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Nonreproductive workers of many eusocial Hymenoptera ‘police’ the colony, that is, they attack repro-
ductive sister workers or destroy their eggs (unfertilized; developing into haploid males). Several ulti-
mate causes of policing have been proposed, including (1) an increase in colony productivity, applicable if
reproductive workers work less, or (2) an increase in worker-to-male relatedness, applicable if within-
colony relatedness is low. To explain the distribution of policing across taxa, the explanatory power of
these and other potential ultimate causes should be assessed separately. One of the few species for which
this can be done is the leafcutter ant Acromyrmex echinatior. We previously demonstrated that colony
productivity incentives (and sex ratio incentives) are minimal here, while relatedness incentives are
strong because queens are highly multiply mated. Overcoming technical difficulties peculiar to leafcutter
ants, we introduced reproductive versus nonreproductive workers and batches of queen-laid versus
worker-laid eggs into experimental colony fragments and observed their fate. Our main finding was that
workers policed by selectively destroying worker-laid eggs, but without attacking reproductive workers.
We infer that relatedness incentives are the most likely ultimate cause of the evolutionary maintenance
of workereegg policing in A. echinatior.
! 2010 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Workers of eusocial Hymenoptera (wasps, bees, ants) are always
females. They typically have ovaries, but unlike queens they lack
genitalia and a spermatheca, so they cannot mate. Any worker-laid
eggs will remain unfertilized and can develop into fertile haploid
males because of the hymenopteran haplodiploid sex determina-
tion system (Choe 1988; Bourke 1988; for exceptions see Pirk et al.
2003; Hartmann et al. 2004). As in nonsocial organisms, the
number of dispersing virgin queens (queen daughters) and males
(queen and/or worker sons) that a colony can produce is resource-
limited. It is thus important for workers, which nurse the brood, to
raise selectively those sexuals that yield the greatest fitness return.

The direct fitness benefits of egg laying to workers are poten-
tially high, as workers are at least one-third more related to their
sons (average life-for-life relatedness coefficient (r ¼ 0:50) than to
any other males that could be produced in the colony (r " 0:375).
However, it has been shown that in many species, mainly or

exclusively queen sons are produced in the queen’s presence
(reviewed in Hammond & Keller 2004; Wenseleers & Ratnieks
2006a; Ratnieks & Wenseleers 2008), implying that few workers
ever have sons.

An important and widespread proximate cause of the predom-
inance of queen sons is self-restraint, that is, workers refraining
from laying reproductive eggs except after losing their queen.
However, self-restraint can only be adaptive if the average number
of sons obtained by a reproductive worker is approximately zero
because of interference by sister workers or the queen (e.g.
Ratnieks 1988; Wenseleers et al. 2004a, b; Helanterä 2007;
Wenseleers & Ratnieks 2006b). For example, self-restraining
workers can attack reproductive workers to prevent them from
laying (hereafter: ‘workereworker policing’), selectively destroy
worker-laid eggs (‘workereegg policing’) or ‘seasonally suppress’
all sexual brood, that is, only rear virgin queens and males in the
weeks preceding the mating season or after irreversible queen loss
(Dijkstra & Boomsma 2007). A long evolutionary history of worker
self-restraint could lead to the evolutionary regression (see Jeffery
2005; Protas et al. 2007) of traits regulating the ontogeny and
physiology of worker ovaries (Beekman & Oldroyd 2005; Helanterä
et al. 2006), which may explain the faulty expression of key
developmental genes in worker-produced oocytes, which causes
these eggs to die inside the ovary or during embryonic develop-
ment (‘reproductive constraint’, Khila & Abouheif 2008).
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Since its first discovery in the European honeybee, Apis mellifera
(Ratnieks 1988; Ratnieks & Visscher 1989) worker policing has been
demonstrated in many singly and multiply mated species of bees,
wasps and ants (reviewed in Ratnieks et al. 2006; Wenseleers &
Ratnieks 2006a, b; Ratnieks & Wenseleers 2008). A greater related-
ness of workers to brothers (queen sons) than to nephews (worker
sons) is thought to bean importantultimate causeofworkerpolicing
(e.g. Woyciechowski & qomnicki 1987; Ratnieks 1988; Pamilo 1991;
Ratnieks & Wenseleers 2008). Between-colony differences in
‘relatedness asymmetry’, that is, the ratio of the average relatedness
ofworkers tobrothers versusnephews, are currently theonlyknown
explanation for the facultativeworkerpolicingofworker-laid eggs in
the wasp Dolichovespula saxonica (Foster & Ratnieks 2000). Relat-
edness asymmetry is alsoa sufficientexplanation for: (1) theabsence
of worker policing in some singlymated societies, with average life-
for-life relatedness of workers to worker sons of rz0:375 (e.g. the
ant Temnothorax unifasciatus, in which self-restraining workers do
not police: Stroeymeyt et al. 2007; many stingless bee species: e.g.
Alves et al. 2009; reviewed in Tóth et al. 2004); (2) the presence of
worker policing in the ants Formica fusca and Pachycondyla inversa,
which have multiple queens per colony (rz0:25; D’Ettorre et al.
2004; Helanterä & Sundström 2005, 2007; Kellner et al. 2007; van
Zweden et al. 2007); and (3) the prevalence of worker policing in
the multiply mated honeybees and vespine wasps (r < 0:25;
Ratnieks et al. 2006; Wenseleers & Ratnieks 2006a, b).

