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Abstract

1. Ant workers are often specialized in specific tasks, and it is well-established that

the main task an ant performs in the colony can be used to predict its sensitiv-
ity and responses to task-associated stimuli. An often-overlooked aspect of ants'
task specialization is that individuals often switch tasks throughout the day and
are not always engaged in functional tasks. Furthermore, the tasks individuals
engage in are often correlated with other context-specific factors, such as worker
density, which can independently influence individuals' behaviour. Given this in-
tra-individual variation in task engagement and its correlation with density, it is
currently unknown how these two factors interact to modulate ants' sensitivity
and responses to stimuli.

. To address this question, we built a robotic manipulation system that allowed

us to teleoperate a dummy inside ant colonies and to provide simulated anten-
nations to ants when performing different tasks in areas with different worker
densities. We coupled this manipulation system with a custom-built automated
tracking system (FORT) that allowed us to track individual identities and locations

as well as to record the ants' responses to the dummy stimulation.

. We found independent effects of task and worker density on ants' responsiveness

and alarm towards the dummy. Ants were less likely to respond and be alarmed by
the dummy when stimulated in areas with high worker density. Responsiveness
but not alarm was further influenced by the task being performed, with ants
doing broodcare being the least responsive. Our results suggest that ants' be-
haviour is density-dependent and that ants experience a process of habituation
to tactile stimulation. Additionally, ants' responsiveness is modulated by the
task they are performing at a given time, showing that sensitivity to stimuli is

context-dependent.
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1 | INTRODUCTION

Ants are one of the most successful taxa on the planet as they are
found in almost every ecosystem on earth. This ecological success is
partly due to an efficient division of labour, where different individ-
uals in the colony specialize on particular tasks such as brood care,
foraging, defence or cleaning (Hélldobler & Wilson, 1990). Previous
studies have shown that the main task a worker performs in the
colony is related to its sensitivity and responsiveness to task-spe-
cific stimuli (Robinson & Page, 1989) and that individuals special-
ized on different tasks present consistent differences in behaviour
(e.g. probability of alarm) towards stimuli across time and contexts
(Jandt et al., 2014). For instance, major and minor workers of the
carpenter ant Camponotus mus differ in their appetitive responses
towards sugar solutions (Josens et al., 2018), and minor workers of
the leaf-cutter ant Atta capiguara are disproportionately more likely
to be alarmed by dead conspecifics than major workers (Hughes &
Goulson, 2001).

Although ant workers spend most of their time performing the
task they are specialized in, individuals can switch tasks throughout
the day (Robinson, 1992) and are not always performing clearly func-
tional tasks. For instance, over a 10-h window, individual workers of
Temnothorax allardycei spend a large proportion of their time (32%)
in undifferentiated activities such as moving through the nest and
an even larger proportion of their time (55%) quiescent (Cole, 1986).
This intra-individual variation in task participation remains largely
unstudied, and it is currently unknown whether workers' sensitivity
to task-associated stimuli varies only according to the main task ants
perform in the colony or whether the specific task being carried out
at a particular point in time also has an effect. Empirically testing
how the task an ant is performing influences its responses towards
stimuli is challenging for several reasons.

Generally, it is difficult to conduct controlled behavioural exper-
iments with social insects because removing them from their social
environment strongly affects their behaviour, increasing for instance
their locomotor activity (Koto et al., 2015). Conducting behavioural
experiments within social insect colonies without disturbing all indi-
viduals and altering their behaviour is also very complicated and has
only been possible in recent years thanks to technological advances

4. Our robotic set-up constitutes a valuable tool to systematically investigate so-
cial insect behaviour under unprecedented experimental control to unravel the
individual-level behavioural rules that underpin the organization of social insect
colonies. The integrated system presented here opens new research avenues to
empirically investigate the effects of more complex stimuli on social insect behav-
iour and has the potential to significantly further our understanding of decentral-

ized collective systems.

ant behaviour, automated behavioural tracking, robotic manipulator, tactile stimulation, task,

in the fields of robotics and imaging (Franks et al., 2022; Landgraf
et al., 2008). Evaluating the effects of the task being performed on
responsiveness to stimuli in ants poses the additional complication
that task engagement is strongly correlated with worker density,
which can also modulate stimuli responsiveness independently.
Ants can estimate conspecific density based on the frequency of in-
teractions they experience (Gordon, 2020), and worker density has
been shown to influence individual interaction rates in the jet ant
Lasius fuliginosus (Gordon et al., 1993) and aggression levels towards
non-nestmates in the Argentine ant Linepithema humile (Buczkowski
& Silverman, 2005). Furthermore, workers display strong spatial fi-
delity, and individuals performing a specific task tend to cluster in
certain areas of the nest, which increases worker density in cer-
tain locations (Dornhaus & Chittka, 2005; Franks & Tofts, 1994;
Mersch, 2016; Richardson et al., 2022). For example, nurses fre-
quently stay close to the brood, whereas foragers rarely interact
with nurses because they stay near the nest entrance (Mersch
et al., 2013). Worker density and task are further interconnected
insofar as the number of ants performing a given task can increase
or reduce the likelihood that other workers will engage in the same
task. For instance, in the red harvester ant, noncleaning workers are
more likely to begin to clean when they encounter other workers
engaged in cleaning (Gordon & Mehdiabadi, 1999). In summary, the
task an ant is performing at a given point in time and the density of
workers around its location are highly related and both contribute
to the decentralized organization of social insect colonies. Despite
their importance for regulating colony activity, whether and how
these two factors interact to modulate ants' sensitivity and respon-
siveness to task-associated stimuli remains unknown.

