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Abstract In social insects, conflicts over male parentage
can be resolved by worker policing. However, the evo-
lution of policing behavior is constrained by the ability
of individuals to identify reproductive nestmates, or their
eggs. We investigated the occurrence of worker policing
and its underlying chemical communication in the bulldog
ant Myrmecia gulosa. Although workers have functional
ovaries and can lay male-destined eggs, they do not repro-
duce in queenright colonies. To determine if their sterility
is a consequence of worker policing, we experimentally
induced worker reproduction in the presence of a queen.
Some individuals were seized and immobilized by nest-
mates, and sometimes killed as a consequence. Although
the ovarian development of immobilized individuals was
variable, their cuticular hydrocarbon profiles were interme-
diate between reproductive and nonreproductive workers,
indicating they were in the process of starting to reproduce.
Approximately 29% of these incipient reproductive work-
ers were successfully policed. To test for policing on eggs,
we transferred viable worker eggs to queenright colonies
and monitored their acceptance. Furthermore, we compared
the surface hydrocarbons of the different types of eggs to
determine whether these chemicals could be involved in egg
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recognition. We found that although there were differences
in hydrocarbon profiles and discrimination between queen
and worker-laid eggs, viable eggs were not destroyed. Our
results strongly support the idea that cuticular hydrocar-
bons are involved in the policing of reproductive workers.
A low level of worker policing appears sufficient to select
for self-restraint in workers when few fitness benefits are
gained by selfish reproduction. Policing of eggs may thus
be unnecessary.

Keywords Worker reproduction - Worker policing -
Aggression - Cuticular hydrocarbons - Oophagy

Introduction

Workers in social Hymenoptera typically forgo direct
reproduction to help one or a few relatives produce all
the offspring. In most species, workers retain functional
ovaries and can lay male-destined eggs (Bourke 1988;
Choe 1988). Even though workers might benefit from the
production of their own offspring on relatedness grounds
(Ratnieks 1988), worker-produced males are rare or absent
when a queen is present in the colony (e.g. Walin et al.
1998; Hammond et al. 2003; Villesen and Boomsma 2003).
This suggests that workers are prevented from reproducing.
Workers benefit from suppressing each other’s reproduc-
tion when this decreases their average fitness, i.e. when
worker reproduction is costly in terms of colony produc-
tivity (Cole 1986; Ratnieks 1988; Kikuta and Tsuji 1999;
Hartmann et al. 2003; Pirk et al. 2003) or when workers are
more related to their brothers (the queen’s sons) than to their
nephews (their sisters’ sons). The latter occurs in colonies
headed by a multiply-mated queen or by several related
queens (Ratnieks 1988; Pamilo 1991). If there is an effec-
tive mechanism of worker policing, workers that attempt to
reproduce are at no selective advantage and self-restraint
should be selected (Ratnieks 1988; Wenseleers et al. 2004).

Ratnieks (1988) described several proximate mech-
anisms by which worker policing could be achieved.



Among these, two have been studied in several social
Hymenoptera: physical aggression on egg-laying workers
(Gobinetal. 1999; Liebig et al. 1999; Hartmann et al. 2003)
or destruction of worker-laid eggs (Ratnieks and Visscher
1989; Ratnieks 1993; Kikuta and Tsuji 1999; Foster and
Ratnieks 2000, 2001; Halling et al. 2001; Oldroyd et al.
2001; Iwanishi et al. 2003; Endler et al. 2004; D’Ettorre
et al. 2004; Helanterd and Sundstrom 2005). In both cases,
the effectiveness of policing can be constrained by a lack
of information on which workers can rely (Boomsma et al.
2003). Indeed, a necessary condition for the evolution of a
policing mechanism is for workers to be able to identify ac-
curately their targets: either reproductively active individu-
als, or their eggs. Cuticular hydrocarbons (CHCs) could be
the basis of such a mechanism in social insects as they are
putative signals used by workers to discriminate between
reproductive and nonreproductive individuals (Monnin
et al. 1998; Peeters et al. 1999; Liebig et al. 2000; Sledge et
al. 2001; Cuvillier-Hot et al. 2001, 2004a, Hannonen et al.
2002; Heinze et al. 2002; Dietemann et al. 2003; Endler et
al. 2004). To find a link between the occurrence of worker
policing and the cuticular profile of target individuals
would support the idea that workers use cuticular hydro-
carbons to identify selfish adults, a causality which has
not yet been shown. Similarly, egg-marking pheromones
may allow police workers to discriminate between queen-
and worker-laid eggs, and thus avoid destroying valuable
sisters (Nonacs and Carlin 1990; Ratnieks 1995; Monnin
and Ratnieks 2001). In female cockroaches, long-chained
hydrocarbons produced by the oenocytes are transported
both to the oocytes and to the cuticle (Schal et al. 1994;
Gu et al. 1995). Thus, surface hydrocarbons of eggs could
play a role in egg discrimination when CHC profiles
of the egg-layers differ (e.g. Monnin and Peeters 1997,
D’Ettorre et al. 2004). This was shown experimentally in
Camponotus floridanus, as workers discriminate between
queen- and worker-laid eggs on the basis of differences in
hydrocarbon profiles (Endler et al. 2004).

