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SUMMARY

Many social species are able to perform collective decisions and reach consensus.
However, how the interplay between social interactions, the diversity of prefer-
ences among the group members and the group size affects these dynamics is
usually overlooked. The collective choice between odourous and odorless shel-
ters is tested for the following three groups of social cockroaches (Periplaneta
americana) which are solitary foragers: naive (individuals preferring the odorous
shelter), conditioned (individuals without preference), and mixed (combining, un-
evenly, conditioned, and naive individuals). The robustness of the consensus is
not affected by the naive individuals’ proportion, but the rate and the frequency
of selection of the odorous shelter are correlated to this proportion. In mixed
groups, the naive individuals act as influencers. Simulations based on the mecha-
nisms highlighted in our experiments predict that the consensus emerges only for
intermediate group sizes. The universality of these mechanisms suggests that
such phenomena are widely present in social systems.

INTRODUCTION

Aggregation, which results in an uneven distribution of individuals through space, is a widespread behavior
occurring in living organisms, from unicellular organisms to mammals (Camazine et al., 2003; Sumpter,
2010). In arthropods, this behavior can be observed at specific life cycle stages (e.g., during larval states)
(Krafft et al., 1986), under unfavourable external conditions (e.g., winter) (Prokopy and Roitberg, 2001)
or, in the case of gregarious and eusocial species, in numerous daily activities (Costa, 2006; Jeanson
et al., 2004). In this process of aggregation governed by collective decision-making, organisms take deci-
sions to join or to leave an aggregate on the basis of personal information and information provided by
conspecifics (public information).

During decision-making, animals respond to biotic (i.e., conspecifics, predators, odors) and abiotic (i.e.,
temperature, light/colors, humidity) cues to guide themselves through the environment (Cardé and Willis,
2008; Steinbrecht, 2007). The strength of the response depends not only on the intensity or the concentra-
tion of the cues (Cloudsley-Thompson and Constantinou, 1987; Strutz et al., 2014) but also on the state of
the individual (hunger, life cycle) (Robinson, 1985; Verhoef and Witteveen, 1980) and is therefore context
dependent (Endres and Fendt, 2007; Philippe et al., 2016; Plenzich and Despland, 2018). In the case of ar-
thropods, one of the most important factors is the chemical environment (for simplicity, hereafter, odors)
(Koehl, 2006; Zimer-Faust et al., 1985). Different receptors, mainly present in the antenna, generate a
response depending on the type of odor and its concentration (Bell and Adiyodi, 1981; Paoli et al., 2020).

The outcome of collective decisions, in response to the environmental cues and to the conspecifics, mod-
ifies the structure of the group in space (e.g., migration of locusts) and in time (e.g., aggregation of beetles
during winter) (Copp, 1983). Still, these decisions are subjected to variabilities not only linked to the envi-
ronment but also to those among group members, resulting in different behavioral outcomes for the same
quality resource. These interindividual variabilities can be phenotypical with or without a morphological
expression and constant through the life of the individual (i.e., gene, sexual, size) (Eckholm et al., 2011;
Krause et al., 1996; Nicolis et al., 2020), but they can also be temporary (i.e., desiccation, hormonal, age)
(Krafft et al., 1986; Robinson, 1985) or acquired (i.e., life history: memory, social learning) (Battesti et al.,
2015; Ravary et al., 2007). These variabilities are not mutually exclusive and can be at the origin of the
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variability of preferences. The extreme case of such interindividual variability is the division of labor in eu-
social animals (Jeanson et al., 2008; Weidenmuller, 2004).

Collective decisions wherein group members cannot be coerced into their decisions by others are part of
many social animals, ranging from (eu)social arthropods to mammals. In these groups, individuals influ-
encing each other may have different behaviors or preferences. In such heterogeneous groups this influ-
ence can, lead to social learning (Laland, 2004; Mathis et al., 1996; Scheid and Nog&, 2010). Moreover, these
individual behaviors can be associated to other cues (Croney and Newberry, 2007; Haney and Lukowiak,
2001). A common case concerns groups where individuals having the same preference but different
response thresholds or different response intensities are able to perform collective decisions through
amplification of individual preferences (Planas-Sitja et al., 2015). However, individual preferences can be
opposite, and therefore, two collective decisions outcomes can be observed within a group. A first one
is a fission, resulting from individuals having very different preferences and/or differential association be-
tween individuals (e.g., kinship, social status) (Carter et al., 2013; Kerth and Kénig, 1999). The second
outcome, being the group’s cohesion (e.g., aggregation in a unique site), resulting from rather not so
different preferences and/or a strong interattractions leading (in some cases) to a consensus.

