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Plant selection in leaf-cutting ants is not solely based on innate or learned preferences by foragers, but
also on their previous experience with plants that have harmful effects on their symbiotic fungus. For-
agers learn to avoid plants harmful for the fungus, albeit harmless for themselves. Since harvested leaves
are processed inside the nest, it is an open question whether gardeners and midden workers also
participate in the process of plant selection, for instance by learning to reject leaves that proved to be
unsuitable for the fungus. Besides occasional observations of fresh leaf fragments in the waste dump,
nothing is known about how unsuitable plants already harvested are handled inside the nest. To
investigate plant avoidance by gardeners and midden workers, we quantified the dynamics of leaf
processing and disposal in laboratory subcolonies of Acromyrmex ambiguus during and after having
offered them fungicide-treated leaves over 3 days. Control subcolonies received water-treated leaves.
Both foraging and processing of fungicide-treated leaves dramatically decreased after 24 h, indicating
that learned responses were involved. By this time, midden workers handled leaf fragments as waste and
transported them to the waste chamber. On day 4, we asked whether foragers, gardeners and midden
workers had learned to avoid plants in a species-specific way, by offering them a choice between un-
treated leaves of the previously treated plant and untreated leaves of an alternative plant at their
worksites. They all rejected the plant previously experienced as harmful for the fungus, indicating that
delayed avoidance inside the nest represents an additional step of quality control to preserve the garden
from noxious plants that may have qualified as suitable for foragers. We discuss how plant material that
is discarded as waste may provide a source of information about plant suitability inside the colony.
© 2016 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Social insects live in well-organized societies without central
control, yet with mechanisms that enable workers to adjust their
responses according to the needs of their colony and to the
changing environment. To meet colony requirements for nourish-
ment, for example, related activities such as foraging, food pro-
cessing and disposal of unsuitable foraged material are decentrally
coordinated (Gordon, 1996). Taking into account that collective
behaviours are not explicitly programmed at the individual level
but emerge from numerous interactions of individuals at their
worksites, an important question is whether or not workers
engaged in different tasks respond to similar stimuli, yet within
their own behavioural repertoires, to improve the success of the
group (Deneubourg & Goss, 1989; Roces, 2002).
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Among social insects, leaf-cutting ants (genera Atta and Acro-
myrmex) represent an interesting case study since their ecological
success is based on a relationship with a symbiotic fungus. Foraging
workers collect large quantities of fresh vegetation from different
plant species (Cherrett, 1989; Wirth, Herz, Ryel, Beyschlag, &
H€olldobler, 2003) that they use to cultivate a symbiotic fungus in
underground nest chambers. As leaf fragments reach the fungus
chamber, a complex process of preparation and incorporation of
the plant material into the fungus garden begins (Weber, 1972;
Wilson, 1980). Gardeners lick the leaf fragments, cut them into
small pieces (1e2 mm2), incorporate them into the garden struc-
ture and place faecal droplets and tufts of fungal mycelium on the
leaf pieces (Mangone & Currie, 2007; Quinlan & Cherrett, 1977;
Stahel, 1943; Weber, 1972). Finally, workers harvest both hyphae
and gongylidia from the fungus garden to feed brood and them-
selves (Bass & Cherrett, 1995). Due to the turnover of the fungus,
exhausted plant material and dead fungus are removed from the
fungus garden and transported to specific external or
internal waste dumps (Herz, Beyschlag, & H€olldobler, 2007;
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Jonkman, 1980). Refuse disposal is a common task among leaf-
cutting ants (Bot, Currie, Hart, & Boomsma, 2001; Fowler &
Louzada, 1996) that avoids accumulation of waste in the garden
and reduces the risk of infection for the fungus (Bot et al., 2001;
Fernandez-Marin, Zimmerman, & Wisclo, 2003; Hart & Ratnieks,
2001). Disposal of waste is performed by the so-called midden
workers. They remove not only the exhausted plant material and
fungus from the garden, but also dead ants, debris and other ma-
terials carried into the nest but subsequently not processed
(Camargo et al., 2003). As a consequence, foragers, gardeners and
midden workers, although engaged in different tasks, might all be
involved in the process of plant selection, being able to assess the
quality of the harvested host plants at their worksites.

