource available in the surroundings. We
observed that olfactory foraging preferences changed in a context-
specific manner, depending on whether the cues were experienced in

the fungus or in the waste chamber. Particularly, we showed that ol-
factory cues experienced in the waste chamber were enough for the ants
to avoid resources that smell of them. On the contrary, if plant olfactory
cues were experienced in the fungus chamber, foragers preferred the
resource that smell of those odors. Our results suggest that even when
plants (or baits, i.e., sugared paper disks) are suitable, foragers decide
to accept or to reject them based on the context within the nest where
they experienced their olfactory cues.

In leaf-cutting ants (genera Atta and Acromyrmex, Formicidae), the
smell of the harvested plants can serve either as an orientation cue
attracting foragers to the host plants (Littledyke and Cherrett, 1978;
Therrien and Mc Neil, 1990), or as a learned cue used during foraging
decision making (Roces, 1990, 1994; Saverschek and Roces, 2011;
Falibene et al., 2015). Furthermore, it has been shown that recruits are
influenced in their foraging choices by the odor of the loads carried by
successful ants returning to the nest (Howard et al., 1996; Roces, 1990,
1994). However, up to now little was known about the effects of food-
related cues available inside the nest in shaping plant preferences by
foraging workers.

As central place foragers, leaf-cutting ants cut fragments of leaves
from a variety of plants available in the surroundings, which are
transported into the fungus chamber, processed and finally in-
corporated (or not) as substrate for the fungus. During these steps, cues
of plants that are being processed may be learned by ants inside the
nest. In the honeybee, for example, returning foragers transfer the

Fig. 2. Sequential presentation of single
odors in the fungus and waste chamber.
Acceptance of scented-paper disks when no
odor was given into the nests, when the odor
was given into the fungus chamber, and
when it was later relocated into the waste
chamber. Standardized acceptances of rose-
or blackberry-scented paper disks (intake of
rose- or blackberry-scented paper disks/
total intake) were recorded in individual
binary choice assays. (A) Rose scent was
tested against lemongrass scent at three
different times: before subcolonies were
given the odor (T0), four hours after 10
rose-scented paper disks were added into
the fungus chamber (T1), and 14 h after 10
new rose-scented disks were given into the
waste chamber (T2). (B) As in A, but using
blackberry and vanilla scents instead of rose

and lemongrass. The box plots show medians, quartiles and 5th and 95th percentiles from 5 subcolonies in left panel and from 6 subcolonies in the panel of the right.
Different letters indicate statistically significant differences (p < 0.001) among indices after simple effects.

Fig. 3. Cues from fresh leaves in the waste
chamber. Acceptance of leaf disks before
and after giving waste-exposed, fresh leaf
fragments of a single plant into the waste
chamber. Standardized acceptance of leaf
disks of privet (A), or firethorn (B) (intake of
either privet or firethorn leaf disks/total
intake) was recorded in individual binary
choice assays. (A) Privet leaf disks were
tested against Oregon-grape leaf disks
22–24 h before and 12–14 h after sub-
colonies were given 10 waste-exposed privet
disks into the waste chamber. (B) Firethorn
leaf disks were tested against privet leaf
disks before and after subcolonies were
given waste-exposed firethorn disks into the
waste chamber. The box plots show med-
ians, quartiles and 5th and 95th percentiles
from 8 subcolonies in the left panel, and
from 7 subcolonies in the right one.

Asterisks indicate statistically significant differences (***p < 0.001) between indices after simple effects.
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nectar they collected to their mates via mouth-to-mouth contacts
(Pankiw et al., 2004; Farina et al., 2005). As the liquid food can be
scented with odors of the visited flowers, food cues shared and learned
within the hive are used as informational cues during selection among
different foraging options (Free, 1969; Arenas et al., 2007, 2008). The
scent of the nectar brought into the nest and deposited in honeypots by
successfully-foraging bumblebees (Bombus terrestris) can also provide
information about the exploited resource (Molet et al., 2009). Wasps
Vespula germanica that experienced scented food inside the nest are
biased toward a similarly-scented food source outside (Jandt and
Jeanne, 2005). Stingless beesMelipona quadrifasciata show an improved
learning performance towards the odors experienced inside the nest
(Mc Cabe and Farina, 2009). Our present results go beyond the ex-
tended evidence for nectarivorous insects by demonstrating that food-
related olfactory cues available inside different nest compartments also
have a strong context-specific informational value that underlies fora-
ging decisions in leaf-cutting ants.

We showed that odors experienced in the fungus chamber could
lead to memories that bias initial foraging preference, at least in the
short-term. As long as the host plants qualify as suitable for the fungus,
learning of their cues might led to a marked preference for them. Then,
olfactory information about the food sources available in the fungus
chamber might allow not only foragers, but also workers not directly
involved in foraging tasks, to obtain information from individuals that
actively participate in resource exploitation. On the contrary, ants
avoided olfactory cues that are learned in association with the noxious
effect of unsuitable substrates on the fungus (Herz et al., 2008). Inter-
estingly, ants are capable of learning to reject plants using solely in-
formation obtained from waste particles originating from the impaired
fungus, as workers exposed to artificially-scented waste from unsuitable
leaves rejected the similarly-scented resources (Arenas and Roces,
2016b). Furthermore, avoidance memories in foraging workers can also
be formed at the colony dump, likely through waste particles that
contained both the cues of the unsuitable plant and cues of the impaired
fungus (Arenas and Roces, 2017). Here, we extended our knowledge
about the conditions under which ants could establish avoidance
memories, and showed that the mere presence of odor cues in the waste
chamber of subcolonies leads to the rejection of resources smelling of it
in the foraging context. Therefore, learned avoidance responses are not
exclusively mediated by the effects of unsuitable leaves on the fungus,
but by other non-specific cues of the waste. Further experiments are
required to answer whether or not avoidance memories established
under the different conditions are equivalent in strength, i.e., whether
they can be recalled or stored over similar time intervals.