In democratic groups, the consensus is reached by choosing the most frequent preference of the group
members (Conradt and Roper, 2007). In nondemocratic groups, where some individuals (leaders) influence
more than others, a consensus is still reached and the group’s decision shifts toward the preference of
these individuals (Conradt and Roper, 2005; Petit and Bon, 2010; Webster and Ward, 2011). Furthermore,
when considering the emergence of consensus associated with the aggregation, two extreme cases can be
considered. In the first one, the individuals are in contact (e.g., visually, physically) and they coordinate their
movements (e.g., school, flock, queue) (Bourjade et al., 2009; Fitzgerald and Pescador-Rubio, 2002; Rosen-
thal et al.,, 2015; Strandburg-Peshkin et al., 2013; Ward and Webster, 2016). In this case, the collective
choice of the aggregation site precedes the synchronized settlement of the individuals on this site. In
the second case, the animals individually explore the environment before joining the site. The settlement
of individuals appears to be desynchronized, but it is influenced by the conspecifics present on the site
(many gregarious arthropods) (Bell et al., 2007; Costa, 2006; Lazzari and Lorenzo, 2009). In this situation
where interindividual influences are discontinuous, the emergence of a consensus is less intuitive and
particularly in heterogeneous groups, which is the main focus of the present study.

In a binary choice experiments with groups of 10 nymphs (L6-L7 instar) of the American cockroach (Peripla-
neta americana), we test the capacity of naive, conditioned (classical aversive conditioning), and mixed
groups (a combination of conditioned individuals and a minority of naive individuals) to reach a consensus
during settlement. The insects, like many others, individually explore the environment and choose to settle
between one shelter without odor (hereafter CS) and one with peanut butter odor (hereafter PS) (see Fig-
ure S10 and STAR methods). Cockroaches show a spontaneous preference for some odors like that of pea-
nut butter (Nalyanya and Schal, 2001), the attractive molecule being the 1-hexanol (Karimifar et al., 2011).
Indeed, it is most likely that 1-hexanol, a volatile component of peanut butter, is an indicator of lipids or
lipids degradation source (Feussner and Wasternack, 2002) and therefore an attractant molecule. The
conditioned individuals have lost their preference for this odor or developed an aversion for it. Cock-
roaches are aversively conditioned (electric shocks associated to a peanut butter scented shelter) in group
of 10 (see Figures S8 and S9 and STAR methods). The hypotheses raised here are that regardless of the in-
dividual information and behavior, a consensus is always achieved and that group preference (consensus)
and group dynamics are regulated by the group composition. In other words, consensus will always be
reached, but the frequency of selection of the shelters (with or without odor) will depend on the composi-
tion of the group. These hypotheses are supported by the literature regarding the strong interattraction
between the cockroaches (Leoncini and Rivault, 2005; Lihoreau et al., 2012) and their capacity to reach a
consensus. Furthermore, we develop a mathematical model based on the performed experiments and
in agreement with the literature. It suggests that the conditioning does not affect the interattractions
but affects only individual preferences. Finally, the adaptive value of these phenomena is discussed.

RESULTS
Global dynamics

For all three conditions, groups are composed of 10 nymphs of P. americana. Conditions differed on the
ratio of naive/conditioned individuals: for the naive condition is 10/0 (Nias = 15); for the conditioned

2 iScience 24, 102723, July 23, 2021

iScience



iScience

Condition -#- Naive =& Conditioned - Mixed Proportion
0002 04 06

0 40 80 120 160 180 1440 160 180 1440
Time-steps (min) Tlme steps (mln)

160 180 1440 160 180 1440
Tlme steps (m|n) Tlme steps (m|n)

. IIIIIII %I%
III
I I}}IIIIII I

~

o

IS

©

III
IIII

Total sheltered population

between the shelters (Nps—Ncs)

Difference of the sheltered population

Difference of the sheltered population
between the shelters (Nps—Ncs)

Difference of the sheltered population
between the shelters (Nps—Ncs)

Figure 1. Evolution of the population over times

Sheltered population of the experiments.

(A) Mean + SEM of the total sheltered population over time (minutes) for the naive (blue), the conditioned (orange) and
the mixed (green) conditions.