The aim of this study was therefore to evaluate how the be-
havioural responses of workers are simultaneously influenced by
the task being performed and the density of workers at the location
where a stimulus is encountered. Given that traditional behavioural
assays do not allow individuals to be tested without altering their
social context and the task they are performing, we developed a
robotic manipulation platform that allows us to teleoperate a mag-
netically tethered dummy inside ant colonies and to provide stan-
dardized tactile stimuli to specific ants in specific nest locations.
Interactive robots and teleoperated dummies have rapidly gained
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popularity in the last two decades as tools to better understand bi-
ological systems (reviewed by Krause et al., 2011). Robotic set-ups
have been used to study attraction and aggression in fish (Bierbach
et al.,, 2018) and lizards (Martins et al., 2005) as well as song de-
velopment in finches (Simon et al., 2023), among others. In social
insect research, robots have been used to investigate the function
of the honeybee waggle dance (Landgraf et al., 2008; Michelsen
et al., 1992), decision-making in cockroaches (Halloy et al., 2007)
and tandem running in ants (Franks et al., 2022). Robotic manipu-
lation presents the advantage over traditional behavioural tests of
providing a standardized signal to all tested individuals. In addition,
dummies can be teleoperated within animals' natural group com-
position and allow to select the timing and location of the stimulus
presentation, solving the experimental difficulties highlighted above
(Gartland et al., 2022; Krause et al., 2011).

In our experiments, we coupled a robotic manipulation system
with a custom-built automated tracking system that recorded the
spatial coordinates of each individual multiple times per second. We
used this integrated system to investigate how workers of the ant
Leptothorax acervorum respond to a tactile stimulus simulating an-
tennation depending on the task they are performing and the den-
sity of workers at the time and location of the stimulus presentation.
To assess the roles of the task being performed and worker density
on behaviour while controlling for individual and stimuli character-
istics, we presented the same tactile stimuli to the same workers in
different areas of the nest and while the workers were engaged in
different tasks. We then measured their overall responsiveness and

alarm behaviours towards the stimuli.

2 | METHODS
2.1 | Robotic manipulation platform

The robotic manipulation platform consisted of a dummy magneti-
cally coupled with an external control system that moved the dummy
among the ants and generated a precise tactile stimulus (Figure 1
and Figures S1 and S2). Each dummy was made of a rectangular
magnet 2.5mm long, 1.5mm wide and 0.5 mm tall (HKCM) and two
artificial antennae fabricated from 2-mm-long synthetic paint brush
fibres (LR 15060, Lascaux). The magnets were coated with gold to
present an inert surface and maintain a smooth motion above the
floor of the nest throughout week-long experiments. The artificial
antennae were glued to the magnet using quick-drying glue (Pattex
ultra). After fabrication, all dummies were cleaned with ethanol and
placed in an incubator at 80°C for 4 h to allow any residual odours
associated with the glue to evaporate. A different dummy was used
for every colony. The external control system operated under the
floor of the nest and consisted of two cylindrical permanent mag-
nets (2mm in diameter and 10 mm in height, HKCM) for navigation
and two electromagnetic coils (RFS1317-824KL, Coilcraft) for oscil-
lating the dummy in place and generating the tactile stimulus. The
magnets and coils were mounted on nested cartesian (VT-80, Physik
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Instrumente) and rotary (DT-34, Physik Instrumente) stages. Both the
stage controller (C-884, Physik Instrumente) and the signal genera-
tor that produced the tactile stimulus (HMF2525, Rohde&Schwarz)
were remotely controlled via the ‘keyboardAntbot’ program, a cus-
tom program that allows to teleoperate the manipulator system
based on visual feedback from the live video stream (see below).
Both the position of the dummy in space and the start time of each

tactile stimulus were manually controlled by the experimenter.

2.2 | Automated tracking system

The automated tracking system used, named the FORmicidae
Tracker (FORT, Figure 1, Figures S1 and S2), is an updated and im-
proved version of the fiducial tracking system presented by Mersch
et al. (2013). The FORT tracking system consists of a 48 megapixel
and 35mm monochromatic camera (Flare 48MP, 10 Industries)
equipped with an enlarging lens (apo-rodagon-n 50, Rodenstock) and
a near infrared long-pass filter (Ip850, MidOpt). Given that behav-
ioural tracking took place both at day and night, we paired the mono-
chromatic camera with a custom-built infrared illumination system,
consisting of 48 high-power Infrared LEDs (SFH 4235, Osram). To
reduce unwanted heating of the ant nests as well as to minimize the
motion blur of fast-moving ants, these LEDs operated in pulses of
1 to 3 milliseconds that were electronically synchronized with the
camera's frame grabber (Coaxpress G3 Quad DL, Euresys). Images
were acquired at an eight images per second rate, and all vision pro-
cessing was performed online on a high-end consumer grade PC
(Intel 9700K CPU, 16Gb DDR4-3200 memory). The choices of ex-
clusively conducting online vision processing and to only store a low-
resolution compressed video stream were motivated by the need to
keep the amount of stored data to a minimum in order be able to
conduct experiments over long periods of time (up to 4weeks). The
custom-designed climate control system that allowed us to regulate
temperature and humidity throughout the experiments consisted of
a piezoelectric vaporizer combined with an exhaust fan and heating
resistors (up to 45W). All blueprints, firmware and code of the FORT
are published under various open-source licences at https://formi

cidae-tracker.github.io.