Most studies on worker policing in ants (cf. above refs)
are based on split-reunification of colonies. Thus, workers
in queenright colonies are suddenly confronted with new re-
productives that already have well-developed ovaries. This
does not allow us to determine the point at which workers
are able to discriminate ‘selfish’ individuals. In order to
investigate this, it is necessary to monitor the changes in
physiology or chemistry of the individuals in a biologically
relevant context and at the time they become attacked. In
this study, we adapted the protocol of Tsuji et al. (1999)
to induce worker reproduction within queenright colonies
of ants. This experimental setup simulates a more natural
situation in which selfish workers are continuously in con-
tact with police workers, and can be detected before they
start laying eggs. Behavioral data about police workers can
then be linked with chemical changes in the cues of selfish
workers.

Until now, worker policing has not been investigated in
the subfamily Myrmeciinae. Myrmecia ants exhibit sev-
eral archaic morphological and biological traits (Ogata and
Taylor 1991; Peeters 1997) of particular relevance to the
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conflict over male production (Bourke 1999). In Myrme-
cia gulosa, caste dimorphism is limited and colony size is
small relative to ‘higher’ ants (colonies consist of 992+
551 workers, mean £ SD; Dietemann et al. 2002). M. gu-
losa is monogynous and queens are only slightly bigger
than large workers, but have many more ovarioles (44 com-
pared to 8—14 in workers; Dietemann et al. 2002). Queens
are not aggressive toward workers and regulation of worker
reproduction is based on pheromones (Dietemann et al.
2005). Rare instances of immobilization of dealated virgin
queens and workers by their nestmates were observed in
unmanipulated colonies (V. Dietemann, unpublished data),
hinting that individuals may occasionally attempt to repro-
duce in the presence of a functional queen, and are punished
by police workers. Furthermore, it has been demonstrated
that workers can discriminate between different cuticu-
lar hydrocarbon blends associated with reproductive status
(Dietemann et al. 2003).

We tested whether M. gulosa workers can discriminate
between reproductive and nonreproductive workers and be-
tween queen-laid and worker-laid reproductive eggs. In ad-
dition, we induced worker reproduction in presence of a
queen and extracted CHCs of workers and surface hydro-
carbons of their eggs to investigate their potential role as
recognition cues. We thus combined behavioral observa-
tions and chemical analyses to assess the information that is
available for workers to perform policing. We hypothesize
that hydrocarbon profiles specific to reproductive workers
or their eggs can be detected and trigger worker policing
(sensu Ratnieks 1988).

Methods
Collection and laboratory rearing

Colonies of M. gulosa (n=10, colony codes A, C-G,
I-L) were excavated in sandstone areas close to Water-
fall, New South Wales, Australia, between September 1999
and October 2000. These ants are large (14-23 mm in
length), and for logistical reasons the number of individu-
als brought back to Germany was reduced: together with
the queen and all the eggs, 500 workers, and up to 250
larvae and 100 cocoons were randomly selected. Ants were
kept in plaster-of-Paris nests into which chambers had been
molded. These nests were connected to foraging arenas
where food (pieces of cockroach or entire crickets and
honeywater) was deposited every 1-2 days. The temper-
ature was maintained at 24+1°C, the photoperiod was set
at 10:14 h (light:darkness) cycles and the plaster was reg-
ularly moistened. These conditions proved to be favorable
for the ants since new adults emerged continuously in the
laboratory.

Classification of reproductive activity in workers

Throughout all experiments workers exhibited different
levels of ovarian activity. Nonreproductive workers either
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lay no eggs or lay trophic eggs (these fragile yolk sacs do
not develop and are fed to larvae and nestmates; Dietemann
et al. 2002). Trophic egg-layers could be identified by di-
rect observation as they typically bent the gaster underneath
the thorax and collected the egg in their mandibles. Upon
dissection, nonlaying workers lack oocytes and trophic
egg layers have oocytes longer than 1.25 mm with partly
translucent yolk and no rigid chorion (see Dietemann et al.
2002).

After becoming orphaned, some workers start to repro-
duce. These could be recognized upon dissection because
they had oocytes shorter than 1.25 mm with dense and
homogeneous yolk (Dietemann et al. 2002). Some indi-
viduals had oocytes that we considered as intermediate
between trophic and reproductive: they were shorter than
trophic oocytes and yolk was dense, but they had a thin,
flexible chorion. These oocytes were likely to develop in
the unviable eggs that workers produce when they switch
from trophic to reproductive eggs (Dietemann et al. 2002).
We hypothesize that the individuals laying unviable eggs
will eventually produce viable ones and therefore clas-
sified them as reproductive workers. Reproductive work-
ers could not be recognized by direct observation as they
neither adopted a typical posture when ovipositing nor
collected their eggs in their mandibles. Although some
workers stood high on their legs near the egg pile, with
the sting protruding, this posture could be maintained for
hours without any oviposition being observed. Thus, these
individuals were isolated overnight and considered as re-
productive workers only if an egg had been laid the next
morning.

Experiment 1: Discrimination between reproductive
and nonreproductive workers

We tested whether workers can discriminate between re-
productive and nonreproductive workers by simultane-
ously introducing these in queenright colonies. If the
reproductive workers are treated differently than the non-
reproductive ones, then workers in queenright colonies are
capable of discrimination. Reproductive workers were ob-
tained by isolating groups of 100-150 individuals away
from their queen (four colonies). Nonreproductive work-
ers were identified in the same orphaned groups, because
they laid trophic eggs. Workers were introduced only in
alien colonies to level out the effect of colony odor. As
only 45 reproductive workers were obtained, each was
tested in up to three colonies, at intervals of at least
20 min.