Leaf-cutting ants harvest up to 50% of the plant species available
in the area surrounding their colonies (Wirth et al., 2003), yet they
show marked preferences in their plant choice. A first step in plant
selection occurs at the cutting site based on the foragers' prefer-
ences for certain leaf features (e.g. toughness, moisture and
nutrient content, presence of attracting or deterring compounds;
Cherrett& Seaforth,1970; Hubbell, Wiemer,& Adejare, 1983;Wirth
et al., 2003). Initial preferences can be further modulated by pre-
vious experience with the plants, for instance influenced by the
odour of the loads carried by successful scout ants returning to the
nest (Howard, Henneman, Cronin, Fox, & Hormiga, 1996; Roces,
1990, 1994). An additional step of ‘plant quality control’ takes
place inside the nest after foraging, where workers may discard
materials inappropriate as substrates for the fungus before their
incorporation into the garden (Camargo et al., 2003).

In addition, plant choice is influenced by the effects of the
harvested plants on the symbiotic fungus, via a process that in-
volves avoidance learning in foraging workers (Herz et al., 2008;
North, Jackson, & Howse, 1999; Ridley, Howse, & Jackson, 1996).
Although the fungus is not specialized on any particular substrate,
foragers learn to avoid certain plant species proved to be harmful
for the fungus, even when those plant species are harmless for the
ants. In response to their deleterious effects on the fungus, ants
discontinue the harvesting of initially accepted plants. This phe-
nomenon is called ‘delayed avoidance’, as discontinuity occurs
some hours following the collection of the unsuitable substrate for
the fungus, lasts over several weeks and involves the formation of
long-term avoidance memory (Falibene, Roces, & R€ossler, 2015;
Herz et al., 2008; Saverschek, Herz, Wagner, & Roces, 2010;
Saverschek & Roces, 2011). Delayed avoidance by foraging leaf-
cutting ants has been investigated both in the laboratory
(Camargo et al., 2003; Herz et al., 2008; Knapp, Howse, &
Kermarrec, 1990; North et al., 1999; Rahb�e, Febvay, & Kermarrec,
1988; Ridley et al., 1996; Saverschek & Roces, 2011) and in the
field (Ridley et al., 1996; Saverschek et al., 2010), and has also been
documented towards plants with induced antiherbivore defences
(Thiele, Kost, Roces, & Wirth, 2014). In a number of these studies,
the suitability of one plant species offered to foragers as a choice for
the fungus was altered by infiltrating the leaf tissue with a fungi-
cide (cycloheximide), which was undetectable to the ants but led to
delayed avoidance of the otherwise acceptable plant (Herz et al.,
2008; North et al., 1999; Ridley et al., 1996; Saverschek et al.,
2010; Saverschek & Roces, 2011). For delayed avoidance of previ-
ously accepted plants to occur, foraging workers need to associate
the state of the fungus with the characteristics of the incorporated
plant (chemical and/or physical features), thus allowing its recog-
nition at the foraging site and its avoidance.

While learned plant avoidance by foragers has been explored in
some detail, it is unknown whether experience-based avoidance
responses towards unsuitable plants also occur inside the nest, and
to what extent information about plant unsuitability is distributed
among the workers inside the nest. Interestingly, in laboratory
colonies fed fungicide-treated leaves, we have occasionally
observed ants disposing of fresh, unprocessed leaf fragments in the
waste chamber, a phenomenon unusual in colonies fed untreated
leaves. The presence of unprocessed plant material in the waste
chamber suggests that delayed avoidance responses also take place
inside the nest, and opens the question whether or not gardeners
and midden workers learn to reject unsuitable substrates that
foragers fail to reject. Delayed avoidance responses inside the nest
may comprise the lack of processing of previously incorporated leaf
fragments and their removal from the fungus chamber to the waste
dump. Delayed avoidance responses inside the nest are expected to
represent an additional step of quality control that preserves the
fungus garden from the noxious compounds of plants that may
have been assessed as suitable by foragers and were therefore
incorporated into the nest.

