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Abstract Division of labour is the hallmark of the success of
many social animals. It may be especially important with
regard to waste management because waste often contains
pathogens or hazardous toxins and worker specialisation can
reduce the number of group members exposed to it. Here we
examine waste management in a fungus-farming, leaf-cutting
ant, Acromyrmex echinatior, in which waste management is
necessary to protect their vulnerable fungal crop. By marking
ants with task-specific paint colours, we found clear division
of labour between workers that engage in waste management
and those that forage, at least during the fine timescale of the
3-day marking period. This division of labour was influenced
by both age and size, with waste management workers
tending to be smaller and younger than foragers. The role of
preventing contaminated ants from entering the colony was
fulfilled mainly by medium-sized workers. When the level of
waste was experimentally increased, most of the ants that
responded to remove the waste were workers previously
engaged in tasks inside the nest rather than external waste
workers or foragers. These responding workers tended to be
young and medium-sized. Surprisingly, the responding ants
were subsequently able to revert back to working within the
fungus garden, but the probability of them doing so
depended on their age and the length of time they were
exposed to waste. The results demonstrate the importance
of division of labour with regard to waste management in
A. echinatior and show that this is adaptable to changing
needs.
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Introduction

The efficient organisation of work enhances the success of
social organisms. In many social insects, this involves
division of labour, with individuals carrying out different
tasks and thereby potentially improving overall colony
efficiency (Oster and Wilson 1978; but see Dornhaus
2008). The probability of an individual engaging in a
particular task may be affected by a variety of factors that
can include age, location, morphological caste, genotype
and experience (Holldobler and Wilson 1990; Winston
1995; Ravary et al. 2007; Smith et al. 2008). The strength
of stimuli for tasks will vary both spatially and temporally,
and will thus be experienced differently by different
individuals. A number of models have been proposed to
explain the emergence of division of labour in social insect
colonies (Gordon 1996; Beshers and Fewell 2001; Seid and
Traniello 2006), many of which are based on individuals
having different stimulus-response thresholds (Robinson
1992; Bonabeau et al. 1996; Theraulaz et al. 1998; Beshers
et al. 1999; Bonabeau and Theraulaz 1999). Increases in
stimuli then result in more individuals engaging in the
relevant task, with those with a lower response threshold
for the stimulus engaging at a lower level of stimulus.
There is now good evidence from a range of social insects
that workers do in fact differ in their response thresholds
and thus their likelihood of carrying out particular tasks,
depending on their morphological caste, age, development,
experience or genotype (Detrain and Pasteels 1991; Pankiw
and Page 1999; Beshers and Fewell 2001; Weidenmuller
2004; Ravary et al. 2007; Jeanson et al. 2008; Smith et al.
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2008; Uribe-Rubio et al. 2008). The result is that the profile
of workers engaged in a task depends on the stimulus, with
an increase in stimulus resulting in workers that might not
normally be involved in the relevant task switching to
engage in it (Robinson 1992; Fewell and Bertram 1999;
Beshers and Fewell 2001; Breed et al. 2002; Chapman et al.
2007; Hughes and Boomsma 2007).

Division of labour is likely to be particularly important
with regard to waste management. All societies generate
waste, including excreta, food refuse and deceased group
members, and its effective management is essential for the
society to be successful (Jackson and Hart 2009). Waste can
often be hazardous, containing pathogens or toxic com-
pounds (Schmid-Hempel 1998; Bot et al. 2001; Hughes et al.
2004; Brown et al. 2006); division of labour can reduce the
proportion of the group exposed to infection by minimising
the number of individuals that contact hazardous material.
Such division of labour between waste management and
other tasks has accordingly been recorded in a diversity of
social insects, from those with complex social systems such
as honeybees and leaf-cutting ants to those with more simple
societies (Michener 1974; Holldobler and Wilson 1990;
Benton and Foster 1992; Winston 1995; Gordon and
Mehdiabadi 1999; Breed et al. 2002).