A total of 80 tests were done using 7 discriminator queen-
right colonies. To evaluate the attention elicited by the in-
troduced workers, the number of individuals antennating or
biting either the reproductive or the nonreproductive worker
was counted at 1-min intervals for 10 min. The antennation
counts were cumulated for each introduced worker as were
the bite counts.

to foraging arenas

‘impeded’
workers

queen +
‘control’ workers

‘free’

#1

barrier drilled with holes double mesh

Fig. 1 Nest design in experiment 2. Movements of all individuals
between compartments #2 and #3 are prevented by a double mesh,
while ‘impeded’ and ‘control’ workers cannot cross the perforated
barrier between compartments #/ and #2

Experiment 2: Policing of reproductive workers
and cuticular hydrocarbons

To investigate the link between the occurrence of worker
policing and the cuticular profile of target individuals, we
used Tsuji et al.’s (1999) experimental protocol to induce
differentiation of reproductive workers in a queenright con-
text, by preventing a proportion of nestmates from having
physical contact with the queen. Experimental nests con-
sisted of a single chamber (420x200 mm) covered with
glass plates. A 15-mm-thick Perspex barrier drilled with
51 holes (8 mm in diameter) was placed in the middle of the
chamber (Fig. 1). A third compartment was created using a
double mesh (Fig. 1). Each of the three compartments was
connected to its own foraging arena (185x 185x90 mm).

Four replicates were used; two of the colonies resulted
from splitting a field colony having two functional queens,
3 months earlier. M. gulosa workers exhibit a clear size
dimorphism and colonies are composed of an equal num-
ber of small and large workers (Dietemann et al. 2002).
These two types of workers are known to perform different
tasks (Haskins and Haskins 1950) and have different repro-
ductive outputs (Dietemann et al. 2002). Thus, to minimize
behavioral and morphological biases and retain natural size
distribution, we randomly selected 100 large and 100 small
workers, together with their queen. Workers were individ-
ually marked with color dots on the thorax. All the brood
was removed to exclude a possible effect on worker repro-
duction.

To regulate contact with the queen, we prevented most
of the workers from crossing the Perspex barrier. A cop-
per wire (0.2 mm diameter, 12 mm long for small work-
ers, 14 mm for large workers) was tied around the thorax,
including the queen’s. A 2-week accommodation period
without the Perspex barrier and without the double-mesh
was allowed before starting the experiment. The workers
were then randomly assigned to four treatments (n=25
large + 25 small workers per treatment in each of the
four replicates): ‘free’ workers had the wire cut short af-
ter the accommodation period and could move freely be-
tween compartments #1 and #2; ‘impeded’ workers placed



in #1 had no direct contact with the queen; ‘control’
workers were restricted with the queen in #2; ‘excluded’
workers in #3 lacked contact with both the queen and free
workers (Fig. 1). Control workers allowed a check on the
effect of the wire and lack of brood on ovarian develop-
ment. Excluded workers approximated an orphaned con-
dition (see Dietemann et al. 2002) and indeed started to
behave aggressively; they are the benchmark against which
aggressive interactions and reproductive activity of workers
in #1 and #2 can be compared.

Observation bouts of 1-3 h were scheduled daily be-
tween 0900 and 1900 hours (total for each replicate of 22—
31 hours over 13-22 days). We monitored the direction and
frequency of aggression among workers: antennal boxing at
the victim’s head, or biting the victim’s leg, mandible, head
or antenna. Such antennal boxing differs from the antennal
inspections recorded in experiment 1, and are a typical form
of aggression in orphaned groups of workers (Dietemann
et al. 2002). Immobilization was another aggressive be-
havior: two or more individuals bite and hold the victim
for several hours to several days (e.g. Monnin and Peeters
1999). We monitored the identity of the workers partici-
pating in immobilizations and of their victims. The exper-
iments ended 2—13 days after eggs started to accumulate
in #3 (for a total of 22-27 days); oviposition did not occur
in colony D and it was ended after 31 days. All workers
(including those killed by their nestmates, when possible)
were dissected to check reproductive activity. During the
last 2 days of the experiments, cuticular hydrocarbons were
extracted (see below) from the queens and from randomly
chosen workers in three out of the four treatments (free,
control and impeded). In addition, impeded workers were
extracted on the first day of their immobilization.