Our aim in the present study was to investigate whether ants
working inside and outside the nest learn to prevent the incorpo-
ration and processing of plants unsuitable for the symbiotic fungus.
To verify the disposal of fresh leaf fragments from unsuitable plants,
we first quantified the dynamics of removal and transport of leaf
fragments to the dump after their incorporation in the nests of
subcolonies of the leaf-cutting ant Acromyrmex ambiguus in labo-
ratory. Secondly, we investigated the existence of learned re-
sponses in foragers, gardeners and midden workers that enable
them to avoid leaves unsuitable for the fungus. To this end, we
carried out experiments lasting 4 days. During the first 3 days, a
group of laboratory subcolonies were fed leaves infiltrated with a
fungicide that could not be detected by the ants. Another group of
subcolonies received leaves that were infiltrated with water as a
control. Over this period, we repeatedly quantified the acceptance
or avoidance of the offered leaves at three nest compartments: (1)
at the foraging box, by counting the number of leaf fragments taken
into the nest; (2) inside the fungus chamber, by counting the
number of leaf fragments that were processed and incorporated
into the fungus garden; and (3) inside the waste chamber, by
counting the number of leaf fragments that were removed from the
fungus chamber and disposed of as waste. On the 4th day, we
investigated whether the ants' avoidance responses were plant
specific, and whether experienced foragers, gardeners and midden
workers were able to discriminate untreated leaves of the plant
previously experienced as unsuitable from untreated leaves of a
novel plant at their working sites.

METHODS

Ant Subcolonies and Leaf Suitability

For the experiments, performed during 2012 and 2013 at the
Biocenter of the University of Würzburg, Germany, we built
queenless, functional subcolonies containing about 600 workers,
brood at different developmental stages and 1000 cm3 of fungus
garden (i.e. fungus plus gardeners within the matrix). Subcolonies
remained active and showed intense foraging activity for up to 8
weeks. Eighteen subcolonies were obtained from six large queen-
right colonies of Acromyrmex ambiguus (three subcolonies per
colony) 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. A single subcolony was organized in three trans-
parent compartments: the foraging box, the fungus chamber and
the waste chamber. The boxes containing the fungus and waste
(19 � 8.5 � 8.5 cm) remained closed with a sealed cover. The bot-
tom of the fungus box was covered with moistened expanded clay
pebbles to maintain high humidity and prevent desiccation of the
fungus. The foraging box (19 � 19 � 8.5 cm) remained open.
Paraffin oil was applied to the walls to prevent the ants from
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escaping. Nest compartments were arranged in a T fashion by
means of a T junction connecting the tubes (15 cm long, 1.27 cm
outside diameter, clear PVC tubes) leading to the fungus, waste and
foraging boxes.

To make leaves unsuitable for the fungus, but keep them
acceptable for the ants, we infiltrated leaf disks with an aqueous
solution of cycloheximide (0.03% w/w, CHX; Sigma Aldrich, Dei-
senhofen, Germany), following Herz et al. (2008). Cycloheximide,
which is undetectable to the ants, is a potent fungicide (North et al.,
1999; Ridley et al., 1996) that causes detrimental changes in the
fungus but does not affect the leaf tissue. Thus, ‘fungicide-treated’
leaves function as ‘hidden carriers’ of the fungicide into the nest.
We used freshly collected blackberry leaves, which were infiltrated
with the fungicidal solution, or with water as control. Blackberry
leaves were successfully infiltrated in each case, as evidenced by
the darkening of the leaves.

Disposal of Partially Decomposed and Unprocessed Leaf Fragments

Motivated by occasional observations of unsuitable leaf frag-
ments being discarded in the nest dump, we first sought to deter-
mine the disposal rate of leaf fragments readily incorporated into
the fungus chamber during and after feeding subcolonies
fungicide-treated leaves, by quantifying the removal and transport
of partially decomposed and unprocessed leaf fragments. Unpro-
cessed leaf fragments were whole or half leaf disks with little or no
signs of processing by the ants or fungus (Fig. 1a, b). Partially
decomposed leaf fragments were easily recognized as clusters of
small green fragments (<0.5 mm2) with tufts of hyphae on them,
often mixed with fungal hyphae (Fig. 1c, d).