2.3 | Experimental set-up

Three Leptothorax acervorum colonies consisting of a queen
and approximately 100 workers were collected on the 13th of
August 2020 in Anzeindaz, Switzerland. No specific permits
were required to collect or test these colonies as the ants were
native to Switzerland. The colonies were housed in closed plas-
tic test boxes with a Teflon carpet, which allowed the dummy to
smoothly slide over the floor during the experiments. The walls
of the boxes were covered with Fluon to prevent escapes. The
boxes were equipped with a water tube and a 75x52x 2 mm® car-
board nest covered with an infrared-passing glass filter that was
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FIGURE 1 (A) Partial (left) and complete (right) schematic representations of the automated tracking system inside an open climate-
controlled box paired with the robotic manipulator. The monochrome camera is depicted in red/yellow. The climate-control system is
depicted on the left of the tracking system. (B) Close-up top view of the robotic manipulator, the test box in blue and the nest covered by
a red-tainted glass. The robotic manipulator operates under the test box and the dummy can be seen above the two guidance magnets. (C)
Close-up of the robotic manipulator and the tagged dummy (golden rectangle in close-up) placed inside the test box. The test box includes
a cardboard nest (A) covered with a red glass to simulate darkness and a Teflon covered base (B). The robotic magnetic control system is
placed below the test box and consists of two guidance magnets (C) and two electromagnetic coils (D) mounted on one rotational stage (E)

and two translational (F) stages.

opaque for visible light. The ants were fed once a week with di-
luted sugar water, Drosophila flies and artificial ant diet (Bhatkar
& Whitcomb, 1970). At the time of the experiments, the colonies
had been in the laboratory for approximately 6 months. Ten days
before the experimental manipulation, all the workers, the queen
and the dummy were tagged using unique fiducial markers (ARTag,
Apriltag) of 0.7 x 0.7 mm (Figure 2; Mersch et al., 2013; Richardson
et al., 2022) and moved to a clean nest together with the brood.
All brood items of all developmental stages were included in the

experiment to keep the colonies' composition as natural as possi-
ble. The number of brood items in the tested colonies was counted
every 3h during the experimental period (24 values per colony;
mean number of brood items, colony 209: 253; colony 207: 254;
colony 201: 334). The tags were glued onto the ants' thorax using
fast-drying glue (Pattex ultra). Ants were tracked using the above-
mentioned FORT system, which in addition to recording individual
ant trajectories over extended periods of time, generates a live
video stream and real-time data on individual identities that allow
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FIGURE 2 (A) Live worker density mapping for a single colony. The contours delimit the high-, medium- and low-density zones.

Warmer colours represent higher-densities and colder colours represent lower densities. Each number in blue represents an ant and the
green symbol marks the position of the dummy. The double arrow marks the nest entrance and the double line on the left of the figure
represents the secret entrance through which the dummy was introduced into the nest. (B) A tagged ant antennating the tagged dummy. (C)
Frequencies of the different behavioural responses observed (left) and the different behavioural combinations observed (top). Black circles
represent the presence of a behaviour, grey circles represent absence of a behaviour and black circles linked by lines represent observed

combinations of behaviours.

the experimenter to operate the manipulation system and guide
the dummy inside the ant colony. The ants were kept under a daily
climate cycle of 12-h daylight-12-h darkness and a temperature of
17°C at 70% relative humidity throughout the experiment.

2.4 | Experimental design

For each colony, the experiment was divided into a seven-day ac-
climation phase, followed by a six-day experimental phase. The
experimental phase consisted of two 4-h sessions per day on six
consecutive days. Every session consisted of four, 1-h periods,

alternating periods when targeted stimulations were conducted
(moving periods) and periods when no targeted stimulations were
conducted and the dummy remained immobile (static periods,
Table S1). We randomly selected half of the sessions to start with a
moving period and the other half to start with a static period. During
static periods, all interactions between the dummy and the ants
were initiated by the ants themselves and therefore outside the ex-
perimenters' control. By contrast, during the moving periods, a stim-
ulation took place when the dummy entered into physical contact
with the targeted ant. Each stimulation consisted of a simulated an-
tennation event where the dummy was directed towards an ant and
upon stablishing physical contact, performed a sinusoidal wiggling
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signal. The experimenter controlled the start time of the stimulation
but once the stimulation started, the oscillation was preprogramed
to have a given frequency and duration. For these experiments, the
oscillations were set to last 15s and have a constant frequency of
1Hz. This oscillation frequency was chosen based on pilot testing
as the highest frequency that did not displace or harm the ants.
Stimulations were directed exclusively towards adult workers and
not brood items (even when ants were doing broodcare).

Although the same ants were occasionally tested multiple times
in the same period, the same ant was never tested multiple times
in a row, and an attempt was made to test as many different ants
as possible in a given density zone (see below) at least once per 1-h
period. Across moving periods, we performed an average of 19 stim-
ulations per period (range 10-37 per period, corresponding to one
stimulation every 3 to 10 min), targeted at an average of 14 different
ants (range 8-24). This resulted in a total of 702 stimulations across
all sessions and colonies. In some cases (N=>51), stimulation events
were excluded from the analysis as they included technical prob-
lems. These instances involved the loss of the magnetic capture of
the dummy, debris jamming under the magnet and forceful encoun-
ters with ants after the dummy was stuck or the operator made a
mistake.