Experiment 3: Egg policing and surface hydrocarbons

To assess whether workers can discriminate between eggs
laid by the queen and reproductive workers, we transferred
viable reproductive eggs into queenright colonies. Destruc-
tion of an egg takes several minutes as workers consume
its yolk. It is thus possible to determine the fate of several
eggs simultaneously. Depending on availability, batches of
1-20 worker-laid viable eggs were introduced in queenright
colonies to test their acceptance. The receiver colonies were
either kin (i.e. from which the orphaned egg layers orig-
inated, n=40 eggs, 2 colonies) or non-kin (=123 eggs,
3 colonies). This allowed us to determine the effect of
colony membership on egg destruction. As a control,
batches of 1-20 queen eggs were collected and reintroduced
into their colony of origin (kin, n=113 eggs, n=7 colonies)
or into alien colonies (non-kin, n=73 eggs, n=~6 colonies).
Preliminary observations had shown that accepted eggs
were deposited on the egg-pile within 10 min. Accord-
ingly, we monitored the fate of the eggs for 10 min after
their introduction. If the egg was deposited on the pile or
was not destroyed during this period, it was considered as
accepted. Additionally, we tested the acceptance of unvi-
able eggs laid by workers just after orphanage (n=94, n=5
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colonies) to determine the link between acceptance and sur-
face hydrocarbon profile. Small workers normally destroy
unviable eggs (Dietemann et al. 2002). Since large workers
do not destroy them, we created newly orphaned groups of
20 large workers in order to collect these unviable eggs.

In a further experiment, we investigated the eventuality
that workers can discriminate reproductive worker eggs
without destroying them. For this, we compared the time
elapsed before eggs were deposited in the pile (total of
15 worker-laid and 15 queen-laid eggs in 6 colonies).

Chemical analyses

The CHC profiles of workers and of eggs were char-
acterized using the Solid Phase MicroExtraction/gas-
chromatography technique (see Dietemann et al. 2003 for
the extraction procedure of CHCs of adult ants). Eggs were
collected from the nests with a mouth aspirator. During
extraction, they were carefully held on a glass cover slide
with smooth forceps cleaned with hexane. Four eggs were
extracted for each sample in order to collect enough ma-
terial. The SPME fiber (SUPELCO, coated with a 7-pum
polydimethylsiloxane film) was rubbed for 10 s on each
egg. SPME is a technique superior to solvent extraction
for eggs, because chemicals present inside the eggs are not
extracted. Extracts of 44 batches of 4 eggs originating from
7 colonies were collected.

The fiber was then directly inserted in the injection port
of a Carlo Erba 8130 gas chromatograph equipped with a
DB-1 nonpolar capillary column (J&W Scientific, Folsom,
Calif.; 30 m x 0.32 mm x 0.25 wm). Helium was used
as carrier gas with a column head pressure of 95 kPa. The
fiber was desorbed at 260°C in the splitless mode for 4 min
at a column temperature of 60°C. The temperature was
then raised to 250°C at a rate of 20°C min~! and from 250
to 300°C at 2.5°C min~!. The flame ionization detector
temperature was set at 310°C.

Statistical analysis
GC data

The CHCs of M. gulosa have been shown to represent
the basis of recognition of reproductives (Dietemann et al.
2003), but it is not known which molecules are used by
the ants. Accordingly, we selected the peaks present in all
workers or eggs and representing more than 0.5% of the
total peak area as variables. The relative areas of these
peaks were restandardized to 100% and transformed using
Aitchison’s formula (1986):

Zij=In(Y;;/g(¥))

where Zj; is the standardized peak area i for individual j, Y;;
is the peak area i for individual j and g(Y);) is the geometric
mean of all peaks for individual j. The homogeneity of
variance of these variables was tested with Levene’s test
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and Bonferroni’s correction was applied. Only the variables
with homogeneous variances were considered (n=14 peaks
for CHCs, n=12 for eggs). These variables were entered
in a backward stepwise discriminant analysis (DA). For
this analysis, non-immobilized individuals were grouped
according to their reproductive status (i.e. reproductives
and nonreproductives, identified by dissection, no later than
2 days after extraction), independently of the treatment.
Thus, the CHC profiles of three categories of workers were
compared: nonreproductive workers (including impeded,
control and free workers, n=29), reproductive impeded
workers (n=9), and immobilized impeded workers (n=18).
Queens (n=4) were included in the model as ungrouped
cases.

For the eggs, the transformed areas were used as vari-
ables in a principal components analysis (PCA) to re-
duce the number of variables. The two extracted principal
components together explained 56% of the variance and
were then used as variables in a DA. Hydrocarbons on the
surface of the eggs varied qualitatively compared to the
cuticular profiles, with the eggs having more complex pro-
files (data not shown). However, the composition of cu-
ticle and egg surface overlapped and hydrocarbons found
on the cuticle also represented the major components of
the egg surface. The relative proportions of hydrocarbons
varied between egg surface and cuticle and our peak selec-
tion rule produced a different set of variables in the two
analyses.

Behavioral data

In experiment 1, the antennation and bite counts received by
reproductive and nonreproductive workers were compared
in each colony using a Wilcoxon paired sample test. In order
to reduce the probability of making a type I error owing to
multiple comparisons, Bonferroni’s correction was applied.

In experiment 2, we used a log-linear model to test our
prediction that free workers will police impeded workers.
We included three factors in the model: colony (D, I',1”,J),
attacker (free or impeded worker), and target (free or im-
peded worker). We predicted that the type of target should
significantly contribute to our model explaining the vari-
ation observed in the aggressive interactions. If impeded
workers activate ovaries and if this can be detected, they
should be attacked by their free nestmates, while the latter
should not attack other free workers. A second prediction is
that impeded workers will compete together over male pro-
duction, and thus they should mainly be aggressive towards
other impeded individuals. Furthermore, there should be a
difference in frequencies of aggressions between impeded
and excluded workers, since impeded workers should be
targeted by both free and other impeded workers. We thus
predicted a two-way interaction between the factors “at-
tacker” and “target”.