For most social insects, therefore, waste management is
necessary to protect the vulnerable brood and queen, as
well as adult workers. However, leaf-cutting ants (4#a and
Acromyrmex) have a further incentive to practice waste
management. They are part of a complex symbiosis
involving at least five parties (Currie et al. 1999b; Little
and Currie 2008; Mueller et al. 2008), and are reliant upon
a mutualistic fungus which they cultivate for food on the
vegetation they harvest. Due to its long coevolutionary
history with the ants (Currie et al. 2003; Mikheyev et al.
2008), this cultivated fungus is vulnerable to competitors
and parasites, particularly the specialised fungal parasite
Escovopsis which can destroy the fungal crop and result in
colony death (Currie et al. 1999a; Currie 2001). Waste
material frequently contains Escovopsis as well as other
harmful microorganisms (Bot et al. 2001; Currie and Stuart
2001; Hughes et al. 2004; Brown et al. 2006), so to reduce
the risk of contamination, leaf-cutting ants need to
deal efficiently with waste. Accordingly, leaf-cutting ants
deposit waste either in deep underground chambers or in
external piles downhill and downwind of the nest (Bot et al.
2001; Hart and Ratnieks 2002; Ballari et al. 2007). The task
of waste removal may be partitioned, with workers from the
fungus gardens depositing waste in a cache from which it is
transported to the waste piles by dedicated waste manage-
ment workers (Hart and Ratnieks 2001). There can also be
division of labour: waste management workers are distinct
from foragers in Atta colombica and Atta cephalotes (Hart
and Ratnieks 2001, 2002), are older in Acromyrmex
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subterraneus (Camargo et al. 2007) and smaller than
foragers in Atta sexdens and Acromyrmex lobicornis
(Wilson 1980b; Ballari et al. 2007). It appears that this
division of labour is reinforced by treating aggressively
waste management workers that try to enter the fungus
gardens (Hart and Ratnieks 2001; Ballari et al. 2007). Older
workers tend to be more aggressive in many social insects and
aggression at nest entrances in Afta leaf-cutting ants is
mediated by small workers (Hughes and Goulson 2001),
but whether size or age affect aggression towards individuals
contaminated with waste is not known.

Here we examine waste management of the leaf-cutting
ant, Acromyrmex echinatior. In experiment 1, we first
confirmed that division of labour was present between
waste management and foraging, as well as determining the
size and age of ants normally engaged in working with
waste. In experiment 2, we then examined whether ants
contaminated by waste are prevented by nestmate aggres-
sion from entering the fungus garden, and which size and
age of ants were responsible for this. Finally, in experiment
3 we tested the stimulus-response threshold model by
artificially increasing the stimulus for waste management to
establish whether the number of waste workers within the
colony was fixed, or whether, and which, other workers
would aid in waste removal. We followed this up by
determining whether ants that responded to work with the
added waste are then able to revert back to their original
roles.

Materials and methods

Five colonies of A. echinatior were used (Ae213, Ae2l16,
Ae310, Ae312 and Ae321) which had been collected from
Gamboa, Panama, between 2003 and 2006. Colonies were
maintained at 80+£5% relative humidity, 26+2°C and 12:12
light/dark cycle, fed twice weekly on privet leaves
(Ligustrum spp.) and provided with water ad libitum.
Colonies were kept in plastic boxes (height 17 cm, width
36 cm, depth 54 cm) and provided with a pot in one corner
in which they deposited waste. Fungus gardens were
contained within inverted plastic beakers. At the time of
the experiments, colonies Ae310 and Ae321 had c. 0.5 1 of
fungus garden, colonies Ae216 and Ae312 had c. 1 1, and
colony Ae213 hadc. 1.5 1.

Experiment 1: division of labour between waste
management and foraging

For four colonies (Ae213, Ae216, Ae310 and Ae312), the
ants engaged in waste management and foraging were
marked over the course of 3 days with task-specific
coloured paint. Ants were removed from colonies, cooled
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on ice and marked with paint. The ants were then kept in
individual pots for 5 min after marking to confirm that they
behaved normally before being replaced in their colony.
Previous studies (Julian and Cahan 1999; Walker and
Hughes 2009), as well as preliminary trials, confirmed that
such paint marking does not affect behaviour. This
procedure was then repeated for 8 h per day for 3 days
(see Table 1 for the total numbers marked). The number,
size (small, medium or large) and age (young or old) of
workers marked for each task were recorded. “Young’ ants
were those whose cuticles were medium brown in colour,
while ‘old’ ants were dark brown. No light brown or callow
individuals were included in the experiment. The size of
ants was estimated by eye (Wilson 1980b; Hughes et al.
2003), and ants were classed as small, medium or large if
their head widths were <1.3, 1.4-1.8 and >1.9 mm,
respectively. In addition, the head widths were measured
for 50 waste workers and 50 foragers, randomly selected
from colony Ae312.

