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Division of labour (DOL) plays a key role across all scales of biological
organization, but how its expression varies across contexts is still poorly
understood. Here, we measure DOL in a crucial task, colony defence, in a
social insect that affords precise experimental control over individual and
colony traits, the clonal raider ant (Ooceraea biroi). We find that DOL in
defence behaviour emerges within colonies of near-identical workers, likely
reflecting variation in individual response thresholds, and that it increases
with colony size. Additionally, colonies with pupae show higher defence
levels than those without brood. However, we do not find evidence for
a behavioural syndrome linking defence with exploration and activity, as
previously reported in other systems. By showing how colony composition
and size affect group response to potential threats, our findings highlight
the role of the social context in shaping DOL.

This article is part of the theme issue ‘Division of labour as key driver of
social evolution’.

1. Introduction

Division of labour (DOL), whereby members of a group specialize in distinct
tasks, is a key feature of social systems from microorganisms [1] to insects
[2,3] and humans [4]. DOL plays a key role at all scales of biological organi-
zation [5] and the emergence of new forms of DOL underlies all the major
evolutionary transitions, such as those from prokaryotic to eukaryotic cells,
from unicellular to multicellular organisms and from solitary to eusocial life
[6-8]. DOL often increases with within-group heterogeneity, e.g. in age [2,9],
genetic background [10,11] or morphology [12], which is believed to create the
conditions necessary for individuals to specialize in different tasks.

Social insects (ants, termites, bees and wasps) are among the most
ecologically successful animals [13,14] and display some of the most extreme
and elaborate forms of DOL [13,15,16]. Typical social insect colonies have
reproductive DOL between one or a few queens, which monopolize reproduc-
tion, and (functionally) sterile workers, which perform all other tasks needed
for colony maintenance [17]. Additionally, there is (non-reproductive) DOL
among the workers, which specialize in a subset of maintenance tasks (e.g.
foraging, nursing, defence). Thus, like a multicellular organism, a social insect
colony is composed of related units (individuals in insect colonies, cells in
multicellular organisms) that are specialized in different essential tasks, like
reproduction (queens in social insect colonies, germline cells in multicellular
organisms) or energy storage (repletes in some insect colonies, adipocytes in
multicellular organisms) and therefore depend on each other for survival. As
a consequence, social insect colonies are often conceptualized as ‘superorga-
nisms’ [18].

A striking example of specialization in social insect workers is in colony
defence. Most social insects live in stable nests, which must be defended
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against various external threats, including conspecific and allospecific intruders and competitors, predators and parasites [19- n
21]. Analogous to the immune cells that specialize in defending multicellular organisms against external threats like pathogens,
some members of social insect colonies often specialize in colony defence [22,23]. The best-documented and most iconic cases
are the morphologically specialized soldier castes of some termites [24], ants [25] and bees [26]. Age polyethism in defence has
also been reported, whereby older workers engage in defence more readily than young workers [12,27,28]. However, it remains
unclear whether DOL in defence can emerge in the absence of inter-individual differences in morphology or age.

In social insects and other animals, inter-individual variation in aggressive behaviour has often been described as part of
a ‘behavioural syndrome’ linking exploration, aggression and boldness across individuals [29-33]. For example, in great tits
(Parus major), juvenile males that are more exploratory are also more aggressive (initiate more fights with conspecifics) [34].
Similarly, individuals belonging to the patroller caste of Myrmica ants show higher aggression towards allospecifics, increased
exploration of a novel environment and higher activity in response to alarm pheromones [35]. Empirical studies on behavioural
syndromes in social insects typically measure behavioural traits in isolated individuals (i.e. outside the colony context). Studies
conducted in a social setting are rare and results are equivocal [36-38]. Furthermore, individual variation in exploration and
defence behaviours is often associated with variation in age and genetic background [28,39-41], and it remains unclear whether
behavioural syndromes manifest among workers of social insect colonies when these factors are controlled [29].

Here, we investigate DOL in colony defence against allospecific intruders in the clonal raider ant, Ooceraea biroi. In this
species, colonies are queenless and composed of workers that reproduce asexually and synchronously, so that genetically
near-identical adults are produced in discrete age cohorts [42]. This allows us to investigate DOL in colony defence in the
absence of variation in age or genetic background between individuals and between colonies. We first ask whether there is
DOL in colony defence. Then, we test whether two aspects of the social environment, colony size and brood treatment, affect
DOL and efficiency in colony defence. Group size has been shown to increase DOL in other tasks (intranidal versus extranidal
tasks) in the clonal raider ant [43]. We expected the presence and type of brood to affect DOL in defence in the clonal raider
ant because the brood is known to affect worker physiology and behaviour in this species [42,44]. Finally, we ask whether DOL
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in colony defence is linked to a behavioural syndrome by testing for an association between individual exploratory behaviour,
activity and aggressive behaviour in a colony defence context.