To investigate the effect of worker density on behaviour, each
4-h session took place in one of three densities zones. To define den-
sity zones in real-time, the trajectory of every ant was retrieved from
the FORT tracking system and plotted every 10s in an equidistant
density contour plot overlaid on the live feed. This plot contained
three delimited zones calculated using Gaussian kernel density es-
timation, which provided visual feedback for the experimenter to
direct the dummy towards an ant in the desired density zone (‘gauss-
ian_kde’ function of ‘scipy’ python package using Scott's rule for
bandwidth estimation and uniform weights, Figure 2A). The density
zone where the interactions of a given period took place (i.e. low,
middle or high) was pseudo-randomized a priori for each colony so
that each zone was targeted in four sessions during the experiment.

Depiction Description

To investigate whether the dummy could potentially acquire a
chemical profile that influenced the ants' behaviour, the first six ex-
perimental sessions were performed with a dummy placed inside the
nest 7days before the start of the first session. The remaining six
sessions were each conducted with a freshly fabricated dummy (not
acclimatized) that was introduced into the colony less than 1 h before
the start of the experiments. Dummy acclimatization (acclimatized
or not), density zone (low, middle or high) and period type (moving or
static) were fully crossed so that each colony was subjected to each
combination four times during the experiment. To avoid disturbing
the colony, each dummy was first introduced into the nest through a
secondary nest opening that remained closed otherwise rather than

via the main nest entrance.

2.5 | Datacollection and coding

Interactions between ants and the dummy were detected with the
FORT-myrmidon postprocessing library (https://formicidae-tracker.
github.io). Two ellipses were defined for each ant, one comprising
the head and antenna region and the other comprising the body. The
dummy was defined by a single ellipse. Interactions were detected
when the head ellipse of a given individual collided with the head or
body ellipses of another individual or the dummy.

One hundred and fifty interactions between ants and the
dummy during static periods were randomly selected to evaluate
differences in worker behaviour towards moving and static dum-
mies. In a preliminary inspection of the video recordings from the
periods when the dummy was teleoperated (moving periods), five
distinct behavioural responses towards the dummy were identified
(Table 1). For each stimulation during moving periods, we computed
the normalized worker density around the stimulated ant from the
density map (i.e., a value corresponding to the colour of the pixel of
the target ant in Figure 2A). To evaluate how other spatially struc-
tured aspects of the nest such as brood distribution influenced ant

TABLE 1 Five behavioural responses of
ants towards the dummy.

Indifferent: The ant is touched by the wiggling dummy but shows no

NCY
@/ﬁ

response (i.e. the head does not orient towards the dummy or the
ant just walks/runs away without interacting with the dummy)

Antennation: The ant touches the dummy with the antennae

~ Excited runs: After antennating with the dummy, the ant quickly moves
away and proceeds to interact in quick succession with ants nearby
or to check on eggs. Occasionally the ant will return to interact

N 7/ again with the dummy
W&/j Climbing on top: The ant climbs the dummy placing its head and thorax
AN on top of it for more than 1s
("q Biting: The ant bites the dummy's rods
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behaviour, we extracted the coordinates of each visible brood item
from a video frame every 3h from the video recordings collected
during the experiments. Next, we built brood-density maps using
the same method that we employed to build worker density maps
and assigned normalized brood densities to each stimulated ant
based on the map closest in time to the stimulation.

From video recordings, we manually coded whether the ants
responded to the dummy or not after a stimulation, how the ant
responded (Table 1) and the task or action that the focal ant was
performing right before the stimulation. We defined alarm as any
response that included strong excitement (e.g. excited runs) and/or
aggression (e.g. biting; Wilson & Regnier, 1971 see Table 1 for defini-
tions). Climbing on top of the dummy was not classified as alarm be-
cause it was not obviously related with behaviours associated with
anxiety or agitation. In addition, for each stimulation during moving
periods and interaction with the dummy during static periods, we
recorded the ant ID, the colony ID and whether the dummy was ac-
climatized or freshly made (see Table S2 for model structures).

3 | RESULTS

3.1 | General description of the behavioural
responses to tactile stimulation

In total, we analysed 801 interactions between dummies and 208
different ants. Of these, 651 were interactions where the dummy
was mobile (i.e. stimulations where the dummy was teleoperated to
interact with an ant). Most ants (77%) were targeted only once dur-
ing the experiments. We observed five different types of responses
towards the dummy after stimulation: indifference, antennation,
excited runs, climbing on top and biting (Table 1). If the ants exhib-
ited any behaviour towards the dummy other than indifference, we
considered that they had responded to the dummy (value of 1 in re-
sponse variable of Model 3, see Supplementary Methods). Ants usu-
ally exhibited a single-behaviour response (569 out of 801 events),
but occasionally multiple behaviours were performed sequentially
as a response to the dummy stimulation (232 events). Excited runs,
biting or any sequence containing either or both response types was
classified as alarm (value of 1 in response variable of Models 2 and
4, see Supplementary Methods). The frequencies of each response
as well as the observed combinations of response types are shown
in Figure 2C.

Antennation was the most frequent behaviour observed both
as a single-behaviour response and as part of response combina-
tions. The behaviours involved in the alarm response (biting and
excited runs) only occurred as part of combinations (Figure 2C).
Ants were less likely to antennate the dummy when it was moving
than when it was static (GLMM 1:)(2:35.01, df=1, p<0.001, esti-
mate+SD=-2.72+0.63, Table 52). However, ants were significantly
more likely to display alarm towards the dummy when it was moving
than when it was static (GLMM 2: ;(2=6O.31, df=1, p<0.001, esti-
mate+SD=9.33+1.73, Table S2). These results indicate that ants

E SOCIETY

perceive the dummy as a bigger threat when is moving compared to

when it is static.