(B-D) Heatmap (frequency) of the difference of the sheltered population between the PS and the CS (Ngs - N¢) every ten
minutes. (B) naive condition. (C) Conditioned condition. (D) Mixed condition.

condition is 0/10 (Nyia1s = 19); and for the mixed condition is 4/6 (Nyias = 35) for more details see STAR
methods. In the three conditions, the total sheltered population increases over time (Figure 1A). The pop-
ulation of naive individuals shelters faster than those of mixed condition, and the conditioned groups
shelter even slower: during the first three hours of the experiment, the naive condition has a higher total
sheltered population, followed by the mixed and last the conditioned. At 3 h, the sheltered populations
(mean =+ sd) are naive: 9.4 + 1.1; mixed: 9.0 £+ 1.2; conditioned: 7.9 &+ 2.8. A resampling test shows sig-
nificant differences (resampling test: p < 0.05) between 10 and 150 min (naive vs mixed) and between 10 and
180 min (naive vs conditioned and conditioned vs mixed) (Figure S1). After 24 h, the differences between
conditions are negligible, the mean + sd percentage of sheltered individuals being larger than 98% for all
conditions (naive: 9.8 + 0.4; conditioned: 10 £ 0; mixed: 9.97 £ 0.17; resampling test: p > 0.9). In the mixed
case, a permutation test shows that the proportion of the total sheltered naive individuals is significantly
larger (permutation test: p < 0.05) than the one of the conditioned individuals between 20 and 180 min.
However, at 24 h, the proportions of sheltered naive and conditioned individuals are equal, and their means
are greater than 0.99.

Collective choice and consensus

The comparison between the binomial distribution and the experimental data show that positive interac-
tions between individuals are at work (observed) after 10 min for naive and mixed condition and after 30 min
for conditioned condition (permutation test: p < 0.05, for details on the test, see STAR methods). The rapid
emergence of a strong asymmetry, during the experiment, reflects the selection of a particular shelter.
Indeed, Figures 1B-1D show the difference between the population of the shelters (N5 - Nc) over time,
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where Ngg (Ngg) is the number of individuals in the PS(CS). Bimodal distributions of the difference between
the sheltered populations (Ngs - N¢) are observed from particular time steps (80 min for naive, 150 min for
conditioned, and 90 min for mixed) until the end of experiments for all conditions (Cramer-von Mises test:
Fisher and Marron method; p < 0.05, Table S1). Furthermore, the positions of the modes in these bimodal
distributions tend to be symmetrical (Table S1).

Before observing a bimodal distribution there are particular times T, from which a shelter becomes the
most occupied one until the end of the trial (mean + SD: naive: 15 + 6.5 min, conditioned: 37.2 +
38.2 min and mixed: 20.9 £ 17.1 min) (Resampling test: naive vs mixed - p = 0.073; naive vs conditioned
- p < 0.001; conditioned vs mixed - p < 0.001). In addition, a survival analysis on the values of T,, shows
no significant difference between the selected shelter (PS vs CS) for the three conditions (naive — Peto-
Peto test: x2gqi_1 = 0.1, p = 0.8, Figure S2A; conditioned — Peto-Peto test: x2qa-1=0.6,P=0.5, Figure S2B;
mixed — Peto-Peto test: x2gqi_1 = 2.4, p =0.1, Figure S2C). However, between the conditions, regardless of
the selected shelter, there is a significant difference of the value of T,, (Peto-Peto test: x%qqi=1 = 9.2, p =
0.01, Figure S2D). A pairwise comparison between the conditions show that there is a significant difference
between naive and conditioned (p = 0.006, P adjustment method: Hommel) and no significant differences
between naive and mixed (P = 0.09, P adjustment method: Hommel) and between mixed and conditioned
(p = 0.09, P adjustment method: Hommel).

At 24 h, 97% of the experiments end with 90% or more of the total sheltered population in the same shelter
(100% for naive and conditioned, 94% for mixed). This shows that the level of consensus (defined here as the
majority of the individuals that share the same decision and that no other group is formed elsewhere) is
independent of the shelter type. These collective choices can actually be predicted at 180 min, as the pop-
ulation inside the selected shelter at 180 min is positively correlated to the one at 24 h (Pearson correlation
test: naive — p = 0.93, p < 0.0001; conditioned — p = 0.87, p < 0.0001; mixed — p = 0.92, p < 0.0001; mixed
conditioned individuals - p = 0.92, p <0.0001; mixed naive individuals - p = 0.86, p < 0.0001). This correlation
suggests an absence of complete deconditioning of the conditioned individuals (for the conditioned and
the mixed condition) during the trials.