We initially started the experiment by feeding six subcolonies
100 fungicide-treated blackberry disks five times per day (20 disks
every 2 h, between 0900 and 1700 hours) at the foraging box, over
the first 3 days. We videorecorded the entrance of the waste
chamber with a digital video camera covering a 2 cm2 area and
subsequently quantified the disposal rate of decomposed or
Figure 1. Disposal of partially decomposed and unprocessed leaf fragments into the waste ch
leaf fragment. (b, c) Typical views of the waste pile inside the waste chamber. (d) Magnific
unprocessed leaf fragments into the waste chamber from the video.
We counted the number of ants carrying decomposed or unpro-
cessed leaf fragments during a 5 min period every 4 h for a total of
60 h. We compared disposal rates before (time: 0 h) and after un-
suitable leaves were offered. Recordings began immediately before
the onset of the first feeding event, and thus, before unsuitable
leaves had been incorporated into the fungus chamber. Data from
one subcolony had to be discarded because of unreliable video
recordings.

Delayed Avoidance in the Nest Compartments

We assessed the ants' avoidance of leaves in the fungus chamber
and in thewaste chamber of the nest during and after the ants were
fed leaves that were unsuitable for the fungus. To compare the
rejection responses of workers inside the nest with those of for-
agers, we also measured rejection of unsuitable leaves in the
foraging box. Six subcolonies were fed fungicide-treated blackberry
disks in five feeding events per day, over 3 days. Datawere collected
15 min before the onset of each feeding event. On day 1, we made
only fourmeasurements as no blackberry disks were present before
the onset of the first feeding event. On day 3, we took measure-
ments during the last survey at 72 h even though no feeding event
followed. Six subcolonies were fed water-treated blackberry leaves
and used as controls. On day 4, when we expected foragers' rejec-
tion responses to be strong, we investigated whether their avoid-
ance responses were plant specific or not. To do so, we tested plant
selectivity by foragers, gardeners and midden workers by pre-
senting them with a choice between untreated blackberry leaves
and untreated rose leaves at their specific worksites, as described
below. Foragers, gardeners and midden workers were functionally
defined according to the nest location where they performed their
tasks.

For the first 3 days of the experiment, when subcolonies were
repeatedly fed treated blackberry leaves, we measured rejection
responses using three indices: foraging, processing and disposal. In
amber by subcolonies fed fungicide-treated leaves. (a) Magnification of an unprocessed
ation of a partially decomposed leaf fragment with tufts of fungus hyphae.
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Figure 2. Disposal rate was calculated as the number of items carried into the waste
chamber, sampled for 5 min at 4 h intervals over 60 h. Data are means ± SE. Significant
differences are shown relative to counts made at 0 h, before unsuitable leaves were
offered (*P < 0.05; **P < 0.01; ***P < 0.001). Five subcolonies were used in the
experiment.
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the foraging box, we calculated the foraging index as the ratio be-
tween the number of collected disks and the total number of
offered blackberry disks: (collected disks)/(collected þ uncollected
disks). Before the onset of the next feeding event, the remaining
uncollected leaf disks from the foraging box were counted and
removed. Similarly, in the fungus chamber, we calculated the
processing index as the ratio between processed leaf disks and
the total number of disks available: (processed disks)/(proc-
essed þ unprocessed disks). Unlike the processed leaf disks, which
were cut into small pieces and incorporated with fungus tufts into
the garden, unprocessed disks could easily be recognized since they
remained as intact disks lying on the fungus garden or aside in the
chamber. We calculated the number of disks processed as the dif-
ference between the counts of offered disks and the counts of un-
processed disks. Because we did not remove the unprocessed disks
from the closed fungus chamber during the first 3 days (to avoid
perturbations), the number of available disks to be processed could
accumulate over time after successive feeding events. Thus, the
number of unprocessed disks at each counting event included disks
that remained unprocessed from previous events. For this index,
we also took into account all instances in which the ants removed
any unprocessed disks from the garden and transported them to
the waste chamber. We used the disposal index to quantify the
disposal activity of the subcolonies. It was calculated as the number
of leaf disks transported to the waste chamber (i.e. discarded)
divided by the number of discarded disks plus the number of un-
processed disks available in the garden, which could potentially be
taken to the dump: (discarded disks)/(discarded dis-
ks þ unprocessed disks).