3.2 | Factors influencing the probability of
responding to the dummy

In Model 3 (Table S2), we evaluated how the probability of ants to
respond to the moving dummy was influenced by the interaction
between the density of workers and the task the ant was perform-
ing just before the stimulation took place (Figure S3), the interaction
between the brood density and the task, and the acclimatization of
the dummy (i.e., whether or not it had been in the colony during the
7 days prior to the experiment). Given that the interactions between
worker or brood density and task were not significant (full-reduced
model comparison lacking interactions:;(2=14.14, df=8, p=0.078),
we proceeded to evaluate the individual fixed effects of the predic-
tors from a model lacking interaction terms (full-null model compari-
son: y2=44.22, df=7, p<0.001).

Worker density had a significant effect on the probability to
respond to the dummy (GLMM Likelihood ratio test=17.42, df=1,
p<0.001; Figure 3B). Ants were less likely to respond the higher the
density of conspecifics around them at the time of stimulation (es-
timate+SE=-0.51+0.12). A possible explanation for these results
could be that areas with different worker densities are populated
by distinct subsets of workers with intrinsic differences in response
thresholds. To exclude this possibility, we compared the probabil-
ity to respond to the dummy of individuals which had been tested
in two of the discrete density areas generated during the data col-
lection process that significantly differ in response probability (i.e.
we compared the probability of response of ants stimulated at least
once in both the high- and middle-density zones, N=53; and the
high- and low-density zones, N, ,.=53; Figure S4). These compari-
sons revealed that the probability of the same ant responding to the
dummy was significantly lower when it was in the high-density zone,
compared to when it was in the middle- or low-density zones but
did not differ between the middle- and low-density zones (Table S3).
The same results were obtained when only a single, randomly se-
lected value per ant and density zone was considered (Table S3).
These comparisons between responses of single individuals at dif-
ferent locations in the nest indicate that the association between
local density and response probability was not a side effect of dif-
ferences in the average behavioural responses between worker task
groups occupying different parts of the nest, but instead represent
dynamical changes in the individual responses to tactile stimuli as a
function of the immediate local conspecific density.

Brood density did not influence the response probabilities
of workers (GLMM Likelihood ratio test=0.10, df=1, p=0.75,
Figure 3A). However, because continuous brood density and con-
tinuous worker density were weakly but significantly correlated
(Pearson's r [df =649]=0.09, p<0.01), ant density could have been
masking an effect of brood density in Model 3. To exclude this
possibility, we re-evaluated the effect of brood density on ants'

aNyY) SUORIPUOD pue SLB | 81 88S *[7202/T0/0T] uo ARigiauluo A3|im ‘enbjuooe 3 uoreluswnoog - 14d3,18d anbeyiolqig Aq vy T X0TZ-Tv0Z/TTTT 0T/I0p/wod: &3] Im A1 puljuo's eunokaq)/sdny woiy papeojumod ‘T '¥202 ‘X0TZTH0Z

Rl Im A

85U80|7 SUOWILLID 8AIIeRID 8 el dde ay) Aq peusenob ae sepiie YO 8sn Jo sajnl 10§ Akeiqiauljuo A3|1M Uo (SUoRIPUoO-pL



. " RUEGG ET AL.
Methods in Ecology and Evoly Eg.';‘lfg!v.m
1.0
(B) 1.0 GhamSwmsspse © © ° (C)
08{ T T 7Tt ---oL 0.8
z .
= *
e}
206 06 0.6
g 0. . .
o
[0
(2]
S 04 0.4 0.4
Q.
]
Q
[an
0.2 0.2 0.2
0.01 @ "0 HTARLE"T ST« @ 0.0 { @TEET: G sy 5 0.0
00 02 04 06 08 1.0 00 02 04 06 08 1.0 " Antenn Brood Immob Idle  Walk
Worker density Brood density Task

FIGURE 3 Overall responsiveness to tactile stimulation. (A) The probability of responding to the dummy as a function of normalized
worker density at the area where the stimulation took place. (B) The probability of responding to the dummy as a function of normalized
brood density at the area where the stimulation took place. (C) The probability of responding to the dummy depending on the task the ants
were performing at the time of stimulation. ‘Antenn’ stands for antennation, ‘Brood’ stands for brood care and ‘Immob’ stands for immobile.
In panels (A and B), each dot is an individual coloured according to colony. The dashed line is the fitted model and margins of the shaded area
represent the 95% confidence intervals of the model. In panel (C), blue circles are the fitted values calculated by the model and vertical lines
represent the 95% confidence intervals of the model estimates calculated via bootstrapping. Bar heights represent observed mean response
probabilities per task. Asterisks denote significant differences between groups.

probability of response by refitting Model 3 excluding worker den-
sity as a predictor. The results of this model confirmed that brood
density had no significant effect on workers' probability of response
(GLMM estimate+SE=-0.06+0.13, p=0.62).

The probability of response to the dummy was also influenced
by the task that the ants were performing just before receiving the
stimulation (GLMM Likelihood ratio test=20.01, df=4, p<0.001;
Figure 3C). Ants tending to brood and immobile ants were signifi-
cantly less likely to respond to the dummy than idle ants. To ex-
clude the possibility that the differences in probability of response
towards the dummy according to task were due to different tasks
being performed by different subsets of workers with intrinsic dif-
ferences in response thresholds, we re-evaluated the pairwise dif-
ferences between tasks revealed by Model 3, considering only those
individuals that had been tested when performing both tasks in the
pair. Both previously significant pairwise comparisons remained sig-
nificant (Figure 3, Table S4).