Experiment 2: behavioural response to ants contaminated
with waste

Young, medium-sized workers ants were collected from the
fungus gardens of four colonies (Ae213, Ae216, Ae310 and
Ae321). Test ants were exposed to waste particles (not

Table 1 The numbers of ants marked during experiment 1 over the
course of the three day marking period for each colony

Waste management workers Foragers Total
Colony Ae213
Day 1 192 91 283
Day 2 215 155 370
Day 3 250 164 414
Total 657 410 1,067
Colony Ae216
Day 1 220 281 501
Day 2 113 128 241
Day 3 98 130 228
Total 431 539 970
Colony Ae312
Day 1 151 157 308
Day 2 147 174 321
Day 3 136 45 181
Total 434 376 810
Colony Ae321
Day 1 158 33 191
Day 2 126 4 130
Day 3 94 4 98
Total 378 41 419

including pieces of leaf or ant cadavers) from their colony
in 1.5-ml Eppendorf tubes for 5 s or for 10, 20 or 30 min
(ten ants per exposure time per colony). Control ants were
treated similarly, but in empty Eppendorf tubes (again ten
ants per exposure time per colony). In total, 40 test and 40
control ants were observed for each of the four colonies.
After the exposure periods, the ants were cooled at —20°C
for 20 s and placed back into their colony close to the
entrance of the fungus garden. Ants were taken from their
colonies in batches of 20 individuals, of which ten were
exposed to waste and ten used as controls. The ants were
reintroduced individually, with colonies being left for 1 h in
between batches. We recorded for each ant whether it
entered the fungus garden without interacting with any
nestmates, or in its first interaction with a nestmate was
treated aggressively (nestmate bites or chases focal ant, or
opens mandibles in alarm; Hughes and Goulson 2001;
Hughes et al. 2001), or non-aggressively (nestmate anten-
nates focal ant). For the ants exposed to waste for 5 s or
10 min, we also examined if ant size influences the
behavioural response by recording the number of ants of
each size class (small, medium or large) within 5 cm of the
location where the focal ant was placed and the proportions
of these ants showing aggression.

Experiment 3: response to increased stimulus for waste
management

After all waste workers and foragers were marked as
outlined above, a 5-ml volume of waste particles from the
colony’s waste pile was placed immediately next to the
entrance of the fungus garden. The position was such that
the added waste was encountered by foragers and waste
workers as well as the other ants present near the nest
entrance. During the following 10 min, all individuals seen
transporting this waste to the waste pile were collected.
Immediately after this 10-min period, a snapshot count was
made of the ants working with the added waste. All
collected ants were then marked with paint, using a
different colour to before, and their size, age and original
task [waste management, forager or internal (unmarked)]
recorded. After marking, the ants were placed on ice for
20 s and then replaced in their colony. The ant marking and
data collection for a colony was completed within a 20-min
period. This procedure was then repeated for 6 h. The
colonies were then left for 24 h to allow individuals to
revert back to their previous tasks if they were able to do
so. After this time had elapsed, the colony’s waste area was
observed to determine whether any of the newly marked
ants were still dealing with waste. Such ants were removed
from the colony over the course of 30 min. The numbers,
original task, size and age of newly marked ants engaged in
waste management were then recorded to determine what
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effect previous task, age or size had on the probability of
reverting.

Statistical analysis

G tests for heterogeneity were used to test whether size
categories or ages differed in their representation in the waste
management workers or foragers, and whether size, age or
task of origin affected the likelihood of a worker responding to
deal with the experimentally added waste or their likelihood of
remaining a waste management worker 24 h later (Sokal and
Rohlf 1995). General linear models were used to investigate
the results of the behavioural response experiment. Separate
models examined the effects of exposure time and treatment
on: whether an ant entered a colony immediately, was
aggressed or treated non-aggressively; the log(x+1) trans-
formed numbers of ants of different sizes which interacted
with the focal ant; the arcsin transformed proportions of
interactions by ants of different sizes which were aggressive
or non-aggressive.