It has long been recognized that worker policing may also be
selectively favoured when policing helps to maximize the total
production of virgin queens and males by increasing colony effi-
ciency (Cole 1986; Ratnieks 1988; Hartmann & Heinze 2003;
Wenseleers et al. 2004a, b; Hartmann et al. 2004; Helanterä 2006;
Dijkstra & Boomsma 2007; Ratnieks & Wenseleers 2008). Growing
eggs andegg laying are expected to reduce aworker’s output ofwork
for the colony because of time budget and energy constraints
(Ratnieks 1988). Efficiency incentives alone might have selected for
worker policing in societies in which relatedness asymmetry dis-
favours policing, for example the singly mated wasps Vespa crabro
and Polistes chinensis antennalis (Foster et al. 2002; Saigo & Tsuchida
2004). Unfortunately, disentangling potential relatedness incen-
tives, efficiency incentives and other potential incentives for worker
policing in individual taxa is difficult: different types of incentives
may be mutually reinforcing, while the colony-level cost of workers
laying eggs can rarely be quantified and are unlikely to be constant
across taxa. So far, three studies have tried to estimate the cost of
worker reproduction in ants by correlating the presence/absence of
a highproportion of reproductiveworkerswith ameasure of colony-
level work output: (1) Cole (1986) found a ca. 14% cost measured in
time spent on brood care in Leptothorax allardycei; (2) Gobin et al.
(2003) found a ca. 90% metabolic cost in Pachycondyla obscur-
icornis; and (3) Dijkstra & Boomsma (2007) found a <2% cost
measured in mutualistic fungus garden volume in Acromyrmex
leafcutter ants. For taxa for which estimates of the colony-level
efficiency cost of worker reproduction are lacking, the relative
importance of efficiency versus relatedness incentives for the
evolution of worker policing can only be assessed by two methods:
(1) correlating the presence/absence of worker policing with the
species-specific average within-colony relatedness across a large
comparative data set, while assuming that there is randomvariation
in efficiency incentives across species (Wenseleers & Ratnieks
2006b; Helanterä 2007); or (2) investigating whether a mecha-
nism for worker policing exists in parthenogenetic species inwhich
relatedness benefits for policing are absent (Hartmann & Heinze
2003; Pirk et al. 2003; Hartmann et al. 2004).

The aim of the present study was to test for the existence of
a worker policing mechanism in the Panamanian leafcutter ant
Acromyrmex echinatior. We estimated that the cumulative

colony-level cost of numerous laying workers is negligible (<2%) as
long as worker sons (and queen-derived virgin queens and males)
are ‘seasonally suppressed’ after the earliest larval instars (Dijkstra&
Boomsma 2007). However, worker policing is predicted to be
selectively favoured in A. echinatior because queens are always
highlymultiplymated (Sumner et al. 2004). Our study of a species in
which there are strong relatedness incentives but negligible effi-
ciency incentives for worker policing therefore provides an inter-
esting mirror image of previous studies of worker policing in
parthenogenetic taxa,where theopposite combinationof incentives
applies (Hartmann & Heinze 2003; Pirk et al. 2003; Hartmann et al.
2004). Experimental tests for worker policing are more difficult in
leafcutter ants than in other social insects because the presence of
the mutualistic fungus gardens makes direct observations on egg
laying, aggression and policing impossible in mature colonies. To
circumvent this problem, which is peculiar to fungus-growing ants
(which include the leafcutter ants),wedeveloped newmethods that
differ from those inpreviously published studies onworker policing.

METHODS

Study Species

Theexperimental colonieswere collectedbetween2001and2005
in Gamboa, Panama and transported to Denmark, where they were
kept under controlled conditions (see Dijkstra et al. 2005; Dijkstra &
Boomsma 2008 for details about collection and maintenance).
Reproductive colonies of A. echinatior in Panama contain between ca.
500 and ca. 40 000 workers (median: ca. 7000; see Appendix) and
raise 0e950 males per reproductive season (median¼ 70; mean
# SD¼ 159# 222; N ¼ 45 colonies: Dijkstra & Boomsma 2008). In
the absence of policing by workers or queens, workers would be
expected to produce ca. 59% of themales in the population, assuming
that 1%ofworkers are reproductive in the queen’s presence (estimate
from Dijkstra et al. 2005) and that reproductive workers lay on
average a single viable egg (see Appendix for calculation). In reality,
field and laboratory colonies produce mainly queen sons as long as
the queen is present (>97% of all adult males: M.B. Dijkstra, S.A.O.
Armitage, T.R. Gregory & J.J. Boomsma, unpublished data), although
worker sons are commonly raised in orphaned laboratory colonies
(Dijkstra & Boomsma 2007).