Finally, the probability of response to the dummy was not sig-
nificantly affected by the acclimatization of the dummy (GLMM
Likelihood ratio test=0.87, df=1, p=0.35) as ants responded sim-
ilarly to acclimatized and freshly made dummies.

To evaluate whether physical contact between the stimulated
worker and the brood influenced the probability of the worker re-
sponding to the dummy, we compared the probability of response
of ants that had been tested both when they were in physical con-
tact with brood and when they were not (N=55). When ants were
in contact with brood they were less likely to respond to the dummy
than we they were not (McNemar chi-square=72.75, p<0.001,
odds ratio=6.15, 95% CI [3.99, 11.57]), and this difference re-
mained significant when only one randomly selected response per

ant in each condition (presence or absence of brood) was consid-
ered (McNemar chi-square=19.59, p<0.001, odds ratio=3.92,
95% Cl [2.18, 9.85]).

3.3 | Factors influencing the probability of alarm

In Model 4 (Table S2), we tested whether the probability of being
alarmed by the moving dummy was influenced by the interactions
between the density of workers and the task being performed just
before the dummy stimulation, the interaction between brood den-
sity and the task, and the acclimatization of the dummy. Given that
the models with and without interactions did not differ (y*>=8.69,
df=8, p=0.37), we proceeded to evaluate the individual fixed ef-
fects of the predictors in a model lacking interactions (full-null model
comparison: y>=31.61, df=7, p<0.001).

The density of workers around the stimulated ant had a sig-
nificant effect on the probability that ants were alarmed by the
dummy (GLMM Likelihood ratio test=14.78, df=1, p<0.001, esti-
mate+SE=-0.46+0.12; Figure 4A). Ants were significantly more
alarmed the lower the density of workers in the area where the stim-
ulation took place. Similarly, brood density had a significant effect
on the ants' alarm probability (GLMM Likelihood ratio test=5.20,
df=1, p=0.02, estimate+SE=-0.36+0.17; Figure 4A), with ants
being more alarmed at lower brood densities.

The probability of ants to be alarmed by the dummy was not
significantly affected by the task the ants were performing at the
time of the stimulation (GLMM Likelihood ratio test=4.50, df=4,
p=0.34, Figure 4B) nor by the acclimatization of the dummy (GLMM
Likelihood ratio test=1.84, df=1, p=0.17).
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FIGURE 4 Alarm to tactile stimulation. (A) The probability of being alarmed by the dummy as a function of normalized worker density

at the area where the stimulation took place. (B) The probability of being alarmed by the dummy as a function of normalized brood density
at the area where the stimulation took place. (C) The probability of being alarmed by the dummy depending on the task the ants were
performing at the time of stimulation. ‘Antenn’ stands for antennation, ‘Brood’ stands for brood care and ‘Immob’ stands for immobile. In
panels (A and B), each dot is an individual coloured according to colony. The dashed line is the fitted model and the margins of the shaded
area represent the 95% confidence intervals of the model. In panel (C), blue circles are the fitted values calculated by the model and vertical
lines represent 95% confidence intervals of the model estimates calculated via bootstrapping. Bar heights represent observed mean alarm

probabilities per task.

As for Model 3, we conducted additional analyses focusing on
ants that had been tested both in the high- and middle-worker den-
sity zones or in the high- and low-worker density zones used during
data collection to exclude effects caused by intrinsic differences
in response thresholds between ants located in the different den-
sity zones. We focused on these pairwise comparisons because the
probability of ants to be alarmed differed between these density
zones when worker density was considered as a discrete variable
(Figure S4). These pairwise tests confirmed the significant effect of
worker density both when all observations per ant and zones were
considered as well as when a single, randomly selected observation
per ant and zone was considered (Table S5). Similarly, we performed
equivalent analyses evaluating whether the probability of alarm of
individual ants differed when they were tested in different brood
density areas by binning brood density into three discrete categories
like those used for worker density. Contrary to the effects of worker
density on alarm probability, ants did not differ in their probability of
alarm depending on the brood density area where they were stim-
ulated (full-reduced model comparison lacking brood density area:
=4.75,df=2, p=0.09).

3.4 | Testing the habituation hypothesis

The association between the probability of response and local
worker density could stem from a habituation process, whereby ants
in a high-density area receive more interactions and so become less
responsive towards stimuli. To test this hypothesis, we first evalu-
ated whether worker density at the location where a stimulation
took place was correlated with the number of interactions in the

previous 1, 2 and 5min. In all cases, worker density and number of
interactions were significantly and positively correlated (Pearson's
correlation 1min: r (df=649)=0.59, p<0.001; Pearson's correla-
tion 2min: r (df=649)=0.59, p<0.001; Pearson's correlation 5min: r
(df=649)=0.54, p<0.001, Figure S5).

Next, we evaluated whether the number of previous interactions
with nestmates had an effect on the probabilities of responding and
being alarmed by the dummy when controlling for worker density
and task being performed at the stimulation (Models 5 and 6). The
number of nestmate interactions that an ant received during the
minute before the stimulation had a negative effect on the probabil-
ity of responding to the dummy (GLMM estimate + SE=-0.45+0.14,
)(2=10.3, df=1, p=0.001, Model 5). This effect was still significant
when the time window considered was expanded to 2min (GLMM
estimate+SE=-0.40+0.14, ;(2:8.05, df=1, p=0.004) and 5min
(GLMM estimate + SE=-0.40+0.14, ,>=8.31, df=1, p=0.003). By
contrast, the number of nestmate interactions that an ant received
during the minute before the stimulation by the dummy did not have a
significant effect on the probability of being alarmed by the dummy in
any of the time windows (Model 6 1 min: estimate + SE=-0.15+0.15,
22=1.12,df=1, p=0.29; 2 min: estimate + SE=0.05+0.14, ,>=0.14,
df=1, p=0.71; 5min: estimate+SE=0.15+0.14, »*=1.22, df=1,
p=0.27) before the interaction.