The frequency of aggressions among workers in the
different compartments were compared with Friedman’s
ANOVA. To confirm whether we successfully simulated
orphaned conditions in compartment #1, we determined

whether the proportion of reproductive and nonreproduc-
tive workers in #1 and #3 was similar. For this, the number
of workers of each class in both compartments was com-
pared with Fisher’s exact test. The data are presented as
averaged percentages across replicates for brevity.

To test our prediction that eggs laid by workers, but not
those of queens, are destroyed by nestmates (experiment 3),
we also used a log-linear model. We included three factors:
fate (egg accepted or destroyed), colony membership (eggs
laid by nestmates or nonnestmates), and egg type (queen
laid, unviable worker-laid or viable worker-laid). We pre-
dicted that the factor “egg type” should significantly con-
tribute to our model to explain the variation observed, and
we thus expect a two-way interaction between the factors
“fate” and “egg type”. We used a Mann-Whitney U-test to
compare the duration between the introduction and depo-
sition in the pile of viable worker eggs and queen eggs. We
used STATISTICA Version 6.0 (StatSoft, Tulsa, USA) for
the analyses.

Results

Experiment 1: Discrimination between reproductive
and nonreproductive workers

When introduced in queenright colonies, orphaned work-
ers typically ran around the nest until they were stopped
by the resident workers who antennated or bit them.
Orphaned reproductive workers triggered significantly
more antennation than orphaned nonreproductive work-
ers in all colonies (Wilcoxon paired sample test, T¢=0.0,
Pc <0.01,75=9.0, Pp=0.03, Tg=19.5, Pg <0.01, Tr=4.0,
PF <0.01, THZO.O,PH <0.01, TI=6.0, P[ZOOI, TJZS.O, PJ
<0.01; Fig. 2). Introduced reproductive workers were bit-
ten significantly more often than nonreproductives in only
two colonies (Wilcoxon paired sample test, T¢=0.0, Pc
<0.01; Tp=26.0, Ppr=0.53; Tg=71.0, Pg=0.33; Tr=4.0,
PF <001, TH:410, PH:016, TIZSS, PIZOOZ, NS
after Bonferroni correction; Ty=28.0, P;=0.04, NS after
Bonferroni correction; Fig. 2). On some occasions, intro-
duced reproductive workers came into contact with the
queen, but she never attacked them.

Experiment 2: Policing of reproductive workers
and cuticular hydrocarbons

In the queenless compartments (#1 and #3), attacks started
5.7£1.5 and 7.74£1.2 days (mean £ SD), respectively, af-
ter the beginning of the experiment (¢-test, r=—0.74, df=6,
P=0.48). These attacks preceded egg laying, since re-
productive eggs were first laid in compartment #3 18.0+
3.6 days after separation from the queen. The number of ag-
gressions occurring in #3 was higher than in #1. In the pres-
ence of the queen (compartment #2), there were very few
aggressive interactions among the control and free workers
(Table 1). These differences were significant (Friedman’s
ANOVA y%=8.0, df=2, P<0.02).



Table 1 Cumulative number of aggressive acts (antennal boxing,
bites and immobilizations) in each nest compartment of the four
replicates

Colony Nest compartment

#1 #2 #3
D 75 1 126
I 122 3 166
I 311 3 312
J 199 0 541

The most informative aggressive interactions occurred
in #1. Free workers often crossed the barrier in both di-
rections and frequently attacked impeded workers, but not
other workers (either free or control; Tables 1, 2). In ad-
dition, impeded workers attacked each other at high rates.
Some free workers were also targets of impeded workers,
but at much lower frequencies. The two-way interaction
of the factors “attacker” and “target”, that confirms the
occurrence of policing of impeded workers by free individ-
uals, contributed to the log-linear model (partial association
¥?=109.6, df=1,P<0.01; marginal association ¥x2=102.1,
df=1, P<0.01). However, this was not sufficient to explain
the pattern observed: the model fitting the distribution of the
values requires that all single factors in our model need to be
considered: colony (C), attacker (A) and target (T; partial
association x& = 172.5, df=3, P<0.01; x3 = 7.6, df=6,
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Fig. 2 Cumulative number of antennal inspections or bites di-
rected at orphaned nonreproductive (open boxes) and reproductive
(solid boxes) workers introduced in queenright colonies. The num-
ber of pairs of workers introduced is given in parentheses. Asterisk
Wilcoxon test, P<0.05, after Bonferroni correction
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Table 2 Directions of the immobilizations occurring in nest com-
partment #1

Attacker Target Colony
D T | J
Impeded Impeded 34 54 78 78
Free 5 5 50 6
Free Impeded 34 59 172 118
Free 0 0 0 0

P<0.01; X% = 516.5,df=1, P<0.01; see Table 2). This in-
dicates that patterns of aggressions varied among colonies,
types of attackers and targets. Furthermore, each two-way
interaction significantly contributed to the model (CA, TC,
TA, maximum likelihood ¥2=3.36, df=3, P=0.34). Re-
moval of one of the interactions always resulted in a sta-
tistically significant deviation from the observations (CA
TC, maximum likelihood x2=112.95, df=4, P<0.0001;
CA TA, x>=41.44, df=6, P<0.0001; TC TA, ¥*>=15.66,
df=6, P<0.02), demonstrating that these factors influenced
each other.