On day 4, as indicated above, we evaluatedwhether subcolonies'
avoidance responses were specific to the plant they had experi-
enced as being unsuitable for the fungus. For that, workers in all
three nest compartments were presented with a choice between 10
untreated blackberry leaf disks and 10 untreated leaf disks of a
novel plant (rose). For each nest compartment, we calculated two
sets of indices as described above, one for blackberry and one for
rose. In each subcolony, we first conducted choice tests in the
foraging box, then 10 min later, in the fungus chamber, and
immediately thereafter in the waste chamber. Before choice tests,
we removed all unprocessed disks that remained in the foraging
box, the waste chamber and the fungus chamber.

Statistics

Since the homogeneity of variance assumption was met, we
analysed the disposal rates of partially decomposed and unpro-
cessed leaf fragments over time by a repeated measures ANOVA.
For post hoc comparisons, we used Fisher's LSD method to create
confidence intervals for all pairwise differences in the disposal rate
over time. For simplicity and clarity, we made comparisons against
the rates obtained at 0 h (i.e. just before fungicide-treated leaves
were offered for the first time). We also used repeated measures
ANOVA to compare the foraging, processing and disposal indices
between control subcolonies and subcolonies fed fungicide-treated
leaves during the first 3 days of the experiment. The treatment
(feeding fungicide-treated versus water-treated blackberry leaves)
was the independent factor, and time was the repeated measure.
When significant interactions between these factors were detected,
we applied simple effects to evaluate the effect of one factor
separately for each level of the other (Quinn & Keough, 2002). In
other words, if the treatment)time interaction was significant, we
applied simple effects to describe the relation between the factors.

We used two-way ANOVA to compare indices on day 4, when
specificity of the avoidance response was studied. The treatment
and the foraging option (blackberry versus rose) were the
independent factors. Fisher's LSD tests were performed for post hoc
comparisons to determine whether indices across and within
treatments differed or not.

RESULTS

Disposal of Partially Decomposed and Unprocessed Leaf Fragments

The disposal rate of partially decomposed and unprocessed leaf
fragments significantly varied over the experimental period
(repeated measures ANOVA: F15,60 ¼ 3.395, P < 0.001; Fig. 2). The
ratemeasured 12 h after the onset of the first feeding event differed
significantly from the initial rate at 0 h (Fisher's LSD: P ¼ 0.006).
Disposal activity showed the highest peak after 20 h, and remained
high for 8 h (Fisher's LSD: 0e16 h: P ¼ 0.019; 0e20 h: P < 0.001;
0e24 h: P < 0.001; 0e28 h: P ¼ 0.001). A further peak was detected
at 48 h (Fisher's LSD: P ¼ 0.045). Changes in the disposal of un-
processed and partially decomposed leaf fragments confirmed our
preliminary observations suggesting that workers actively remove
unprocessed material and partially processed material (i.e. material
that has been incorporated into the garden, and thus, that shows
some degree of processing by the gardeners and decomposition by
the fungus).

Delayed Avoidance in the Three Nest Compartments

Foraging ants in the control subcolonies collected almost all the
offered leaf disks. Therefore, the foraging index was close to 1 and
remained relatively constant over the first 3 days (Fig. 3a). In
contrast, ants in subcolonies fed fungicide-treated leaves exhibited
delayed avoidance. In this group, the foraging index decreased from
1 to 0.2, 26 h after the onset of the experiment, and remained low
until the end. The differences in foraging indices between control
subcolonies and subcolonies fed fungicide-treated leaves (repeated
measures ANOVA: treatment)time interaction: F14,140 ¼ 4.578,
P < 0.001) were detectable from 24 h onwards (simple effect ana-
lyses: F1,150 ¼ 8.649, P ¼ 0.003; Fig. 3a). On day 4, workers from
control subcolonies and those previously fed fungicide-treated
leaves also performed differently in dual-choice tests (two-way
ANOVA: treatment)foraging option interaction: F1,20 ¼ 4.983,
P ¼ 0.037; Fig. 3b). While both tested plants were equally accepted
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in controls, blackberry was less accepted than rose in subcolonies
previously fed fungicide-treated blackberry (Fisher's LSD: black-
berry index versus rose index: P ¼ 0.004). This result indicates that
experienced foragers were able to discriminate between untreated
blackberry leaves and untreated rose leaves. Despite the species-
specific effect, blackberry and rose indices were both lower in
subcolonies fed fungicide-treated leaves than in control sub-
colonies, showing that feeding leaves unsuitable for the fungus
affected the acceptance of the two offered plants, but with different
strengths (Fisher's LSD: rose index in subcolonies fed fungicide-
treated leaves versus rose index in control group: P ¼ 0.013;
Fig. 3b).