General Methods

The leafcutter ants’ obligate association with a mutualistic
fungus (reviewed in Currie 2001) has enabled us in a previous study
to approximate colony productivity and the cost of worker laying in
A. echinatior by measuring the volume of the fungus gardens
(Dijkstra & Boomsma 2007). However, the presence of fungus
gardens also makes it impossible to observe policing directly. We
therefore performed all experiments on small colony fragments in
the laboratory. These never contained a queen, butwe assumed that
the workers in them behaved as ‘queenright’ workers (i.e. workers
in the presence of their queen, and thus continuing self-restraint
and expression of any worker policing behaviour) for 3 days (see
Endler et al. 2004 for a similar study making the same assumption).
This assumption is likely to be valid, given that ovarian dissections
have shown that A. echinatior workers do not become reproductive
until$2e3 weeks after queen loss (Dijkstra & Boomsma 2007), and
that worker-laid eggs are rarely found in orphaned colonies until
$3e4 months after queen loss (M. B. Dijkstra & J. S. van Zweden,
independent personal observations). We wore latex gloves during
the experiments and always handled eggs and workers with
watchmaker’s forceps, which were cleaned by successive rinsing in
tap water, 99% acetone and 95% ethanol between manipulations.
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Preliminary observations (total 19 h) on similar colony frag-
ments in the laboratory have indicated that: (1) A. echinatior queens
do not interact with their eggs and depend on the workers to place
these among the other brood; (2) workers can remove eggs by
chewing on them and/or by dumping them on piles of so-called
‘infrabuccal pellets’ (waste ejected from the infrabuccal cavity of
workers) that are deposited away from fungus gardens (see Little
et al. 2003); (3) workers typically find eggs accidentally while
grazing on the fungus garden’s surface, and ignore eggs that are
more than ca. 1 mm away from their antennae; and (4) queens do
not graze on the fungus, suggesting that they lack the opportunity
to find and ‘queen police’ (see Ratnieks 1988) eggs laid by workers
or other queens (Dijkstra 2005).

WorkereWorker Policing

The aim of this experiment was to test whether workereworker
policing occurs, that is, whether self-restraining workers are more
aggressive to reproductive than self-restraining worker sisters. We
divided in half three queenright,mature laboratory colonies (Ae150,
Ae155, Ae209; each consisting of two fungus gardens with a total
volume of 1e2 litres and containing a single queen; see Dijkstra &
Boomsma 2007 for details). We subsequently maintained the
orphaned and queenright nests as independent colonies until the
start of the experiment 49e84 days later (Fig. 1a). We constructed
colony fragments that contained eight large workers and 22 small
workers, six large worker pupae or final-instar larvae and
3.9 # 0.1 mg (range 3.4e4.4 mg) of fresh fungus, all sampled from
the same queenright source colony. We jointly refer to the 30
workers in each colony fragment as ‘discriminator workers’. The
above ratio of large:small discriminator workers was chosen
because this closely corresponds to themean ratio of 1:3 observed in
mature laboratory A. echinatior colonies (M. Poulsen, unpublished
data). Discriminator workers were exclusively sampled from
workerswalking on the surface of the fungus garden to exclude two
categories of workers: (1) foragers orwaste disposalworkers, which
rarely interactwith thebroodandmightbe lessmotivated toexpress
policingbehaviour; (2) rareworkers (1%) that are reproductive in the
queen’s presence, mainly found among ‘curled up’ workers (see
below). Eachcolony fragmentwasplaced in a transparentplastic box
(7.2 % 5.1 cm and 4.6 cm high) with a transparent lid. The upper ca.
2 cm of the interior walls of the box were paintedwith Fluon (Asahi
Glass Co., Yurakucho, Japan) to prevent the workers from escaping
when the box was open. The box was connected by a rubber tube
(length 3 cm, internal diameter 0.8 cm) to an enclosed arena, in
which the discriminator workers could place dead fungus and
worker corpses (Fig. 1a). Colony fragments were maintained in
a dark climate room (ca. 60% relative humidity; temperature 25 &C)
throughout the experiment.We used an average of five (range three
to eight) replicate colony fragments per colony, using them for
a maximum of 2 days after setting them up. We sampled a single
large or small worker from the corresponding orphaned nest
(Fig. 1a), preferentially taking workers that were lying curled up in
the fungus garden, aswe have previously shown that these aremost
likely to be engaged in laying trophic or reproductive eggs (Dijkstra
et al. 2005).Wemarked each sampledworker on the anterior gaster
with white, odourless acrylic paint (‘Matt White no. 34’, Humbrol
Ltd., Marfleet, Hull, U.K.), and deposited her on top of the fungus in
the colony fragment (Fig. 1a). We closed the lid and immediately
started to observe the interior of the box at 6.4e16% magnification
underexclusively red light (towhichants are thought tobe relatively
insensitive), continuing for 10 min, not including periods when the
introducedworkerwas hidden fromview.We scored all instances of
knownaggressive behaviours in ants (e.g. biting, chasing,fleeing, leg
pulling, either by discriminator workers towards introduced

workers or vice versa), but not workereworker antennation as this
behaviour is considered to be neutral in A. echinatior (Lambardi et al.
2004). We retrieved the introduced worker and kept her in a 1.5 ml
tube for "6 h until we dissected her ovaries, following the protocol
in Dijkstra et al. (2005). We subsequently scored her as either
reproductive (i.e. with at least one opaque, reproductive oocyte in
her ovaries) or self-restraining (i.e. without yolky oocytes or with
exclusively transparent trophic oocytes). We introduced a total of
120workers (20 large and 20 small workers per colony), alternating
introductions between replicate fragments from the same queen-
right nest. Note that our set-up precludes any potentially con-
founding effects of nest odour or observer bias, as reproductive and
nonreproductive introduced workers were always sisters to the
discriminator workers and had been sampled ‘blindly’ (i.e. without
knowledge about their reproductive status until after the observa-
tions) from the same orphaned nest.