To rule out the possibility that these differences may stem from
intrinsic behavioural differences associated with the overall level of
activity of different ants, we investigated whether for a given ant,
the probabilities of response were influenced by the ant's current
interaction rate. We classified the stimulation by the dummy as
having occurred during either a high- or a low- interactivity period.
High- and low-interactivity periods were those where the number
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TABLE 2 Comparisons of ants'

Dependent McNemar Odds s .
. X X . probabilities of responding to the dummy
Window length variable chi-square ratio 95% ClI p R N
(Prob. Response) during high and low-
1min Prob. Response 93.94 5.69 3.94,9.34 <0.001 sociality windows.
2min Prob. Response 92.92 4.67 3.49,7.47 <0.001
5min Prob. Response 117.04 6.71 4.66,11.12 <0.001

of nestmate interactions experienced by the target ant was higher
or lower (respectively) than its average number of nestmate inter-
actions measured during the 12h pre- and the 12h poststimulation.
These analyses showed that ants were less likely to respond to the
dummy when the dummy stimulation took place during a high-inter-
activity period compared to when the ant was in a low-interactivity
period. This result was not influenced by the length of the time win-

dow considered (Table 2).

4 | DISCUSSION

We developed a new robotic manipulation platform consisting of
an electromagnetic control system and a magnetically actuated
ant-sized mobile dummy that can be used to stimulate individuals at
specific nest locations. After validating the dummy as an effective
stimulus, we used this system to conduct a behavioural experiment
in ants employing simulated antennation as a tactile stimulus in situ,
without extricating the individual workers from their social environ-
ment or interrupting the task they were conducting. In our experi-
ment, we assessed how the specific task that the individuals were
performing at a given point in time as well as the density of workers
and brood around those individuals influenced their probability to
respond and their probability of being alarmed by a mobile tactile
stimulus.

The probability of an ant responding to the dummy varied
depending on the task they were performing at the time of the
interaction, with ants doing brood care being the least likely to
respond. By contrast, ants that were inactive (idle or immobile;
Charbonneau et al., 2017) when the interaction took place had
a higher probability of responding to the dummy. In isolation,
these results could be explained by the existence of different
average response thresholds in different groups of ants (innac-
tive vs broodcaring ants; Charbonneau et al., 2017). However,
individual-level analysis revealed that the different response
probabilities observed were not the result of intrinsic variation
in response thresholds among workers but rather represented
a plastic response mediated by the task being performed. The
higher responsiveness of idle ants compared with ants perform-
ing brood care could be explained if there was an individual cost
associated with task switching (Goldsby et al., 2012). Individuals
performing a task that switch to a new task might delay the per-
formance of the new and/or the old task due to the time required
for cognitive retrieval of the motor patterns involved in the tasks
(Chittka et al., 1997). For instance, Temnothorax rugulatus work-
ers have longer inter-task intervals when they switch tasks than

when they stop and then retake the same task they were previ-
ously performing, suggesting that there is a temporal cost in task
switching (Leighton et al., 2017). In line with our finding that idle
ants have higher probabilities to respond to the dummy than ants
performing brood care, previous studies found that inactive ants
pay smaller task switching costs than ants performing brood care
(Leighton et al., 2017). This could be because inactive ants do not
really switch task when they start interacting with the dummy
but merely ‘activate’, whereas brood caring ants must truly switch
task. Alternatively, the differences in responsiveness between idle
ants compared with brood-caring ants could be due to a decreased
sensitivity to stimuli given their longer intervals of inactivity pre-
ceding the dummy stimulation. Previous studies have shown that
the length of the inactivity interval preceding an interaction with
another ant predicts the delay between interaction and response
following a negative exponential curve (Cole, 1991). Given that the
length of the inactivity period of brood-caring ants would be close
to 0, this could explain why they would require a longer activation
period that went beyond the 15s of the stimulation than idle ants
with longer inactive intervals. Contrary to the overall probability
of response, we did not find that the specific task the ants were
performing at the time of the interaction influenced their proba-
bility of alarm.

The density of workers in the area where the dummy stimula-
tion took place negatively influenced the ants' probability of re-
sponse. There are two possible explanations for this pattern. The
first is that ants with high response thresholds are more likely to
stay in denser regions of the nest. Alternatively, ants may modu-
late their response behaviour depending on the worker density at
their spatial location. To disentangle between these two explana-
tions, we compared the response of workers that interacted with
the dummy in at least two discrete zones with different worker
densities. These analyses revealed that workers' sensitivity to tac-
tile stimulation is context-dependent as they exhibited higher re-
sponse probabilities when stimulated in less dense zones. Worker
density also influenced the probability that ants were alarmed by
the dummy. As was the case with overall responsiveness, individ-
ual-level analysis revealed that these results were not due to ants
with different alarm thresholds preferentially staying in areas with
specific densities. Instead, ants probability of alarm was lowered
in areas with higher worker density.