Gardeners inside the nest, like foragers outside the nest, rejec-
ted unsuitable leaves that they had previously experienced as
noxious for the fungus, by discontinuing their processing (Fig. 4a).
Differences in the processing indices between controls and sub-
colonies fed fungicide-treated leaves (repeated measures ANOVA:
treatment)time interaction: F14,140 ¼ 9.203, P < 0.001; Fig. 4a)
varied significantly from 24 h after the onset of the experiment
(simple effect analyses: F1,150 ¼ 31.679, P < 0.001). On day 4, plant
choice inside the fungus chamber also differed between groups
(two-way ANOVA: treatment)foraging option interaction:
F1,20 ¼ 4.565, P ¼ 0.045). In the control group, novel and experi-
enced plants were equally processed (Fisher's LSD: blackberry in-
dex versus rose index: P ¼ 0.474; Fig. 4b), as in the foraging context.
In contrast, subcolonies previously fed fungicide-treated blackberry
leaves processed more disks of rose than of blackberry (Fisher's
LSD: blackberry index versus rose index: LSD: P ¼ 0.032; Fig. 4b).

Disposal of unprocessed leaf disks into the waste chamber by
midden workers was observed only in subcolonies fed fungicide-
treated leaves. Although disposal averaged 7% of the leaves
offered during the 3-day experimental period, it contrasted with
the complete lack of disposal of unprocessed disks in control sub-
colonies. Therefore, we restricted our statistical analysis to changes
in the disposal index over time (repeated measures ANOVA:
F14,70 ¼ 2.909, P ¼ 0.0016; Fig. 5a). Rates of leaf disposal were
highest 24 h after onset of the experiment (Fisher's LSD: 0e24 h:
P < 0.001) and at the end of the experiment (0e72 h: P ¼ 0.005). On
day 4, we offered the ants a choice between untreated leaf disks of
the previously experienced plant and untreated leaf disks of a novel
plant inside the waste chamber, and then measured the recovery of
the offered leaf disks from the waste chamber. Midden workers in
control subcolonies recovered all of the offered fragments and
transported them to the fungus chamber (Fig. 5b). However,
midden workers in subcolonies previously fed fungicide-treated
blackberry recovered fewer fragments from the untreated black-
berry, as compared to the recovery of fragments from untreated
rose (two-way ANOVA: treatment)foraging option interaction:
F1,20 ¼ 4.456, P ¼ 0.047). Midden workers in subcolonies that had
been fed fungicide-treated leaves exhibited specificity in their re-
covery response, as they avoided untreated blackberry disks but
carried untreated rose disks to the fungus garden (Fisher's LSD:
blackberry index versus rose index: P ¼ 0.007; Fig. 5b). Together,
these results show that experienced foragers, gardeners and
midden workers preferred a novel plant species to a plant previ-
ously experienced as unsuitable for their fungus, thus indicating
that ants inside and outside the nest were able to discriminate
plant-specific cues at their worksites.

DISCUSSION

Despite their different behaviours to prevent the impairment of
the fungus, foragers, gardeners and midden workers of the leaf-
cutting ant A. ambiguus were informed about the unsuitability of
a specific plant species. After having experienced a plant as un-
suitable for the fungus, they responded by avoiding the leaves of
that plant at the foraging box, by discontinuing the processing of
those leaf fragments already present in the fungus chamber, and by
recovering fewer of those leaf fragments from the waste chamber
than they did leaf fragments of a novel suitable plant. Our results
clearly indicate that the three functional groups (i.e. foragers, gar-
deners and midden workers) were able to assess the suitability of
leaves for the fungus at their respective worksites. This outcome
suggests that information about plant suitability is not exclusively
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Figure 5. (a) Ratio of the number of leaf disks transported to the waste chamber to the number of discarded þ unprocessed disks in the garden (disposal index) for subcolonies fed
either fungicide-treated blackberry leaves or water-treated blackberry leaves (control) during days 1e3 of the experiment (N ¼ 6 subcolonies/treatment). Note: none of the control
subcolonies disposed of unprocessed leaf disks, so statistical analyses are restricted to comparison of disposal rates across time for subcolonies fed fungicide-treated leaves. (b) Ratio
of the number of leaf disks transported to the fungus chamber from the waste chamber (recovery index) on day 4, when subcolonies were given a choice between untreated leaves
of the previously experienced plant (blackberry) and untreated leaves of a novel plant (rose) inside the waste chamber. Data are means ± SE. *P < 0.05; **P < 0.01; ***P < 0.001.
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managed by any particular group of ants. On the contrary, the three
functional groups were able to learnwhat plants should be avoided
inside and outside the nest.