2. Methods

(a) Experimental design

Clonally related, age-matched (77-day-old) ants of clonal lineage B [45] were randomly selected from one stock colony,
individually marked on the thorax and gaster using oil-paint markers (Uni Paint PX-20 and PX-21) and used to form experimen-
tal colonies with two size treatments (4 workers or 8 workers) and three brood treatments: no brood, larvae (as many 5-day-old
larvae as there were workers) or pupae (as many 6-day-old yellow pupae as there were workers). Six replicate colonies were
used for each of the six treatments.

Experimental colonies were housed in airtight Petri dishes 5 cm in diameter, with a plaster of Paris floor saturated with
water. Ooceraea biroi feeds on the brood of other ant species [42,46], and colonies were fed Tetramorium bicarinatum pupae
proportionally to group size (two pupae for colonies of size 4, and four pupae for those of size 8) once. Two days after the
colonies were established, we recorded colony behaviour at 20 frames per second (fp)s using 6 Basler (model acA20440-20gc;
Ahrensburg, Germany) cameras and LoopBio Motif (v. 6) software. We first recorded 1 h of colony baseline activity (figure 1A),
followed by three trials of colony defence at 1 h intervals. In each trial, we introduced a dead (freeze-killed and thawed) worker
of T. bicarinatum as an allospecific ‘intruder” in each colony and recorded a 30 min video. Pilot experiments were conducted to
ensure that the intruder was perceived as an external threat and not as food. Results of the pilots showed that O. biroi workers
attacked dead workers but not the brood of T. bicarinatum and that dead workers were not consumed, while the brood was.
The use of a dead intruder allowed us to measure colony behavioural responses while ruling out any effects of the intruder’s
behaviour [47,48]. Intruders were removed after each trial, and a fresh intruder was used in each trial. All experiments were
conducted in a climate chamber maintained at 28.20 + 0.20°C.

(b) Behavioural data acquisition

Baseline activity in the first hour of recording (before defence trials) was analysed using automated tracking with anTraX
[49]. This detected the position of each ant every 50 ms. Raw tracking data underwent preprocessing in MATLAB (R2023b) to
identify missing or aberrant positions, which were then interpolated or removed, respectively, following [50].

In each defence trial, we used BORIS [51] to manually annotate behaviour in the first 20 min after the introduction of the
intruder. We annotated encounters of all clonal raider ants (individually identifiable by their unique paint marks) with the
intruder as well as their defence behaviour towards the intruder. We quantified the number of encounters, defined as physical
contacts with the intruder, as well as the number and duration of stinging attempts (in seconds), defined by a stereotyped
holding of the intruder with the mouthparts and bending of the gaster towards the intruder (figure 1B; [52]).

(c) Behavioural data analysis

Unless stated otherwise, analyses were conducted using R v. 4.3.1 [53].
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Figure 1. Experimental procedure. (a) Three-dimensional histograms of the spatial distribution of one ant with high entropy (top: H = 8.415) and one ant from the
same colony with lower entropy (bottom: H = 3.041) at baseline. The z-axis represents the number of frames in which the ant occupied each grid cell. (b) Experimental
ant colony in a colony defence trial; blue arrowhead: brood pile (pupae). Inset: zoomed-in view of defence behaviour by two clonal raider ants towards an intruder (red
arrowhead).

To measure individual baseline exploratory behaviour, we calculated the entropy of individual spatial distribution
in the first hour of recording, before defence trials [54]. To this aim, the area of each Petri dish was binned (25x25
bins of 2x2 mm each; 2 mm is approximately one ant body length). For each ant, we calculated Shannon entropy:
H = —Z p(x) logp(x), where p(x) is the proportion of frames that an ant spent in bin x. Higher entropy corresponds to
movement patterns that are more evenly distributed across the grid (indicative of higher exploratory behaviour), while
lower entropy values correspond to movement patterns that are more restricted to certain areas of the grid (indicative
of lower exploratory behaviour; figure 1A). To measure individual baseline activity, for each ant, we calculated: (i) the
proportion of time active, defined as the proportion of frames in which an ant was moving at a speed greater than 1
mm s7; and (ii) the mean duration of active bouts, defined as the mean number of consecutive frames of activity, which
represents how long an ant stays active during each period of activity.

To measure an individual’s propensity to engage in defence, for each ant, we calculated a defence score as:

number of stinging attempts
number of encounters

xlog(1 + duration of stinging attempts).