WorkereEgg Policing

The aim of this experiment was to test whether workereegg
policing occurs, that is, whether queenright workers destroy
worker-laid eggs more frequently than queen-laid eggs. In A.
echinatior, workers normally wrap clumps of eggs in envelopes of
fungal mycelium, but recently laid eggs may lie scattered inside the
fungus garden (Dijkstra et al. 2005). We divided in half six mature
laboratory colonies (Ae150, Ae153, Ae155, Ae160, Ae223, Ae226,
each consisting of two fungus gardens with a total volume of
1e2 litres and containing a single queen), and maintained the
resulting orphaned and queenright nests as separate colonies for
182 # 25 days (mean # SE; range 98e231 days) until the start of
the experiment (see Dijkstra & Boomsma 2007; Fig. 1b).

We never compared the behaviour of discriminator workers
shown towards eggs laid by their own queen versus eggs laid by
sister workers. Such a comparison would have introduced a con-
founding interaction between difference in nest odour and caste of
the egg-layer, which might artificially cause worker-laid eggs to
become less acceptable to discriminator workers. This is because
sufficient numbers of worker-laid eggs can only be obtained from
nests that have been separated from their queen for $3 months,
while discriminator workers must remain with their queen until
the start of the experiment (see above). To keep the effect of
differences in nest odour between the nest of origin of discrimi-
nator workers and introduced eggs constant and high, we paired
each of the six colonies with another colony following a random-
ized design: one colony of each pair would then donate the queen-
laid and worker-laid eggs and the other the discriminator workers
(Fig. 1b). In other words, each group of discriminator workers
would be offered either exclusively eggs laid by an unrelated queen
or exclusively eggs laid by unrelated workers.

For the discriminator nests, we created two identical colony
fragments from the queenright nest of each of the six colonies, with
the same specifications as in the aggressive policing experiment, but
with12 large and30smallworkers (approximately the typical ratioof
large to small workers; see above) and no brood. We examined the
fungus in each fragment at 6.4e16% magnification in a petri dish
rimmed with moist cotton wool and discarded all eggs (presumably
all queen-laid), a procedure that took ca. 2.5 h per colony fragment.
These colony fragments were kept for 24 h without disturbance
before any eggs were introduced. To obtain queen- and worker-laid
eggs for introduction,wesearched the interiorof the fungusgarden in
the corresponding egg-donating nests (Fig. 1b) for egg clumps and
carefully removed the mycelial envelope of eggs with forceps. We
exclusively sampled shinywhite (ca. 0e4 days old) reproductive eggs
(i.e. nontrophic; see Dijkstra et al. 2005 for details) and took care to
sample from at least two egg clumps per nest. We deposited 15 eggs,
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either all queen-laid or all worker-laid, and all from the same nest,
following the predetermined random pairing, on top of the fungus in
each of the 12 receiving colony fragments (Fig.1b). After having been
kept in a dark climate room (ca. 60% relative humidity; 25 &C) for 3
days, the colony fragments were frozen, immersed in 70% ethanol so
that all fungus dissolved, and any eggs remaining were counted. The
duration of 3 days per trialwas chosen as a compromise between two
conflicting requirements: (1) to allow discriminator workers suffi-
cient time to police unwanted eggs; and (2) tominimize the time that
discriminator workers were separated from their queen (see above).

Wescoredundamagedeggs (whichwouldhavebeen lyingembedded
in the fungus, either freely or as part of an egg clump, or carried by
workers) as ‘not policed’. All other eggs (i.e. shrivelled or otherwise
damaged eggs that were lying discarded in the arena, or eggs that
weremissing fromtheoriginalnumberof15)were scoredas ‘policed’.

Statistical Analyses

We analysed all results by a logistic regression in SAS 9.1.3
(SAS Institute Inc., Cary, NC, U.S.A.) of the relevant response
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Figure 1. A top view of the set-up for (a) the workereworker policing and (b) the workereegg policing experiments. Rounded rectangles denote nestboxes, circles denote inverted
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variables (e.g. the proportion of introduced workers or nonpoliced
eggs that were attacked) on predictor variables with stepwise
model simplification until the minimum adequate model was
obtained (i.e. with all remaining terms significant at the 0.05 level).
All P values for the minimum adequate model in the logistic
regressions were obtained after removal of all nonsignificant terms.
This procedure was identical to the one described in detail in
Dijkstra & Boomsma (2008). In the workereegg policing experi-
ment, we corrected for overdispersion by dividing the c2 values
from the likelihood ratio test and by the ratio of the residual
deviance and the residual degrees of freedom (see Dijkstra &
Boomsma 2008 for details). Unless otherwise indicated, results
are given as mean # SE, a ¼ 0.05 and P values are two tailed.