Most of the immobilizations (75.0+4.8%) occurring in
#1 were performed by free workers (Table 2). The immo-
bilizations lasted several hours or days. A mean = SD of
25.6£21.0% of the immobilized workers (eight individuals
in total) were killed in the process. Because of these deaths
and because a few individuals were removed for dissection,
only one or two workers were immobilized at any given
moment. Between 2 to 12 large and small workers per-
formed the immobilization at any given time and there was
a turnover in the individuals involved. A total of 30.5+8.5
impeded and free workers performed immobilizations.

Reproductive eggs accumulated in compartment #3 in
all colonies except D. We could not determine whether
impeded workers laid reproductive eggs in #1, because
their eggs could be carried across the barrier and mixed
with the queen’s; oviposition was never observed directly.
Nonetheless, ovarian dissections revealed that 22.54+3.6%
(mean £ SD for 3 colonies, n=159 individuals dissected in
total) of impeded workers reproduced; there were none in
colony D. Similarly, 18.64+9.6% of the excluded workers
reproduced (n=214 individuals dissected). Excluding D,
the proportion of reproductive workers was similar in #1
and #3 (two-tailed Fisher exact test, P;'=0.78, P;"=0.82,
P;=0.20). Thus, impeded workers reacted to queen
separation similarly to the excluded individuals and our
treatment successfully simulated a queenless environment.
In contrast, all the control and free workers had only trophic
oocytes in their ovaries (n=144 and n=194 individuals
dissected, respectively). This corresponds to the normal
situation in nonmanipulated colonies, in which individuals
have physical contact with their queen and do not repro-
duce. Importantly, 65.0+33.5% of individuals (18 out of 27
in total) with reproductive oocytes in #1 were not observed
to be immobilized. To determine the ovarian status of
impeded workers at the time they became immobilized, we
dissected 15 individuals 2.2-+1.6 days after the start of their
immobilization. They had variable ovarian status: their



492

@ queens

A reproductive workers

4 immobilized workers

W nonreproductive workers

4 °® ]

function 2 (23.2%)

function 1 (76.8%)

Fig. 3 Discriminant analysis of the cuticular hydrocarbons from
three categories of workers in experiment 2. Categories are non-
reproductive workers (including impeded, control and free work-
ers, n=29), reproductive impeded workers (n=9), and immobi-
lized impeded workers (n=18); ellipses represent 95% confidence
intervals. Queens (n=4) are included in the model as ungrouped
cases

ovarioles could be undeveloped (n=7), or contained either
trophic (n=4) or reproductive oocytes (n=4; the latter
included intermediate oocytes). Another 8 immobilized
impeded workers were only dissected after they were
released by nestmates, and 6 had reproductive oocytes.
Across replicates, 8 workers have been killed following
immobilization, whereas 2 survived and were nonrepro-
ductive. Thus 10 selfish individuals were successfully
policed out of a total of 34 incipient reproductive workers
(29.4%).

Although immobilized impeded workers exhibited vari-
ations in ovarian development, their CHC profiles were
relatively similar. In the DA of the CHC profiles, immo-
bilized workers formed a group that was intermediate be-
tween reproductive and nonreproductive workers (Fig. 3).
The CHC profiles of the latter two groups were well sepa-
rated in the DA (Wilks’ Lambda: 0.14, F(6,140)=39.79,
P<0.01), thus confirming the results obtained by
Dietemann et al. (2003). The first function represented
76.8% of the variance. The best classification score was
obtained for the immobilized workers (100% correct as-
signment), whereas one reproductive and two nonreproduc-
tive workers were misclassified with immobilized work-
ers. A total of 94.7% of the cases were correctly clas-
sified. The compounds selected by the model were: 3-
methylheptacosane, 9, 11, 13, 15-methylheptatriacontane
and 13, 23; 11, 23; 9, 23-dimethylheptatriacontane.

Experiment 3: Egg policing and surface hydrocarbons

The log-linear model that best explained the data included
the two-way interaction FE (fate-egg type), together with
the interaction CE (colony membership-egg type; maxi-
mum likelihood x >=1.76, P=0.62). The first interaction in-
dicates that eggs laid by the different groups are destroyed at
different rates. Examination of the marginal tables reveals

Table 3 Marginal table for “fate” by “egg type” as specified by the
log-linear model. The model included the two-way interactions “fate”
by “egg type” and “colony membership” by “egg type”, demonstrat-
ing that eggs are destroyed differentially according to their origin
and that workers of different colonies produced different proportion
of viable or unviable eggs

Egg type Fate

Accepted Destroyed Total
Queen-laid 213 7 220
Viable worker-laid 159 6 165
Unviable worker-laid 43 53 96

that only unviable eggs laid by recently orphaned workers
are destroyed in significant proportion; viable worker eggs
are accepted as often as queen-laid eggs (Table 3). The
two-way interaction CE might be due to sampling bias in-
cluded in the factor C: nestmates and nonnestmates might
have produced different proportions of each type of eggs.
Importantly, the model does not use the interaction FC, in-
dicating that eggs are not discriminated against when laid
by nonnestmates.