Shelter preference and mechanisms

At 24 h, the proportion of trials that ended with 90% or more of the total sheltered population within the
PS(CS) is 0.8(0.2) for the naive, 0.37(0.63) for the conditioned, and 0.64(0.36) for the mixed (Table 1). In this
last condition, only 2 trials of the 35 ended with individuals distributed among both shelters (7 vs 3and 5vs 5
PS vs CS, respectively). The population under the PS was more frequently higher than CS with a significant
difference for the naive at every time step (permutation test: p < 0.05). For the mixed, as well, the PS is
preferred, significantly between 50 min and 180 min (permutation test: p < 0.05) and with a tendency at
24 h, (permutation test: p = 0.056). However, for the conditioned, the population under the CS was
more frequently higher than under the PS, nonetheless, no significant difference is observed at any
time-step (Permutation test: p > 0.05). The 3 conditions, naive; mixed; conditioned, differ on the proportion
of conditioned individuals (0, 0.6 and 1). The condition has an influence on the shelter selection which is
independent of the time expended in the experiment (Figure S3, linear regression — naive: F = 0.08; p =
0.8; R? = 0.003 — conditioned: F = 0.5; p = 0.8; R? = 0.003 — mixed: F = 0.005; p = 0.9; R? = 0.001). Nonethe-
less, the proportion in the PS between conditions is significantly different (value at the origin of the linear
regression — naive estimated = 0.78 + 0.02; t = 33.44; p < 0.001 - conditioned estimated = 0.4 + 0.03; t =
13.34; p < 0.001 — mixed estimated = 0.63 + 0.02; t = 33.98; p < 0.001, Table S2 and). Furthermore, as sus-
pected, the influence of conditioned individuals on the population in the PS follows a logistic distribution:

el@=BNconditioned)

Pg=—-—""—"———
ps 1 + e(@=BNconditioned)

(Equation 1)
where Py is the proportion of sheltered individuals in the PS, « determines the basal proportion of individ-
uals sheltering in the PS, and B is the influence of the number of conditioned cockroaches (Neongitioned): A
nonlinear least squares fit of Equation 1 shows a significant fit of the parameters at every time step (see Ta-

ble S3 and Figure S4 for the fittings of the parameter and significances).
Mixed condition

In the mixed condition, groups are composed of 4 naive and 6 conditioned individuals marked with red and
black dots, respectively, on their pronotum (see experimental procedure in the STAR methods). Ninety-four
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Table 1. Summary result for each condition

Naive Conditioned Mixed
N =15 N =19 N =35
PS CS PS CS PS CS

Mean + sd sheltered individuals at 3 hr 75+35 19+32 29+4+38 50+44 56+37 35+39
Mean + sd sheltered individuals at 24 hr 7.9 + 4.1 19+40 37+49 63+49 73+46 37+47

Population inside the shelter at 3 and 24 hr for the naive (10 naives individuals), the conditioned (10 conditioned individuals)
and the mixed (4 naives and 6 conditioned individuals) conditions.

percent of trials ended up with 9 or 10 individuals of the group resting in one shelter. A x? test shows that
during the experiment, the fraction of naive sheltered individuals is larger than the fraction of conditioned
ones, from 30to 170 min of the trials. Moreover, at each time step (except at t = 20 min), the fraction of naive
sheltered individuals is linearly correlated to the fraction of conditioned sheltered individuals (Pearson cor-
relation, p < 0.05).

Mechanism of shelter selection and model

The sheltering dynamics result from the entries to the shelters and the exits from them, which depend on
the individual probabilities of joining and leaving the shelters. Usually, these probabilities depend on the
qualities of this shelter and its housed individuals. Based on previous works (Ame et al., 2006; Calvo Martin
etal., 2019), the probability to join a shelter at every time step is independent of the sheltered population or
weakly influenced by it. However, the individuals respond to the chemical qualities of the site (odor, humid-
ity), and thus, the joining probability can vary if the two shelters are different. The simplest expression of the
individual joining probability to the PS or the CS is as follows:

Jos = Otips; Jos = Opics (Equation 2)

where 6 is the individual global probability to find a shelter while exploring by unit of time (or how fast the
animal explores), the larger @ is, the faster the growth of the sheltered population will be. As for pps(ud), it is
the relative individual response to the quality of the shelter PS (CS). As for the leaving probability at every
time step, it depends on the shelter quality as well as on its population. Like many other gregarious animals,
cockroaches are retained by conspecifics and the probability of leaving decreases with the sheltered pop-
ulation (Laurent Salazar et al., 2017). Here, we assume that this probability exponentially decreases with this
population (Calvo Martin et al., 2019):

Xes—1)

Qps = ppse"PS(XPS’O;pcse’*5< (Equation 3)

where pps(pes) is the leaving probability when individuals are isolated by unit of time (thus depending on the
shelter quality), ¢ps(Gcs) is the social strength, and X5 (Xco) is the number of individuals present in the shelter.