RESULTS

WorkereWorker Policing

None of the introducedworkerswere bitten, chased,woundedor
killed (see Lambardi et al. 2004) by discriminator workers, nor did
they ever behave aggressively themselves. Most (83%) introduced
workers did not receive aggression of any kind. The behaviour of the
discriminator workers shown towards the remaining (17%) intro-
duced workers was striking: they placed their mandibles around an
introduced worker’s gaster or petiole and lifted her, either putting
her down immediately (hereafter: ‘lifting’; in 80% of observed cases)
or carrying her around for 1e5 s (‘carrying’; 20% of cases). Intro-
duced workers were sometimes lifted repeatedly (median: once,
range 1e4 times) during the 10 min of observations, not always by
the same worker. Lifted or carried workers never resisted but
remained motionless and appeared unharmed afterwards.

Ovarian dissections showed that only 25% and 2%, respectively,
of the introduced large and small workers were reproductive,
confirming that the majority of workers continue to be self-
restrained after queen loss (Dijkstra & Boomsma 2007). Because we
had preferentially sampled trophic and reproductive egg-laying
workers (seeMethods), these are overestimates for the percentages
of reproductive workers in orphaned colonies. Reproductive
workers were not more likely to be lifted (c1

2 ¼ 0.53, P ¼ 0.466) or
carried (c1

2 ¼ 1.44, P ¼ 0.229) than self-restraining workers, indi-
cating that lifting and carrying are unconnected to policing (Table 1,

Fig. 2). The interaction between a worker’s size (large versus small)
and reproductive status (self-restraining versus reproductive) was
never significant (lifting: c1

2 ¼ 0.53, P ¼ 0.227; carrying: c1
2 ¼ 1.15,

P ¼ 0.284), showing that self-restraining small workers were
equally likely to be lifted or carried as reproductive small workers,
and self-restraining large workers were equally likely to be lifted or
carried as reproductive large workers (Fig. 2). Small workers were
significantly more likely to be lifted than large workers (c1

2 ¼ 5.48,
P ¼ 0.019) but not more likely to be carried (c1

2 ¼ 1.15, P ¼ 0.284;
Fig. 2). Lifting was more frequent in some colony fragments than in
others (c2

2 ¼ 15.76, P ¼ 0.004), suggesting that uncontrolled envi-
ronmental factors (e.g. the order in which replicate fragments were
used or the microclimate in fragments) can affect the frequency of
lifting. The full generalized linear model (GLM) results are given in
Table 1.

WorkereEgg Policing

The percentage of eggs recovered after 3 days was significantly
lower for worker-laid eggs (51 #13%, range 0e100%) than for
queen-laid eggs (99 # 1%, range 93e100%; logistic regression:
scaled c1

2 ¼ 50.27, P < 0.0001; Fig. 3). The recovery of eggs differed
significantly between colony fragments (scaled c5

2 ¼ 25.33,
P ¼ 0.0001). In one colony fragment (discriminator workers from
Ae160 presentedwith worker-laid eggs fromAe155) all worker-laid
eggs remained after 3 days, while 33e100% of worker-laid eggs had
disappeared in the five remaining trials involving worker-laid eggs.

As is typically the case in Acromyrmex (Dijkstra et al. 2005),
workers had stacked the surviving eggs in one or more clumps,
each wrapped in a mycelial envelope. The mean # SD number of
eggs per clump was 7.3 # 2.6 (range 1e15) for queen-laid eggs and
4.1 # 2.7 (range 1e15) for worker-laid eggs, which is not signifi-
cantly different (ManneWhitney U test: Z ¼ '1.29, N1 ¼ 6, N2 ¼ 5,
P ¼ 0.247). None of the recovered eggs were shrivelled, damaged or
dead, and we never found any eggs or their remains in the arena.
The missing eggs cannot have hatched, as the experiment ran for
only 3 days, much shorter than the ca. 20 days required for
embryonic development in A. echinatior (Dijkstra 2005). These
results are consistent with discriminator workers destroying
worker-laid reproductive eggs, but not queen-laid eggs. The full
GLM results are given in Table 2.

Table 1
Type III GLM results for the workereworker policing experiment

Residual
deviance

Cumulative r2 Residual df df c2 P

Lifting
Intercepty 106.0 0 97 1 d d

Size of introduced workery
85.5 0.19 94

1 5.48 0.019
Colony fragment (i.e. replicate)y 2 15.76 0.000
Reproductive status of introduced worker 85.0 0.20 93 1 0.53 0.466
Reproductive status of introduced worker*

Size of introduced worker
83.5 0.21 92 1 1.46 0.227

Colony fragment*Worker size 80.7 0.24 90 2 2.83 0.242
Colony fragment*Reproductive status

of introduced worker
80.3 0.24 88 2 0.37 0.832

Carrying
Intercepty 8.8 0 9 1 d d

Colony fragment (i.e. replicate) 3.5 0.60 8 2 5.31 0.070
Size of introduced worker 2.3 0.74 6 1 1.15 0.284
Reproductive status of introduced worker 2.0 0.77 5 1 1.44 0.229
Reproductive status of introduced worker*