Avoidance Behaviours Inside the Nest

Our study is the first to investigate avoidance responses of leaf-
cutting ants towards unsuitable plants for symbiotic fungus inside
the fungus chamber. Here, we demonstrate that the suitability of
leaf fragments to be incorporated into the garden is assessed by
ants engaged in fungus cultivation. Their most conspicuous
response was the decrease in the processing of leaves as substrate
for the fungus. In addition, avoidance responses were also observed
inside the waste chamber, as midden workers were more likely to
recover fresh leaf fragments of novel plants than they were fresh
leaf fragments of the plant previously experienced as unsuitable for
the fungus. The observation that ants can recover plant material
from the dump and transport it back to the fungus chamber
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suggests that midden workers are more flexible in their tasks than
previously thought (Hart& Ratnieks, 2001). This observation is also
consistent with recent descriptions of the behaviour of midden
workers in Acromyrmex echinatior and Atta sexdens rubropilosa:
midden workers perform diverse activities such as foraging or
fungal care when conditions within the nest environment change
(Lacerda, Della Lucia, DeSouza, de Souza, & de Souza, 2013;
Waddington & Hughes, 2010).

Our results clearly indicate that avoidance behaviours of gar-
deners and midden workers also rely on a learning process, as
already described for foragers (Herz et al., 2008; North et al., 1999;
Saverschek et al., 2010; Saverschek & Roces, 2011). Workers might
associate cues related to the current state of the fungus (healthy or
unhealthy) with cues from the plant, and in fact, the mere
perception of the odour of the plant experienced as unsuitable for
the fungus suffices to retrieve aversive memories in foraging
workers (Saverschek & Roces, 2011). We hypothesize that putative
cues or signals from the impaired fungus might act as the negative
reinforcement (or unconditioned stimulus), whereas the cues from
the harvested plant (i.e. odour, taste, roughness, etc.) might
represent the conditioned stimuli (Pavlov, 1927/2010). Whatever
the process by which ants learn to associate features of the har-
vested plant with its harmful effects on the fungus, we show that
gardeners and midden workers have the ability to discriminate
between untreated leaves of the plant that they have experienced
as harmful for the fungus, and leaves from a novel suitable plant.
Beyond the species specificity of the described avoidance re-
sponses, a nonspecific effect was also evident: subcolonies initially
fed fungicide-treated leaves showed reduced acceptance of a novel
plant. Such a decrease in acceptance of a novel plant led us to
speculate that exposure to fungicide-treated leaves may not only
affect associative components of the avoidance-learning process,
but nonassociative components too (Menzel, 1999). One plausible
explanation for these results is that exposure to the fungicide-
treated leaves increased the ants' sensitivity to respond to ‘com-
mon green volatiles of leaves’ or even to plant sap, thus leading to
the rejection of an otherwise suitable plant species.

Disposal of Plant Material

Despite reduced collection of fungicide-treated leaves 24 h after
their initial harvesting, a few fragments were still carried to the
fungus garden on the following days, and were usually unloaded
onto the fungus. Soon after their intake, we observed that these
items were removed from the surface of the garden and often
accumulated in a corner of the fungus box. This sorting of leaf
fragments suggests that ants inside the nest recognized that the leaf
disks as unsuitable, and handled them as fresh, inappropriate ma-
terial that needed to be disposed of. Such behaviour became more
evident on the second and third days of the experiment, likely as a
result of the increasingproportionof gardeners that experienced the
noxious effect of the unsuitable plant on the fungus. Although this is
the first time such ‘sorting’ behaviour has been described inside the
nest, the idea that inappropriate substrates initially carried into the
nest are later removed from the fungus is not new. Camargo et al.
(2003) described that some inert materials (e.g. polystyrene, plas-
tic or clay) initially incorporated by workers of Acromyrmex sub-
terraneus brunneus were later discarded around the nest entrance
and inside thewaste chamber. A similar behaviourwas described for
Atta sexdens rubropilosa (Verza, Forti, Lopes, Camargo, & Matos,
2007). In agreement with this, we found that some of the leaf
disks that had been deposited on the edge of the fungus chamber
were later moved to the waste chamber. Interestingly, some of the
leaf diskswere later recovered from the dumppile and brought back
to the garden, usually 24e36 h after the incorporation of fungicide-
treated leaves, suggesting that a number of workers still remained
naïve regarding substrate suitability by this time.