The score incorporates both the number and duration of an individual’s stinging attempts and uses the logarithm of stinging
attempt duration to prevent long stinging attempts from inflating the defence score [47]. The number of stinging attempts is
normalized by the number of encounters to capture the individual propensity to engage in defence behaviour upon encounter-
ing an intruder, i.e. to correct for variation in encounter rates (which might arise from, e.g. variation in locomotor activity).
The defence score takes the value 0 for ants that never stung the intruder and was assigned the value 0 for ants that never
encountered the intruder [55]. The defence score correlates with the simpler normalized number of stinging attempts (number
of stinging attempts/number of encounters; electronic supplementary material, figure S1), and statistical analyses using either
metric yielded qualitatively similar results (electronic supplementary material, tables S1-S4). We calculated the individual
defence score of each ant within each trial as well as across all three trials.

To measure DOL in colony defence, we quantified within-individual consistency and between-individual variation in
defence behaviour as in [43]. Individual consistency in defence behaviour between trials was calculated by ranking individual
defence scores within each colony in each trial (assigning the same lowest rank to ties) and conducting Spearman’s rank
correlation tests between successive trials (Trial 1 versus Trial 2 and Trial 2 versus Trial 3) for each group size and (separately)
for each brood treatment. p-values from the correlation tests were adjusted using the Benjamini-Hochberg procedure to correct
for multiple comparisons. Colonies that did not show defence behaviour in either trial of each pair of trials were excluded
from the analysis. To quantify within-colony variation in defence behaviour, we calculated the standard deviation of individual
defence scores for all ants in a colony, in each trial separately as well as across all three trials. To investigate factors influencing
behavioural variation in colony defence, we used a Gaussian generalized linear mixed model (GLMM, Imer function from
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package Ime4) to analyse the effects of brood treatment (a three-level factor), group size (a two-level factor), trial (a three-level n
factor) and colony mean defence score (to account for overall defensive effort), as well as all their interactions, on behavioural
variation, with colony as a random effect. We used the drop1 function (package stats) to evaluate the significance of terms and to
reduce models by iteratively deleting non-significant interactions. We validated model assumptions using the simulateResiduals
function from the DHARMa package. Additionally, to assess the impact of group size on behavioural variation while avoiding
artefacts arising from sampling effects, we employed a resampling approach following [43]. We simulated colonies of size 4 by
randomly selecting 4 individuals (without replacement) from each colony of size 8. Behavioural variation was calculated for
each simulated colony and averaged across replicate simulated colonies. This resampling procedure was repeated 1000 times.
To evaluate whether the behavioural variation of colonies of size 4 significantly differed from that of size 8, we generated 95%
confidence intervals for the behavioural variation of simulated colonies using the resampled data.

For each colony, defence efficiency was defined as the total number of stinging attempts received by the intruder across
all trials. This is based on the assumption that a higher number of stings is more likely to lead to the retreat or death of
intruders and therefore represents a more efficient defence [56]. We assessed the effects of group size (a two-level factor) and
brood treatment (a three-level factor), as well as their interactions, on colony defence efficiency using a linear regression model
(LM, Im function from package stats). We used the dropl function to evaluate the significance of terms and to reduce models
by iteratively deleting non-significant interactions. We then performed pairwise comparisons between the levels of significant
factors, using Tukey’s post hoc tests (function emmeans from package emmeans). Model assumptions of the LM were validated
with the diagnostic plots produced by the autoplot function from package ggfortify.

To examine the relationship between individual baseline exploratory behaviour, activity and defence behaviour, we tested
whether (i) exploratory behaviour affected encounters with the intruder—as would be expected if ants randomly encountered
the intruder while patrolling their environment—using a Gaussian generalized linear mixed model (GLMM,; function glmmTMB
from the glmmTMB package), with the number of encounters in trial 1 (a continuous variable) as response variable, individual
entropy (a continuous variable), brood treatment (a three-level factor) and colony size (a two-level factor), as well as all their
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interactions, as predictors, and colony as a random effect. We used the dropl function to evaluate the significance of terms
and to reduce models by iteratively deleting non-significant interactions. (ii) The two measures of activity (proportion of
time active and mean duration of active bouts, both continuous variables) correlated with each other and with entropy using
Spearman’s rank correlation tests; (iii) individual exploratory behaviour and activity affected defence scores using separate
Gaussian GLMMs for each predictor (individual entropy, proportion of time active and mean duration of active bouts), with
brood treatment (a three-level factor) and colony size (a two-level factor) as additional predictors, colony as a random effect,
and individual defence score in trial 1 as the response variable. We validated the assumptions of all GLMMs using the
simulateResiduals function from the DHARMa package.