Size of introduced worker
0.5 0.95 4 1 1.55 0.213

P values were obtained after stepwise removal of all nonsignificant terms. Braces indicate that two significant terms must be entered in the model simultaneously before the
values in the second to fourth columns can be determined.

y Terms included in the minimum adequate model.
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DISCUSSION

Demonstrating the occurrence of worker policing in fungus-
growing ants (amonophyletic clade that includes the leafcutter ants:
Wetterer et al. 1998) is difficult because of the presence of the
mutualistic fungus gardens. In the present study we successfully

developed a dual experimental protocol (adapted from Endler et al.
2004) that could be applied in most fungus-growing ants. Our
main finding is that A. echinatior workers displayed workereegg
policing, but not workereworker policing. Below, we speculate on
why workereegg policing might be adaptive for self-restraining
A. echinatior workers; we infer that this is probably because of
relatedness incentives. This inference would be falsified by demon-
strating the existence ofworkereeggpolicing in singlymated genera
of fungus-growing ants, using methods from the present study.

Lack of WorkereWorker Policing

Discriminator workers never fought with introduced workers
(i.e. their sisters, but separated from them for 49e84 days) in the
present study, yet workers are known to kill unrelated workers that
are introduced into similar colony fragments in the laboratory
(Lambardi et al. 2004). Except for antennation, the only observed
interactions between discriminator and introduced workers were
lifting and carrying. These behaviours were not preferentially
directed at reproductiveworkers (Fig. 2), indicating that theyarenot
a form of policing. If lifting and carrying are mildly aggressive
behaviours, they probably represent a ‘misfiring’of the colonyodour
recognition system caused by some divergence in odour between
the queenright and orphaned nests. Alternatively, lifting up and
carryingmight represent abortive ‘necrophoric’behaviour, bywhich
diseased or dead nestmates are ejected from the nest (see Wilson
et al. 1958). The latter interpretation, which would imply that lift-
ing and carrying are mere artefacts of the experimental handling, is
supported by our observation that workers that had been handled
without gloves were always carried in a similar fashion and depos-
ited in the arena (M. Dirchsen, personal observation). The selective
expulsion of reproductive workers by an exapted (i.e. co-opted by
evolution: Gould & Vrba 1982) necrophoric behaviour could be an
efficient workereworker policing mechanism. This is because
expelled reproductiveworkers couldwork for the colony as foragers
or waste disposers, but would no longer have the opportunity to lay
eggs, owing to their isolation from the brood and because ‘outside
duty’workers tend to resorb their ovaries (Dijkstra et al. 2005). This
potential mechanism does not appear to be used for policing in
A. echinatior, but warrants investigation in other ants.

WorkereEgg Policing does Occur

Onaverage, 51% of theworker-laid eggs that hadbeen introduced
to the colony fragments were recovered after 3 days, compared to
99% of queen-laid eggs (grey bars in Fig. 3). The fate of the missing
eggs is unknown.Wedidnotfindanydebris of eggs among thewaste
in the arena, suggesting that A. echinatior workers completely
destroy unwanted eggs, sometimes after temporarily discarding
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Figure 3. The percentage of introduced queen and worker eggs that were recovered
after 3 days. Error bars denote 95% confidence limits. Each grey bar shows the mean of
six trials involving 15 eggs each. ***P < 0.0001. For worker-laid eggs, the box plot
shows the median, upper and lower quartiles and range. No box plot is shown for
queen-laid eggs, as their recovery hardly varied between colony fragments.

Table 2
Type III GLM results for the recovery of introduced eggs in the workereegg policing
experiment, which is taken as a measure of egg survival and thus to reflect the
likelihood of egg policing

Residual
deviance

Cumulative
r2

Residual
df

df c2 P

Interceptz 114.4 0 11 1 d d

Size of introduced
workerz

7.9 0.93 5
5 25.33 0.0001

Colony fragment
(i.e. replicate)z

1 50.27 <0.0001

Chi-square values were corrected for overdispersion (‘scaled’). P values were
obtained after stepwise removal of all nonsignificant terms. Braces indicate that two
significant terms must be entered in the model simultaneously before the values in
the second to fourth columns can be determined.

z Terms included in the minimum adequate model.
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reproductive/self-restraining) from orphaned nests by related discriminator workers
from queenright nests. Only one reproductive small worker was observed. Error bars
indicate 95% confidence limits. *P < 0.05.
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themonpilesof infrabuccal pellets away fromthe fungusgarden (see
Methods). The most likely explanation is that the missing eggs had
been cannibalized by discriminator workers, given that leafcutter
ant workers are also known to eat morphologically specialized
trophic eggs (Dijkstra et al. 2005) andoccasionally surplus larvae and
pupae (Goetsch 1939; Weber 1972; Dijkstra & Boomsma 2007).
However, we cannot rule out that the missing eggs in our experi-
mentshadbeenmerelypuncturedby thediscriminatorworkers, and
subsequentlyovergrownanddigestedby the fungus. The intensityof
policing of worker-laid eggs varied between colony fragments, and
one colony fragment did not destroy any of the presented worker-
laid eggs (box plot in Fig. 3). In African honeybees, where
workereegg policing normally occurs, nonpolicing colonies are
sometimes found (Beekman et al. 2002), and it possible that colony
Ae160 in our study was a similar nonpolicing colony. However, we
cannot ruleout that the lackofworkereeggpolicingbyAe160wasan
artefact of our unnaturally small colony fragments. Our results also
indicate that A. echinatior workers readily accept eggs laid by unre-
lated queens, unlike workers in the ant Formica fusca (Helanterä &
Sundström 2007). Our estimate of 49% policed worker-laid eggs is
likely to be anunderestimate of the intensity ofworkereeggpolicing
in A. echinatior for two reasons: (1) mature colonies contain ca.
100e1000 times more workers than the colony fragments used in
the present study, and (2) our experiment ran for only 3 days,
whereasworker-laid eggsmightbepoliced at any timeduring the ca.
20 days needed for embryonic development (Dijkstra 2005).