Worker-laid eggs were repeatedly carried and dropped
in the brood chamber, and were thus deposited in the pile
after a significantly longer handling time than queen eggs
(3354312 vs 107+£72 s respectively; Mann-Whitney test,
Ngueen=13, Nyorker=15, U=49.5, P<0.01), indicating dis-
crimination between the two types of eggs by workers.
Queens sometimes inspected the introduced eggs, but never
destroyed them.

The three types of reproductive eggs extracted (queen-
laid, viable and unviable worker-laid) had statistically
distinct surface hydrocarbon profiles, but there was over-
lap between groups and only 70.5% of eggs were cor-
rectly classified a posteriori (Fig. 4; Wilk’s Lambda=0.43,
F(4,80)=10.4, P<0.01). The profile of viable worker eggs
was closer to that of queen eggs (squared Mahalanobis
distances: queen/unviable worker eggs=4.1; queen/viable
worker eggs=2.8; viable/unviable worker eggs=3.3).

4
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3 + worker viable eggs
A worker unviable eggs
2
2
<
S
a0
c
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=]
-2
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4

function 1 (79.2%)

Fig. 4 Discriminant analysis of cuticular hydrocarbons of queen
eggs (n=16), viable and unviable worker-laid eggs (n=6 and n=22,
respectively); ellipses represent 95% confidence intervals



Discussion

Workers of Myrmecia gulosa can distinguish between or-
phaned nonreproductive and reproductive individuals when
these are transferred to a queenright nest. Furthermore, us-
ing a protocol adapted from Tsuji et al. (1999), we demon-
strated that workers can often identify and successfully
police incipient reproductive workers by aggression. The
latter did not always have reproductive oocytes, but they had
a distinct pattern of cuticular hydrocarbons. This suggests
that police workers use cuticular hydrocarbons to detect
those individuals that become reproductively active. Dif-
ferences in the surface hydrocarbons of viable queen and
worker eggs may also be recognized, since worker eggs
were handled longer than queen eggs. However, this infor-
mation is not used for egg policing, since both types of eggs
were accepted in the discrimination experiment.

Discrimination between reproductive
and nonreproductive workers

When introduced in queenright colonies, reproductive
workers were antennated more extensively than nonrepro-
ductive workers, indicating that discrimination according to
reproductive status occurs. This result corroborates those
of an earlier bioassay in which hydrocarbon extracts of
reproductive workers elicited more interest than those of
nonreproductive workers (Dietemann et al. 2003). In the
experiment presented here, the frequency of bites received
by reproductive individuals was significantly higher in
only two colonies. However, bite frequency might have
increased in the other colonies, if the experiment had run
longer.

Queen presence and worker policing

A crucial result of experiment 2 is that we could success-
fully mimic queen absence in compartment #1, from which
the queen was excluded. In #1, the impeded workers had no
direct access to the queen but interacted with free workers
that regularly crossed the barrier between #1 and #2. These
impeded workers behaved as orphaned since they started
antennal boxing and biting at the same time as the excluded
workers, which had no direct contact with either the queen
or free workers. Furthermore, an equal proportion of indi-
viduals developed their ovaries in these two groups in three
out of four colonies. Thus, workers apparently need direct
contact with the queen to recognize her presence, as was
shown for other ants (e.g. Gobin et al. 1999; Liebig et al.
1999; Tsuji et al. 1999; Dietemann and Peeters 2000).

In colony D, impeded and excluded workers did not de-
velop their ovaries during the 31 days of our experiment.
Their behavior did not differ from that of the other colonies,
except for the fact that attacks and immobilizations started
later. This colony thus showed a slower response to the
loss of queen contact. In Camponotus floridanus, workers
also showed variable reaction delays to orphanage: out of
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38 worker groups, 55% did not lay eggs after 158 days,
whereas it took only 60 days for the first eggs to be laid in
the fastest responding groups (Endler et al. 2004).

In all our replicates, some of the impeded workers were
immobilized by free workers. Unlike impeded and ex-
cluded workers, the free workers were in a queenright con-
text; they were not competing for direct reproduction and
were not aggressive to each other. However, they recog-
nized the presence of incipient reproductive workers and
policed them. Only 29.4% of the incipient reproductives
were prevented from reproducing as a result of successful
policing. Furthermore, in each replicate some incipient re-
productives were not observed to be immobilized. Their
CHC profiles were typical for reproductive individuals,
and their behavior was not observably different; we can-
not explain why they escaped policing. Similarly, policing
seems to be imperfect in some ants (Kikuta and Tsuji 1999;
Iwanishi et al. 2003) and wasps (e.g. Foster and Ratnieks
2000).

Cuticular hydrocarbons and worker policing

In a previous study we showed that workers discriminate
reproductive from nonreproductive individuals based on
their cuticular hydrocarbons (Dietemann et al. 2003). We
thus expected that cuticular hydrocarbons are also used in
a policing context. Based on the hydrocarbon molecules
selected for our discriminant analysis, the CHC profiles of
immobilized individuals were distinct from those of non-
reproductive workers and were intermediate between those
of nonreproductive and reproductive workers (Fig. 3). A
similar pattern was found in unmanipulated colonies (V.
Dietemann, unpublished data), indicating that this is not an
experimental artifact.