The values of pps, pes in Equation (2) depend on the type of cockroaches. It has been previously shown that
the odor of peanut butter is attractive for naive individuals (Karimifar et al., 2011), and therefore, we can
consider that for these individuals pps > . As for the conditioned individuals, the values of uys and pes
are either reversed or they become equal, as the attraction toward the odor of peanut butter has been in-
hibited. The same conclusions can a prioribe drawn for the parameter p, but no data suggest that this odor
has a retention effect. Therefore, the minimal assumption retained here will be that p,s = pcs =p.

Previous works show that sociality was affected negatively in an attractive shelter (Calvo Martin et al., 2019;
Gunzel et al.,, 2021; Laurent Salazar et al., 2017). This is not observed in our experiments as the level of
consensus is greater than 0.9 whatever the type of shelter and of individuals. Indeed, to observe such un-
even bimodal distribution at the end of the experiments, the social strength has to be strong. We therefore
assume that the social strength parameter ¢ of the naive and conditioned individuals are equal.

Afirst approach to approximate the values of 6 is to neglect the exits from the shelters (p = 0). The fitting of
the total sheltered population with such simplification gives the minimal value of 6 (see Table 2 and sup-
plemental information). Moreover, to approximate the parameter values (6 u, p, and ¢) and identify their
extremes values (Table 2) that are compatible with the experimental result at 24 h, we numerically
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Table 2. Estimated limits of the parameter of the model

Naive Conditioned

Min Max Min Max
() 0.0007/0.0006" 0.005 0.0003/0.0001° 0.005
Hps 0.55 0.7 0.4 0.45
p 0.001 0.0025 0.0015 0.0025
< 0.9 1.4 1.0 13

Theoretical approximations of the parameter of the model at 24 hr.
°Estimated by a fitting of the total sheltered population. See section Mechanism of shelter selection and model in the sup-
plemental information.

integrated the master equation formulation (Nicolis and Prigogine, 1977) of our model which gives the
probabilities of observing iindividuals in PS and jin CS (for both the naive and the conditioned individuals,
see supplemental information). These extreme theoretical values can be considered as a confidence inter-
val. This first analysis shows that for the two conditions (naive and conditioned), the parameter values (p and
¢) are in the same ranges of values, but not § and u. Although this analysis is compatible with the experi-
mental results at 24 h, it is only partially consistent with the full dynamics.

To further approximate the parameters of the model (4, u, p, and ¢), we performed dynamical stochastic
simulations of the model (10,000 realizations). We summarize hereafter the different steps of the
simulations:

o Att=0, all individuals are outside.

e Ateach time step (second), individuals outside the shelters have a probability J,, or Jc; (Equation 2)
to find and join the PS or the CS.

e Ateach time step, individuals inside a shelter can leave it with a probability Qg or Qs (Equation 3).

e The simulations are performed for 10,800 time steps (3 h) and for 10,000 realizations.

The outputs of the simulations are used in a resampling test that compares sets of simulated outcomes to
the experimental results (see supplemental information). Figure 2 shows the temporal evolution of the shel-
tered populations from the simulations with the parameter values that yield the best results from the resam-
pling test at every time step (Table 3). Note that only at times 20, 30, and 40 min for the naive condition and
at time 10 min for the mixed condition, the resampling tests show a significant difference (p < 0.05,
Figure S5A).

These results confirm that the naive and the conditioned individuals differ as far as the global probability to
find a shelter  and the response to the odorous shelter uys are concerned. A contrario, the individual-leav-
ing probability p and the strength of social cohesion ¢ are the same for both shelters and both types of in-
dividuals. Moreover, when the individual responses for the PS (i) and CS (i) were kept equal, regardless
of the type of individual, the simulated data were significantly different from the experimental data (see
Figure S5B). Finally, the model predicts that when the proportion of the conditioned individuals varies
from 0 to 1 (Figure 3), a clear selection of the CS by the group will only occur for groups with less than
20% of naive individuals. These simulations also predict, at the end, a bimodal distribution that is a char-
acteristic of a strong sociality (Figure S6).