Colony Efficiency Incentives?

We have previously estimated (Dijkstra & Boomsma 2007) that
queenright colonies could accommodate a ca. 10e25% increase in
the percentage of reproductive workers compared to the current
level of ca. 1% without a detectable decrease in colony productivity
(<2%), as long as the raising of queen- and worker-derived sexual
larvae is seasonally suppressed. This makes it highly unlikely that
worker policing is selectively maintained by colony efficiency
incentives in A. echinatior. In any case, A. echinatior workers do not
show workereworker policing, which, provided that aggression
stimulates reproductive workers to regress their ovaries and adopt
self-restraint, is the only known policing mechanism by which
workers might immediately increase colony productivity. Because
there is no physical connection betweenworkers and the eggs they
have laid, workereegg policing can only promote the evolutionary
spread of worker self-restraint indirectly (Wenseleers et al. 2004a,
b),without affecting thebehaviourof existing reproductiveworkers.

Sex Ratio Incentives?

Workereegg policing helps A. echinatior workers to bias the
colony sex ratio further towards virgin queens, but this incentive is
minimal for two reasons: (1) the operational population sex allo-
cation ratio in Gamboa, Panama (where the experimental colonies
had been collected) is 60% energy invested in virgin queens and 40%
in males, which is close to the worker optimum for the population
sex allocation ratio (58% invested in virgin queens) and also to the
queen’s optimum (50% invested in virgin queens; Dijkstra &
Boomsma 2008); and (2) selection will promote workereegg
policing as a mechanism for increasing virgin queen bias only if the
removal of surplus queen and worker sons during the early larval
stages is significantly less cost-effective than the removal of exclu-
sively worker sons during the egg stage (Foster & Ratnieks 2001);
our low estimate for the colony-level cost of worker laying (which
included the cumulative effect of the presence of early instar
worker-derived male larvae: Dijkstra & Boomsma 2007), suggests
that this condition is not necessarily met in A. echinatior.

Preselecting for Viability?

Nonacs (2006) proposed that workereegg policing might serve
to minimize the waste of colony resources (e.g. brood cells), by
removing in advance those eggs that are less likely to hatch in the
future. Nonacs’s ‘preselection for viability’ hypothesis assumes that
worker-laid eggs are on average less viable than queen-laid eggs,
which is the case in many taxa (e.g. Pirk et al. 2004; Helanterä et al.
2006; Khila & Abouheif 2008). The ‘preselection for viability’
hypothesis does not predict that only dead eggs get removed
(proposed by Pirk et al. 2004 and conclusively refuted by Beekman
& Oldroyd 2005 in honeybees).

We do not know whether A. echinatior worker-laid eggs are
always as viable as queen-laid eggs. It is likely that ‘reproductive
constraint’ causes at least some A. echinatiorworker-laid eggs to die
during early embryogenesis, as is the case in other ants (Khila &
Abouheif 2008). We thus cannot rule out that nonviable eggs
were overrepresented among the policed eggs in our study.
However, many of the introduced worker-laid eggs must have been
viable: on average 49% of introduced eggs were policed, and we
exclusively introduced eggs that had been collected from nests that
had been orphaned for 14e33 weeks. This time window corre-
sponds to the period after queen loss when most worker sons (ca.
67%) that ever get successfully raised in orphaned laboratory
colonies of A. echinatior originate as eggs (estimated from Figure 2a
in Dijkstra & Boomsma 2007, assuming a development time of 10
weeks from egg to pupation: see Dijkstra 2005). Moreover, eggs are
never abundant in orphaned laboratory colonies of A. echinatior
(M. B. Dijkstra & J. S. van Zweden, independent personal observa-
tions). This implies that worker sons raised in orphaned nests are
not rare survivors from a large cohort of mainly nonviable worker-
laid eggs. Furthermore, ants never have brood cells (which can be
a limiting resource in wasps and bees), so that ant workers would
benefit less than bee and wasp workers from preselecting the most
viable eggs (see Nonacs 2006). These considerations suggest that
the anticipatory removal of eggs that are less likely to be viable is
not the main ultimate cause of workereegg policing in A. echinatior.

Relatedness Benefits?