Although immobilized workers did not exhibit a consis-
tent pattern of ovarian activity, they had similar CHC pro-
files. Thus, in M. gulosa as well as in other ants in which
cuticular hydrocarbon profiles started to change soon after
orphanage (e.g. Peeters et al. 1999; Liebig et al. 2000), the
information encoded in cuticular hydrocarbons can provide
accurate information about the physiological changes lead-
ing to reproduction although ovarian status might differ.
Indeed, cuticular profiles are correlated to the level of go-
nadotropic hormones (Cuvillier-Hot et al. 2004b; Sledge
et al. 2004) which can change well before the onset of
oviposition (Cuvillier-Hot et al. 2004b).

The changes in the CHC profile and the behavioral pat-
tern are closely linked in M. gulosa. Thus, it is likely that
police workers compare the CHC profiles of queens and
workers and detect incipient reproductive workers (i.e. in-
dividuals at an early stage of their reproductive activity
when their CHC profile is still in transition toward that
of fully reproductive workers). The discriminant analysis
showed that enough information is encoded in the CHCs to
identify incipient reproductives, and the low effectiveness
of policing observed is not likely to be due to informational
constraint (Beekman et al. 2003; Boomsma et al. 2003).
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Egg policing

Viable worker eggs and queen-laid eggs were equally well
accepted in our policing assay, indicating an absence of egg
policing. A large proportion (47%) of the unviable eggs
laid by incipient reproductives was immediately destroyed
when introduced in queenright colonies. This cannot be
considered as worker policing (sensu Ratnieks 1988), since
the destruction of unviable eggs does not reduce the fitness
of the egg-layer.

The absence of egg policing in M. gulosa contrasts with
other studies in ants. In Diacamma sp. from Japan (Nakata
and Tsuji 1996), Camponotus floridanus (Endler et al.
2004), Pachycondyla inversa (D’Ettorre et al. 2004), and
Formica fusca (Helanterd and Sundstrém 2005) workers
effectively police eggs laid by other workers. In the queen-
less species Dinoponera quadriceps, it is the dominant
worker that destroys the eggs laid by subordinate individu-
als (Monnin and Peeters 1997). In D. quadriceps (Monnin
and Peeters 1997), C. floridanus (Endler et al. 2004) as
well as in P. inversa (D’Ettorre et al. 2004), surface hydro-
carbon profiles of the eggs differ between the categories of
egg-layers and this corresponds to the behavioral pattern of
egg destruction observed. The use of surface hydrocarbons
as egg recognition cues by workers has been demonstrated
in C. floridanus (Endler et al. 2004).

In M. gulosa the hydrocarbon profile of unviable worker
eggs is distinct from that of queen eggs. Although they
are statistically separated from each other, there is a larger
overlap of queen and viable worker egg profiles compared
to the species cited above. Thus, the information encoded
in the hydrocarbons may be insufficient to avoid recogni-
tion mistakes and destruction of sisters (Nonacs and Carlin
1990). As aresult, workers might not be able to police eggs
without great fitness costs.

Conclusion

Using Tsuji’s protocol, incipient reproductive workers and
police workers were continuously in contact with each
other, simulating a natural situation where policing can
occur as soon as information linked with selfish reproduc-
tion is detected. Although we had only a limited number of
colonies and although the level of worker reproduction was
variable, the results were consistent and demonstrated that
incipient reproductives are policed. No evidence for queen
policing was found.

A limitation of our experiment was the presence of a
high number of impeded workers which simultaneously
activated their ovaries and competed for reproduction. This
is likely to affect the assessment of policing efficiency in an
unpredictable manner. It could explain why some workers
escaped policing (worker policing may be more effective
when only one or a few individuals try to reproduce at
one time) or caused an overestimation of policing as some
impeded individuals participated in immobilizations.

Provided that our estimate is correct, approximately 29%
of the incipient reproductive workers are successfully po-

liced. Several models predict that worker policing in gen-
eral may be relatively ineffective even though it is evolu-
tionary stable (e.g. Ratnieks 1988; Wenseleers et al. 2004).
The occurrence of worker reproduction is affected by its
cost-benefit ratio. If the potential cost of being killed when
attempting to reproduce is higher than the expected ben-
efit of successful egg laying, a worker should not try to
reproduce. Thus, we may expect higher levels of compe-
tition and policing in colonies where workers have a high
potential benefit for attempting to reproduce (Foster 2004).
This should be the case in small colonies with individuals
having a high reproductive potential, such as queenless ants
(e.g. Monnin and Ratnieks 2001). In M. gulosa however,
workers have a relatively low reproductive potential and
they cannot replace the queen. Their potential fitness gain
is the production of a few sons that may not have the oppor-
tunity to mate if produced outside the mating season. This
low benefit is counterbalanced by the 25.6% probability
of being killed by nestmates, which may be sufficient to
select for self-restraint and result in the absence of worker
reproduction in a queenright context. The occurrence of
self-restraint can thus explain the absence of policing on
eggs independently of informational constraints. Indeed, in
natural queenright conditions, individuals might never be
exposed to workers’ eggs and egg policing would not be
selected.

The effectiveness of worker policing is an important fac-
tor in the regulation of reproduction in hymenopteran soci-
eties. However, understanding patterns of reproduction re-
quires the knowledge of a whole set of parameters including
the potential costs and benefits of attempted reproduction
as well as informational constraints.
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