Our results on density-dependent responsiveness and the
negative effects of previous number of interactions on probabil-
ity of response suggest that habituation, a simple form of asso-
ciative learning that involves a reduction in responsiveness to a

repeated stimulus (Wilson, 1998) plays a key role in modulating
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responsiveness via physical contact in ant colonies. Habituation to
odorant stimuli has been previously described in ants. In Pheidole
desert ants, the mean level of aggression between workers from
different colonies was significantly lower if the ants had inter-
acted before (Langen et al., 2000). Similarly, in the Argentine ant,
repeated exposure to the alarm pheromone of nestmates reduced
alarmed responses until after four or five exposures, there was no
behavioural response at all (Maccaro et al., 2020). Although tactile
habituation has rarely been investigated in insects, Holldobler and
Wilson (1990) proposed that the variation in antennal postures
exhibited by ants during trophallaxis could be explained by a ne-
cessity to avoid habituation to the tactile stimuli. Support for the
tactile habituation hypothesis in our study comes from our results
showing that the number of previous contacts was negatively
related to ants' probabilities of response, meaning that ants be-
come habituated to tactile stimuli in higher density zones because
they are exposed to more frequent contacts with conspecifics.
Similarly, individual level analysis revealed that the probability of
response was lower when the interaction with the dummy took
place in a time window where workers had experienced above-av-
erage numbers of social contacts compared to windows where
ants experience below-average numbers of contacts. By contrast,
worker density effects on ants' alarm probabilities could not be
explained by the habituation hypothesis as the number of previous
interactions did not predict alarm probability when conspecific
density and task was controlled for. Instead, the reduction of ants'
probability of alarm in denser areas could be explained if higher
worker density leads to higher or more diverse volatile compound
concentrations (pheromones or cuticular hydrocarbons) that
would elevate ants' alarm thresholds. Higher concentrations and/
or diversity of volatile compounds could perhaps convey ‘safety in
numbers’ information or reduce aggression, as being aggressive in
areas of higher conspecific density is likely to increase the risk of
injury (Hughes & Banks, 2016).

Brood density did not influence ants' probability of response, but
had a significant effect on ants' probability of alarm. Individual-level
pairwise tests comparing ants' probability of alarm when stimulated
in multiple discrete brood density areas revealed that the observed
significant effect of brood density on the alarm probability likely
stem from intrinsic differences in alarm thresholds between ants
located in areas of different brood density. This could be due to an
age effect as younger ants tend to stay closer to brood (Mirenda &
Vinson, 1981; Sendova-Franks & Franks, 1995) and in some species
have been shown to display lower levels of aggression than older
ants (Amador-Vargas, 2012).

The robotic platform presented here allowed us to inde-
pendently evaluate how the local worker density and the task
an ant is performing independently influence its behavioural re-
sponses by applying controlled, standardized tactile stimuli that
simulate antennation to targeted ants inside the nest. Using this
platform, we were able to target individuals performing various
tasks inside areas with different densities without disturbing
overall colony activity. This study shows a successful application

Methods in Ecology and Evolution Eggl;‘}fgﬁ"m

of a robotic manipulation to investigate the individual-level be-
havioural rules that underpin the organization of ant colonies.
These experiments validate the use of teleoperated mobile dum-
mies to investigate social insect behaviour in situ and open new
research avenues to explore the effects of more complex stim-
uli, such as the combination of tactile and chemical signals, on ant
behaviour.

In future studies, the robotic platform could be programmed
to operate in an automated fashion, to further reduce the role
of human bias and increase the throughput of behavioural ex-
periments. Furthermore, given that the dummy is generic in its
shape, composition, and colour (a gold-coated magnet) its de-
sign is not specific to a single species of social insect and can
be easily scaled to match the size of larger organisms such as
bees and termites by using larger magnets and stages. Another
potential extension of this system would be to 3D print differ-
ent ant shapes that can be fitted on the dummy to explore re-
sponses to parasitic species (Fischer et al., 2020). In addition,
future studies could incorporate variables such as age and (if
appropriate) caste in the experimental design to study their
effects on inter-individual behavioural variation as well as ex-
plore how different species with varied social organization and
parasitic pressures differ on worker behaviour. Focusing on a
subset of individuals over longer periods of time would also
allow to evaluate interesting questions beyond the scope of this
paper such as individual consistency of behavioural responses
over time. Overall, the system employed here can be scaled and
adapted to address a variety of questions in different model
organisms to better understand the behavioural commonalities
among these taxa and thus further our knowledge of decentral-

ized collective systems.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Top view of the manipulator (grey) operating under the
testing box (blue). The nest is illustrated by the reddish square inside
the testing box.

Figure S2. Sideview of the manipulator operating under the testing
box (blue).

Figure S3. Distribution of tasks being performed by the target ants
in each density zone at the time of stimulation.

Figure S4. Differences in response probability (A) and alarm
probability (B) of ants depending on the discrete worker density
zone where they were stimulated.

Figure S5. Correlations between normalized worker density at
the location where each stimulation took place and the number of
interactions each stimulated ant experienced in the previous minute
(r=0.57, p<0.001), two minutes (r=0.59, p<0.001) or five minutes
(r=0.54, p<0.001).

Table S1. Example of a testing schedule for one of the colonies
investigated.

Table S2. Summary of model structures.

Table S3. Pairwise comparisons of the probability to respond
towards the dummy of ants tested in two density zones which were
significantly different in Model 3 when density was modeled as a
discrete variable containing three levels.

Table S4. Pairwise comparisons of the probability to respond
towards the dummy of ants tested when doing multiple tasks which
were significantly different in Model 3.

Table S5. Pairwise comparisons of the probability to be alarmed of
ants tested in two density zones which were significantly different in
Model 4 when density was modeled as a discrete variable containing

three levels.
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