After elimination of all alternative explanations, relatedness
incentives are left as themost likely ultimate cause of the evolutionary
maintenance of workereegg policing in A. echinatior. Queens of A.
echinatior are highly multiply mated (Sumner et al. 2004), so that
workers can increase their relatedness to themales they raise by up to
47% if they replace all worker sons (r # SE ¼ 0:17# 0:05)with queen
sons (r ¼ 0:25; see Ratnieks 1988). In theory, surplus worker sons
might be removed at any developmental stage, but in reality workers
probably need to identify and remove worker sons during the egg
stage. This is because hatching and moulting would eliminate any
caste-specific cuticular hydrocarbon signature that might have been
activelyor passivelyacquiredby the eggduring its passage through the
reproductive tract (Foster & Ratnieks 2001; Endler et al. 2004, 2005).

Directions for Future Work

Our inference thatA. echinatiorworkers useworkereeggpolicing
to maximize relatedness to the male brood would be falsified if
workereegg policing were to be found in the more basal genera of
fungus-growing ants, such as Cyphomyrmex, Trachymyrmex and
Sericomyrmex. In these genera, self-restraint is common andworker
sons are only produced after queen loss, as is the case in Acromyrmex
(Murakami et al. 2000; Villesen et al. 2002; Villesen & Boomsma,
2003; Dijkstra & Boomsma 2007, 2008). However, queens of these
genera are singly mated, so that workers are more related to worker
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sons (r ¼ 0:375) than to queen sons (r " 0:25) and workereegg
policing should not occur. Workereegg policing is also predicted to
occur in the multiply mated Atta leafcutter ants (the sister genus of
Acromyrmex), but there worker reproduction is so rare (even after
queen loss: Dijkstra et al. 2005; Dijkstra & Boomsma 2006) that the
expression of workereegg policing might have secondarily become
rudimentary. Future studies can test these predictions with the
methods developed in the present study, and also measure the
proportion of viableworker-laid eggswith themolecular techniques
from Khila & Abouheif (2008).
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APPENDIX

Table A1
Composition of reproductive colonies of A. echinatior used in this study

Colony identity
(exclusively reproductive
colonies with functional
mother queen(s))

Total fungus garden
volume (rounded off to
the nearest litre)

Total males raised to
adulthood throughout
reproductive season

Estimated total number
of workers in colony,
irrespective of worker
size (rounded off to the
nearest 1000)

Assuming 1% reproductive
workers present in each
queenright colony, how many
reproductive workers will there
be in the colony during the
reproductive season?
(rounded off to the nearest 10)

Assuming one viable
reproductive egg laid per
reproductive worker,
what’s the percentage of
all males that could be
produced by workers?
(not allowed to be >100%)

Ae-052 1 0 3000 30 100
Ae-102 3 25 10000 100 100
Ae-106 3 161 10000 100 62
Ae-109 2 155 7000 70 45
Ae-111 2 26 7000 70 100
Ae-112 3 946 10000 100 11
Ae-125 3 664 10000 100 15
Ae-126 "0.25 5 "500 "5 "83
Ae-127 3 0 10000 100 100
Ae-129 12 693 40000 400 58
Ae-134 2 183 7000 70 38
Ae-135 3 362 10000 100 28
Ae-136 1 127 3000 30 23
Ae-144 2 8 7000 70 100
Ae-151 2 80 7000 70 86
Ae-154 1 0 3000 30 100
Ae-155 "0.25 0 "500 "5 "100
Ae-158 2 493 7000 70 14
Ae-162 2 179 7000 70 39
Ae-167 "0.25 112 "500 "5 "4
Ae-168 2 152 7000 70 46
Ae-171 1 296 3000 30 10
Ae-172 2 12 7000 70 100
Ae-175 1 58 3000 30 51
Ae-176 "0.25 8 "500 "5 "56
Ae-177 "0.25 1 "500 "5 "100
Ae-178 6 17 20000 200 100
Ae-185 2 175 7000 70 40
Ae-186 "0.25 8 "500 "5 "56
Ae-187 1 380 3000 30 8
Ae-189 1 70 3000 30 42
Ae-190 3 191 10000 100 52
Ae-207 2 1 7000 70 100
Ae-208 1 41 3000 30 71
Ae-209 3 1 10000 100 100
Ae-211 2 699 7000 70 10
Ae-214 1 38 3000 30 77
Ae-216 1 120 3000 30 25
Ae-217 "0.25 106 "500 "5 "5
Ae-221 "0.25 1 "500 "5 "100
Ae-250 "0.25 58 "500 "5 "8
Ae-257 2 148 7000 70 47
Ae-259 3 319 10000 100 31
Ae-269 2 49 7000 70 100
Ae-270 1 0 3000 30 100

Mean 59%
N 45 colonies
SD 36%
Minimum 4%
Maximum 100%
SE 5%
Median 56%

The first and second columns are fromonline Supplementary Appendix 3 in Dijkstra & Boomsma (2008). The full table can be found as appendix O16822 atwww.ekol.lu.se/appendix.
The estimates in the fourth column are based on a total number of workers per litre of fungus of: 3.3% 102 # 3% 102 (mean# SD; N¼ 4 mature A. echinatior laboratory colonies;
M. Poulsen, unpublished data).
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