Detailed observations of disposal activity indicated that midden
workers not only disposed of unprocessed leaf fragments, but also
disposed of pieces of leaves undergoing decomposition. Although
the disposal dynamic of processed and unprocessed leaf fragments
was not studied in control subcolonies, two lines of indirect evi-
dence suggest that the transport of fresh plantmaterial to the dump
was triggered only by the noxious effect of the fungicide-treated
leaves on the fungus. First, in subcolonies fed water-treated
leaves (control group), the disposal index was zero (no disposal at
all) over the 3-day period, showing that none of 300 disks offered
was disposed of. Second, in subcolonies fed fungicide-treated
leaves, disposal of unprocessed and partially decomposed leaf
fragments only occurred 12 h after the initial collection of unsuit-
able leaves, a time very close to the onset of rejection behaviours by
foragers of Acromyrmex lundi investigated using a similar experi-
mental paradigm (Herz et al., 2008). The observed nonrandom
disposal rates, with a peak of activity 12e28 h after the incorpo-
ration of fungicide-treated leaves, are consistent with the expected
time required for a large proportion of ants to experience the effects
of unsuitable leaves on the fungus.

Yet, whether the disposal of fresh, unprocessed leaf fragments
should be considered a learned avoidance response or not remains
elusive. On the one hand, rejected fragments could have been
actively transported to the dump because ants recognized them as
harmful for the fungus based on their previous experience with
them. On the other hand, fragments could have been disposed of to
prevent waste accumulation inside the fungus chamber because
they were not appropriate as substrate for the fungus anymore, for
instance because of desiccation or decay after a number of days
inside the fungus chamber without processing. More experiments
are needed to bring light into this matter.

Propagation of Information about Plants Unsuitable for the Fungus

Delayed avoidance of plants unsuitable for the fungus is assumed
to be triggered by transient changes in the fungus' state or by the
release of semiochemicals by the fungus itself that could be detected
by ants (Herz, et al., 2008; Knapp et al., 1990; North et al., 1999;
Ridley et al., 1996). Because of their intimate association with the
fungus, gardeners are highly prone to perceive such putative cues or
signals immediately after they appear. However, little is known
about the information that predicts the deleterious effect of the
harvested plants on the fungus and how it propagates from the
garden to the rest of the nest (North et al., 1999). We speculate that
foragers and midden workers visiting or staying on the fungus gar-
denwould be able to quickly associate cues or signals related to the
state of the funguswith cues from the plantmaterial embedded in it.

Other workers inside the nest, not directly involved in fungus
tending, might also learn the noxious effect of plants indirectly
through interactions with informed ants. The observation that
unprocessed and partially decomposed leaf fragments are taken
from the garden to the waste chamber opens the question of
whether or not plant fragments disposed of as waste may be
involved in the communication about plant suitability among
workers. The presence of fresh leaf fragments inside the waste
chamber might therefore provide ants with information about
plant cues, likely olfactory, that should be avoided inside and
outside the nest. In addition, if waste particles contain both plant-
related cues and cues from damaged fungus, naïve workers might
be able to learn about the suitability of a harvested plant through
the waste (e.g. while it is being transported through the nest tun-
nels and/or as it accumulates in waste deposits). Under this hypo-
thetical scenario, naïve ants might be able to associate, during
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waste disposal, chemical features of the plant being disposed of
with the detrimental effects of such a plant on the fungus. It is
therefore tempting to speculate that colony waste originating from
plants harmful for the fungus may influence plant acceptance by
workers, thus representing a delayed, negative feedback loop that
controls the behaviour of the ants through their symbiotic fungus.
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