Results

Experiment 1: division of labour between waste
management and foraging

All colonies showed clear division of labour between waste
management and foraging, at least over short time spans.
During the 3-day marking period, workers seen (and
marked) engaged in waste management were afterwards
observed almost exclusively working with waste while
workers seen (and marked) foraging were almost never
seen working with waste. Out of 1,522 waste workers and
1,325 foragers that were marked, only three were observed
to switch from foraging to waste management or vice versa.
This further supports the observation that the paint-marking
procedure or paint has no effect on behaviour. In colony
Ae312 where individuals were measured, the workers
engaged in waste management were significantly smaller
than those engaged in foraging (1.49+0.05 vs 24+0.04 mm
head width respectively; Mann—Whitney U test—U=277,
N=101, P<0.0001). In all four colonies, the waste
management workers differed significantly from foragers
in the representation of the small, medium and large worker
categories (Ae213—Gy=41.9, df=2, P<0.0001; Ae216—
Gue=149, df=2, P<0.0001; Ae312—Gy =326, df=2, P<
0.0001; Ae321—Gye=34, df=2, P<0.0001). The majority
of foragers were large, with most of the remainder being
medium-sized and virtually none small (Fig. la). In
contrast, most waste management workers were medium-
sized, with many being small and only few large (Fig. 1a).
In colonies Ae213 (G,4j=168, df=1, P<0.0001) and Ae312
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(G.4j=93.4, df=1, P<0.0001), waste management workers
also differed significantly from foragers in that a greater
proportion of them were young (Fig. 1b). However, there
was no difference in age between waste management
workers and foragers in colony Ae216 (G,4=3.9, df=1,
P=0.142; Fig. 1b).

Experiment 2: behavioural response to ants contaminated
with waste

Very few of the ants exposed to waste entered the fungus
garden immediately without interacting first with a nest-
mate (Fig. 2a). Significantly more of the control ants did so,
with the number increasing with the length of time the
control ant had been kept isolated from its colony
(treatment X exposure time interaction—F54=9.59, P=
0.0002). There was also a significant interaction between
treatment and exposure/isolation time on the number of
introduced ants which were treated aggressively (F7,4=
13.6, P<0.0001). Very few of the control ants were
aggressed, regardless of the length of time they were kept
isolated (Fig. 2c). Substantially more of the ants exposed to
waste were aggressed, with most ants exposed to waste for
20 or 30 min being treated aggressively compared to only
about half of the ants exposed to waste for 5 s or 10 min
(Fig. 2¢). Ants which were exposed for 10 min, and which
were not treated aggressively, tended to be intensively
allogroomed by their nestmates.

The three sizes of worker differed significantly in their
representation in the general area (£, g=112, P<0.0001),
with 67+2% of workers being medium-sized while large
(14+1%) and small (19+£2%) workers were less frequent.
Medium-sized workers were also the main group to interact
with the focal ant (50+£4% of ants, compared with 27+4%
for large and 23+5% for small workers; F, 54=76.6, P<
0.0001), regardless of treatment or exposure time (both
main effects, and all interactions P>0.05). The likelihood
of an ant being aggressive towards the focal ant depended
significantly upon the size of the ant responding (F,40=
3.73, P=0.033), with small workers being more, and large
workers less aggressive towards the focal ant (Fig. 3).

Experiment 3: response to increased stimulus for waste
management

Following the placement of the additional waste in the
colonies, a variety of workers engaged in moving it to the
waste pile. These ants did not show alarm behaviour
[gaping mandibles, rapid movement, looping runs (Hughes
and Goulson 2001; Hughes et al. 2001)]. In all four
colonies, there was a significant effect of an ant’s original
task on its likelihood of dealing with the additional waste
(Ae213—Ge=82.8, df=2, P<0.0001; Ae216—Gy=67.8,
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df=2, P<0.0001; Ae312—Gyu=15.9, df=2, P=0.0004;
Ae321—Gye=34, df=2, P<0.0001). Many internal work-
ers, but vey few foragers, dealt with the added waste
(Fig. 4a). Medium-sized ants were the most common size
to deal with the waste in all four colonies (Ae213—Gye=
81.6, df=2, P<0.0001; Ae216—Gue=55.1, df=2, P<
0.0001; Ae312—Gy=78.3, df=2, P<0.0001; Ae321—
Guee=19.3, df=2, P<0.0001; Fig. 4b). The effect of age
was also consistent across colonies, with more young ants
responding than old ants (Ae213—Gy=14.5, df=1, P=
0.0007; Ae216—Gyue=7.6, df=1, P=0.022; Ae312—Gye=
5.24, df=1, P=0.073; Ae321—Gy=11.9, df=1, P=0.003;
Fig. 4c). The number responding decreased over time and
ants that responded continued working with the waste until it
had been completely removed.