3. Results

We find evidence for DOL in defence behaviour. Within a colony, individual defence scores could range from 0 (an ant
encountered the intruder 14 times and never stung) to 4.66 (an ant attempted to sting the intruder in 13 out of 18 encounters for
a total duration of 629.25 s) in one trial. Individual defence scores were overall positively correlated across trials, demonstrating
individual consistency in defence behaviour (figure 2A; electronic supplementary material, figure S2 and table S5; group size 4:
Trial 1 versus Trial 2: r = 0.17, p-adjusted = 0.195; Trial 2 versus Trial 3: r = 0.41, p-adjusted = 0.005; group size 8: Trial 1 versus
Trial 2: r = 0.28, p-adjusted = 0.0015; Trial 2 versus Trial 3: r = 0.46, p-adjusted = 2.21 x 107®). Two lines of evidence show that DOL
in defence increased with group size. First, individual consistency in defence behaviour was overall stronger in larger colonies
(see above; figure 2A). Second, variation in defence behaviour was higher in larger colonies (figure 2B and table 1, GLMM: d.f.
=1, sum sq. = 0.69, F = 5.08, p = 0.031) and this effect could not be explained by sampling effects, as shown by the fact that the
observed values for small colonies (mean + s.e.m in colonies of size 4: 0.82 + 0.08) fell outside the confidence interval generated
by resampling from large colonies (95% confidence interval in simulated small colonies resampled from large colonies: (0.92,
1.17)). Finally, DOL (behavioural variation) increased with the mean defence score (d.f. =1, sum sq. = 11.13, F = 82.53, p = 3.88 x
10™) but was not affected by trials (d.f. = 2, sum sq. = 0.45, F = 1.67, p = 0.195) or brood treatment (d.f. = 2, sum sq. = 0.33, F=1.21,
p=0311).

Colony defence efficiency was influenced by group size (figure 2C; d.f. = 1, sum sq. = 16256, F = 10.48, p = 0.003) and by the
presence and type of brood (d.f. =2, sum sq. = 64895, F = 4.93, p = 0.014). Large colonies defended more efficiently than smaller
colonies, as expected, since they had more individuals available to participate in the defence. Colonies with pupae had higher
defence efficiency than those without brood (figure 2C, Tukey’s post hoc test: no brood-pupae, estimate = —48.90, s.e. = 16.10, d.f.
=32, t = -3.04, p = 0.013), while colonies with larvae did not differ from colonies without brood (no brood-larvae, estimate =
-13.80, s.e. =16.10, d.f. =32, t = -0.85, p = 0.672) or from colonies with pupae (larvae—pupae, estimate = -35.20, s.e. = 16.10, d.f. =
32, t=-2.19, p = 0.089).

Individual baseline exploratory behaviour was positively associated with the number of encounters with the intruder in the
first defence trial (GLMM, d.f. = 1, likelihood ratio test (LRT) = 11.28, p = 0.001), as expected if clonal raider ants randomly
encountered the intruder while patrolling their environment. Both measures of activity were positively correlated (Spearman’s
rank correlation test, r = 0.86, p < 2.2 x10™°) and correlated with exploratory behaviour (proportion of time active and entropy:
r=0.97, p < 2.2x107'% mean duration of active bouts and entropy: r = 0.81, p < 2.2 x107'%). There was no correlation between
individual baseline exploratory behaviour and individual defence score (GLMM, d.f. = 1, LRT = 2.23, p = 0.136), or between
individual baseline activity and individual defence score (proportion of time active: d.f. =1, LRT = 3.23, p = 0.072; mean duration
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Figure 2. Division of labour in colony defence. (a) Behavioural consistency: correlation between ranked defence scores in Trial 1 versus Trial 2 (top) and Trial 2 versus
Trial 3 (bottom). Data points represent individuals; data point diameter represents the number of ants with a given rank combination; colours represent group size (red:
4, blue: 8); grey lines: least-squares fit. Data for different brood treatments are pooled. (b) Variation in defence behaviour in all trials as a function of group size and
brood treatment (grey: no brood, yellow: larvae, green: pupae). Data points represent colonies; boxes indicate the interquartile range (IQR) around the median (thick
black line), whiskers represent the highest and lowest values within 1.5 IQR of the upper and lower quartiles, respectively). (c) Defence efficiency across all trials as a
function of group size and brood treatment (colours as in b). Data points represent colonies, boxes indicate the IQR around the median (thick black line) and whiskers
represent the highest and lowest values within 1.5 IQR of the upper and lower quartiles, respectively.