Consistent with our suggestion that the waste chamber represents a
context in which aversive cues are present, some studies indicated that
waste from leaf-cutting ant colonies deters foragers, so that plants
surrounded with ants’ refuse are protected against herbivores (Zeh,
et al., 1999; Farji-Brener and Sasal, 2003). Its deterrent effect might be
based on the microorganisms present in the waste pile, which are po-
tentially dangerous to both the ants and their symbiotic fungus (Bot
et al., 2001; Hart and Ratnieks, 2001). Ants might be able to associate
plant odors with unpleasant cues from debris in the waste-management
context, and use this information to avoid learned, aversive stimuli
once in the foraging context outside of the nest.

For how long a leaf fragment inside the waste chamber would re-
lease volatiles and be therefore identifiable might depend not only on
the plant species, but also on the degree of processing by the gardeners
and decomposition by the fungus. Observations in waste chambers
excavated in the field indicate that fresh, unprocessed leaf fragments
may be dropped there (Fig. 4), likely because they were taken into the
nest by foragers, yet proved to be unsuitable and were therefore dis-
carded before being incorporated into the fungus garden. Even if not
altered by midden workers in the short-term, discarded leaf fragments
are expected to be decomposed by the dump’s microbiota in the long-
term. Although little is known about the architecture of A. ambiguus

nests, Fowler (1985) described that A. ambiguus deposits the waste in
underground chambers, as a number of Acromyrmex spp. does (Haines,
1983; Verza et al., 2007; Farji-Brener et al., 2016). Whether the con-
ditions that prevail in underground dumps enable plant volatiles to last
longer than under open air conditions, is unlikely. In fact, some authors
argue that external refuse dumps might be advantageous for the ants, as
open-air conditions are detrimental for microorganisms involved in the
decomposition of discarded leaf fragments (Farji-Brener et al., 2016).

Our first experiment showed that the effect of a single odor ex-
perienced in the fungus or in the waste chamber seemed not to differ
from the effect elicited by two odors presented in the fungus and the
waste chamber simultaneously. For the pair rose-lemongrass, levels of
acceptance of the odor presented in the fungus chamber were in-
dependent of the presence of the second odor in the waste chamber.
Only a small difference (6%) was found on favor of the acceptance
measured in the third series (stimulation with two odors) vs. the second
series (stimulation with a single odor in the fungus chamber). The
difference for the pair blackberry-vanilla was also very small (2%), yet
on favor of the acceptance tested in the second series (one odor in the
fungus chamber). Such small differences suggest that no additive effect
of the cues offered in the different compartments of the nest took place.
This finding suggests that foraging ants commonly frequent the two
nest compartments, as recently demonstrated (Arenas and Roces,
2017), and that learning of complementary information (i.e., a second
odor) did not improve the performance acquired using the information
obtained in a single nest compartment.

Furthermore, the effects of the same odor presented in sequence,
i.e., first in the fungus chamber and then in the waste chamber, re-
vealed that olfactory memories acquired at the fungus garden are
plastic. Preferences towards the similarly-smelling resource could ra-
pidly turn into rejection if the cues are later experienced at the dump, as
it may occur when fragments of a given plant are initially accepted, and
then disposed of. Based on the evidence that plant avoidance mediated
by changes in the fungus garden involves the formation of long-term
avoidance memories (they can be recalled up to 18weeks later,
Saverschek et al., 2010), we speculate that reacceptance of plants ex-
perienced as harmful both in the fungus garden and in the waste

Fig. 4. Contents of an underground waste chamber of a nest of leaf-cutting ants.
Typical view of the waste accumulated inside one large underground waste
chamber of a nest of the leaf-cutting ant Atta laevigata located at 1.5 m depth,
excavated near Botucatu, Brazil. The leaf fragments disposed of on top of the
waste pile (white arrows) do not show signs of having been previously in-
corporated into the fungus garden, i.e., no fungal tufts, changes of color or signs
of decomposition are visible, indicating that they were discarded readily after
their incorporation into the colony. A whitish film of probable bacterial origin
covers the leaf fragments, as well as dead ants and waste particles. Photograph
by L. Forti. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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chamber would not occur as quickly as when avoidance memories are
solely formed in the fungus garden. In this regard, it would be inter-
esting to scent both compartments with the same odor and investigate
whether scenting the waste chamber overwhelms the effect of scenting
the fungus garden.

Leaf-cutting ants (Atta and Acromyrmex) represent a very serious
pest of many crops and plantations in the Neotropics (Cherrett, 1989;
Fowler et al., 1986). Different methods, including poison baits, are
commonly used to control ant populations with adverse effects on the
environment and human health (Cherrett, 1986; Kermarrec et al., 1986;
Della Lucia et al., 2014; Bollazzi et al., 2014). Our results open up a new
perspective for the biological control of leaf-cutting ants. Even when
effectiveness of the addition of species-specific cues at the dump to
protect plants from leaf-cutting ant attack deserves detailed studies, our
findings highlight the importance of learning and memory in the con-
text of waste management inside the nest to modify antś foraging
preferences.

5. Conclusions

We conclude that both appetitive and aversive learning of plants
odors in leaf-cutting ants are context-specific and depend on the nest
compartment where learning takes place. The smell of suitable plants
can induce plant acceptance by foraging workers if learned within the
fungus chamber, where ants grow their own food as a fungus garden.
On the contrary, the same odor can trigger plant rejection if learned
inside the waste chamber, where exhausted garden, fragments of un-
suitable leaves and dead ants are disposed of and decomposed by mi-
croorganisms.
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