After 24 h, most ants that had dealt with the additional
waste had reverted back to their original task, with only a
few still engaged in waste management (Fig. 5). The size
and age of ants influenced whether they reverted or
remained as waste management workers in colonies
Ae213 (Gu=41, df=4, P<0.0001) and Ae216 (Gye=
12.5, df=4, P=0.014), but not colony Ae312 (Gy=6.21,
df=4, P=0.184). In colony Ae213, young, medium-sized
workers were more likely to revert whereas old, large
workers were more likely to remain as waste management

workers (Fig. 5). In colony Ae216, though, it was young,
medium-sized workers that were less likely to revert while
old, medium-sized workers were less likely to stay as waste
management workers (Fig. 5). The effect of size and age on
likelihood of reversion was therefore somewhat variable
across colonies, with the only general pattern in the data
being that old, large workers were most likely to remain as
waste management workers (Fig. 5).

Discussion

In experiment 1, we found that under normal conditions,
and at least for the 3-day duration of the marking period,
certain workers specialised in waste management and did
not engage in other tasks, while foragers similarly
specialised in their task and did not engage in waste
management. Both size and age affected this division of
labour. Our results therefore show division of labour
between waste management and foraging in A. echinatior
colonies. This is in accord with previous studies which
have similarly shown division of labour between waste
management and foraging in leaf-cutting ants and other
social insects (Holldobler and Wilson 1990; Gordon and
Mehdiabadi 1999; Hart and Ratnieks 2001, 2002; Ballari
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Fig. 2 Mean+SE numbers of ants in experiment 2 which had been
exposed to waste for 5 sec (0) or 10, 20 or 30 min (shaded bars) or
controls (clear bars) and which either: a entered the fungus garden
directly, b were antennated by a nestmate non-aggressively or ¢ were
aggressed by a nestmate

et al. 2007). As found previously in A¢ta and Acromyrmex
(Wilson 1980b; Wetterer 1999; Hughes et al. 2003), the
largest workers engaged in foraging which is due to their
greater efficiency at cutting vegetation (Wilson 1980a).
Waste management workers were significantly smaller.
This was also found to be the case in Atta sexdens and
Acromyrmex lobicornis (Wilson 1980b; Ballari et al.
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2007), although not in Atta colombica (Hart and Ratnieks
2002), and may be because waste material is relatively
light to transport. Waste management workers also
differed from foragers in two of the three colonies
analysed in that many of them were of medium brown
cuticular colouration. This indicates that they were on
average younger than foragers, in contrast to the results of
Camargo et al. (2007). Our study only very crudely
estimated age so was a conservative estimate of the effect
of age and greater age polyethism is likely to have been
present. Taken together, these results suggest that foraging
and waste management are not equally alternative end-of-
life tasks for leaf-cutting ant workers. Instead smaller
individuals appear to become waste management workers
while larger individuals tend to become foragers, with the
former doing so at a younger age than the latter.

The results from experiment 2 show that the division
of labour in waste management in A. echinatior is
reinforced by aggression. Workers that had come into
contact with waste were treated aggressively by their
nestmates, which is consistent with the results of other
studies of leaf-cutting ants (Hart and Ratnieks 2001;
Ballari et al. 2007). However, the level of aggression
depended on the duration of exposure to waste. Aggres-
sion was high towards ants that had been exposed to waste
for 20 or 30 min, but was substantially lower towards ants
exposed to waste for 10 min or only a few seconds. In
addition, ants exposed for 10 min and not aggressed
tended to receive intensive allogrooming, a behaviour
which is effective at removing parasites from the cuticle
(Hughes et al. 2002; Yanagawa et al. 2008). This pattern
suggests A. echinatior workers are sensitive to the level of
hazard presented by a contaminated ant, attempting to
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are given above the columns

clean it if contamination is low and treating it aggressively
when contamination is high.