Table 1. Effects of group size, brood, trial and mean defence score on behavioural variation.

df. sum sq. F p
group size 1 0.69 5.08 0.031
brood 2 0.33 1.21 0.311
trial 2 0.45 1.67 0.195
mean defence score 1 11.13 82.53 3.88x 107"

of active bouts: d.f. = 1, LRT = 0.07, p = 0.789). Thus, while exploratory behaviour increased the likelihood of encountering
intruders, it did not increase the propensity of an ant to engage in defence upon encounters. Likewise, high activity levels are
not associated with a greater propensity to engage in defensive behaviour.

4. Discussion

We found DOL in colony defence in O. biroi, demonstrated by inter-individual variation and individual consistency in defence
behaviour. Although all ants used here had near-identical ages and genotypes and were reared in the same controlled environ-
ment, they differed consistently in defence behaviour, suggesting that DOL in colony defence can arise in small, homogeneous
social groups. Because we measured the performance of a task in response to a controlled experimental stimulus and corrected
for variation in encounter rates with the stimulus, the observed differences in behaviour are likely to reflect individual variation
in response thresholds. Variation in response thresholds is one of the theoretically best-studied mechanisms by which DOL can
emerge [57,58], but empirically measured variation in response thresholds is still rare. Here, we detect consistent variation in
response thresholds that is independent of age or genetic background (as shown by inter-trial consistency in defence scores).
As shown in the same species for other behaviours [43], DOL in defence increased with colony size. Although our conclusions
are based on the study of a single clonal lineage (B), previous work has shown qualitatively similar patterns of DOL across two
commonly used genotypes (A and B) [43], suggesting DOL in colony defence exists in other clonal lineages as well.

The type of brood present in colonies affected defence efficiency, with colonies containing pupae displaying more efficient
defence than colonies without brood. This pattern could reflect a context-dependent defence strategy of the colony [59,60].
Pupae used in this study were the product of ca 20 days of brood care, a substantial time and resource investment. In addition,
late-stage ant pupae have nutritional value for the colony: the moulting fluid they produce is rich in nutrients, hormones and
neuroactive substances which are consumed by adults [61]. These factors together may increase the defensive investment in
pupae. We did not observe an increase in DOL in colonies with pupae, suggesting that the enhanced defensive investment may
be a general colony response rather than the result of increased defensive behaviour in a subset of specialized workers.
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We failed to detect a behavioural syndrome linking exploration or activity with aggression as joint manifestations of bold-
ness that correlate across individuals, as has been reported in various species [30-33], including ants [29,35,36]. Here, while ants
with higher explorative behaviour encountered intruders more frequently (as expected), they were not more (or less) likely to
engage in defence behaviour upon encounter. The discrepancy may stem from the context in which exploratory behaviour and
aggression are measured. Previous studies on exploration and aggression in ants often focused on isolated individuals [35,36].
While studying isolated individuals allows the control of social influences and can reveal intrinsic
behavioural tendencies, the relationship between exploration and aggression can differ between isolated and social contexts
[60]. For instance, ants have been shown to exhibit lower levels of aggression when alone versus in a group owing to the need
for colony defence [62] or the presence of social cues [60,63]. In a colony setting, the social environment can amplify individual
defence based on the social information individuals perceive (e.g. via alarm pheromones [64,65] or non-nestmate cues [66]).
Additionally, past work on social insects involved colonies containing individuals of varying ages, genetic backgrounds and/or
morphology. In contrast, we controlled for age and genetic background in O. biroi, a monomorphic species, and found no
correlation between exploratory and defensive behaviours. This suggests that the behavioural syndrome reported in social
insects might stem in part from underlying inter-individual variation in factors such as genotype [67], morphological caste [35]
or age [68].

How consistent differences in behaviour arise among genetically identical individuals reared in the same environment is an
important, unanswered question. Studies on naturally clonal species (including fish [69], bacteria [70] and insects [71]), as well
as animals from isogenic laboratory lines [72,73], and human monozygotic twins [74], consistently show stable inter-individual
differences in behaviour, but the developmental and neurological bases of such variation are only starting to be elucidated
[72,75]. Social insects are notorious for their extreme developmental phenotypic plasticity. In clonal raider ants, differences in
adult behavioural tendencies might arise from small (potentially stochastic) differences in development (e.g. temperature and
nutrition at the larval stage). Inherent differences in adult behavioural tendencies may then be plastically amplified by several
factors, including group size and composition (via e.g. threshold responses), individual experience [76] or social interactions, to
generate stable DOL among group members.
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