The aggressive response was also related to worker
size. Medium-sized ants were the most numerous size in
the area just outside the fungus garden where the
introduced ants were placed, and thus the most likely
to interact with the introduced ant. Medium-sized work-
ers make up a relatively small proportion of the overall

population of an Acromyrmex colony (Wetterer 1999;
Hughes et al. 2003), but may be more abundant in this
area due to their generalist role (Forti et al. 2004). Small
workers though, were most likely to be aggressive.
Previous studies have found that A#fa small workers both
defend foraging workers against parasitoids (Feener and
Moss 1990; Orr 1992; Linksvayer et al. 2002; Yackulic
and Lewis 2007) and more generally act as sentries on
foraging trails, playing the key role in the alarm reaction
to threats (Hughes and Goulson 2001). Our results suggest
that Acromyrmex small workers may also play a key role
in detecting and responding to threats.

When presented with an increase in waste in experiment
3, individuals that had not previously been marked as
engaged in waste management dealt with the added waste.
Some of these may have been waste management workers
that had simply not been marked. However, 81% of the 441
workers that responded ceased waste management once the
added waste had been dealt with, indicating that most had
responded specifically to it. This is in keeping with the
stimulus-response threshold model of division of labour
(Robinson 1992). The probability of an ant responding was
influenced by the previous task, age and size of ants.
Foragers were unlikely to switch task, possibly because the
behavioural complexity of foraging either makes it ineffi-
cient or neurologically difficult for them to switch task. In
accord with this, switching between foraging and waste
management under normal circumstances in A. echinatior,
and other leaf-cutting ants (Hart and Ratnieks 2002; Ballari
et al. 2007), appears to almost never occur. Most of the ants
that responded were medium-sized, young, internal work-
ers. The size of ants that switched was thus similar to that
of the workers that normally dealt with waste. This may in
part be because this is the optimum size for dealing with
waste (Hart and Ratnieks 2002), but it is also likely to be
due to their relative abundance in the area immediately
outside the fungus garden and their generalist role (Forti et
al. 2004). Possibly the internal workers that responded
could have been inactive waste management workers, but
this seems unlikely as the rarity of such a sudden increase
in waste stimulus would make this very inefficient. More
probably, these ants represent a ‘reserve’ force of inactive
workers that were not committed to any task, and which
were then able to respond rapidly to the sudden increase in
stimulus for waste management.

Previous studies have found that waste management
workers are unable to re-enter the main nest (Hart and
Ratnieks 2001; Ballari et al. 2007), and in experiment 2 we
also found that A. echinatior workers contaminated with
waste are treated aggressively. It is therefore surprising that
most of the ants which dealt with the added waste in
experiment 3 reverted back to working within the fungus
garden once the waste had been removed. Presumably this

@ Springer



Behav Ecol Sociobiol

Fig. 5 Proportions of the workers
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size. The numbers of ants 0.2 1
counted are given above the
columns and circled when they
were significant at £<0.05 in 0 —
individual G tests within that ©
colony. No data on reversion was g
collected for colony Ae321
0
(b) 1-
0.8 4
N
5
« 0.6 1
[§]
c
kel
2 0.4
Q
o
0.2 1
0
©
€
(2]

was because their contamination with waste was relatively
low and did not pose a threat to the colony or could be
cleaned. Reverting to previous tasks after task switching
has been observed in the honeybee, in which the
probability of reversion depends upon the length of time
engaged in the task (Page et al. 1992). Our results
therefore also suggest that the behavioural demands of
dealing with the waste were insufficient for ants to
become fixed in the task.

This investigation has demonstrated how A. echinatior
colonies organise waste management and respond to
increasing need. Both ant age and size influence the
division of labour between waste management and forag-
ing, as well as the probability of individuals responding to
an increase in waste. Waste management is an important
task for leaf-cutting ants because waste is hazardous to both
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the ants themselves and their mutualistic fungal crop (Bot et
al. 2001; Currie and Stuart 2001; Hart and Ratnieks, 2002;
Hughes et al. 2004; Brown et al. 2006). Our results suggest
that the flexibility of task allocation in A. echinatior
colonies allows them to respond rapidly and effectively
deal with an increase in the hazard while minimising the
risk of further contamination of the colony.
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