Keeping the experimental proportions of the three groups 100% naive (naive), 40% of naive (mixed), and 0%
naive (conditioned), we perform stochastic simulations (10,000 realizations) based on the mechanisms
described previously, to study the effect of the population size on the consensus at 24 h. Figure 4A displays
the proportion of the total sheltered population and the proportion of simulations ending with a consensus
(90% of the population under the same shelter) as a function of the population size for the three conditions.
While the proportion of the total sheltered population increases with the population size, the proportion of
simulations leading to a consensus exhibits a maximum at a population size between N = 10 and N = 15
individuals. Also note that for the conditioned condition the proportion of simulations leading to a
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Figure 2. Experimental and simulated dynamic of the sheltered population

Mean + SEM of the population under the PS (yellow) and the CS (violet) over time (minutes) for the experiments (solid
lines) and stochastic simulations (10,000 realizations; dashed lines; from Equations 2 and 3; parameter values: Table 3).
(A) naive condition.

(B) Conditioned condition.

(C) Mixed condition.

consensus exhibits a minimum at N = 3 owing to their low probability to find a shelter (0). Finally, Figures
4B-4D and Figures S7-59 show the simulated distributions of individuals under the shelters. For low pop-
ulation sizes a non-negligible number of realizations ended up with most individuals outside the shelters,
emphasizing the importance of a critical population size in social systems to reach an efficient cooperation.
As the population size increases, most of the individuals are sheltered and the system goes from an asym-
metrical bimodal distribution (i.e., in each simulation the population ends up being sheltered in one or the
other shelter) to a unimodal distribution (i.e., in each simulation the population ends up being distributed
among the shelters), the group composition influencing the frequencies of each shelter occupation. The
bimodal distribution is the signature of the consensus, and the lack of consensus leads always to a unimodal
distribution.

DISCUSSION

This study sheds light on the mechanisms behind collective decisions and robustness of the consensuses in
a model species (P. americana). In these cockroaches, like in many other arthropods, the interactions be-
tween individuals are linked to specifics activities, in particular, the collective choice of a resting site (Costa,
2006; Duffy and Thiel, 2007). In these settings, we show the importance of the strength of positive social
interactions (interattraction) and public information as compared with the diversity of individual
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Table 3. Retained parameter values

Type of cockroaches

naive Conditioned
() 1% 10-3 s-1 3.703 x 10-4 s-1
Hps 0.63 0.445
p 0.002 s-1 0.002 s-1
< 1.19 1.19

Estimated parameter values used for the simulations.

preferences. A novel and important result is that consensus is robust independently of the levels of the
group heterogeneity. Indeed, almost all trials for the three conditions ended up with at least 90% of the
total population being in a same shelter. Another consequence of the cohesiveness of individuals is
that, in homogeneous groups, some collective selections are observed in the shelter which do not corre-
spond to the preference of each individual (PS for conditioned, CS for naive) (see also Sumpter (2006)).
Nonetheless, naive groups selected more frequently and faster the PS, whereas the conditioned groups
selected more frequently the CS. As for the mixed groups, they selected more frequently the PS despite
a minority of naive individuals. These results lead to the conclusion that the strength of social interactions
remains the same, regardless of the type of individuals (naive, conditioned, mixed). Note that this strength
has no reason to be different between the shelters or between types of individuals, as the conditioning of
the cockroaches is in group (see conditioning procedure in the STAR methods). However, under higher
stress conditions (e.g., food deprivation), the strength of sociability could decrease and a dispersion of
a group could be observed, already reported in social spiders and in nomadic caterpillars (Krafft et al.,
1986; Plenzich and Despland, 2018).

For the three conditions, most of the experiments (97%) ended up with the selection of a particular shelter
(consensus for the PS or the CS) at the third h which is stabilized or is increased further until the 24th h. This
suggests that no memory loss occurs during the duration of the experiments, which is in agreement with
previous works showing that cockroaches can retain acquired memories up to one week (Balderrama,
1980; Sakura and Mizunami, 2001; Watanabe et al., 2003). However, we do not exclude a weak reversal
of the conditioning, when the conditioned individuals visit the PS (Watanabe et al., 2003), and that this
reversal could be more marked in the presence of naive individuals in the mixed condition.

The selection of the winning shelter appears early in time, indicating that the process of decision-making is fast
and irreversible. The relatively small area of our setup partially contributes to this high rate (Full and Tu, 1991).
Nonetheless, the rates of settlement and of consensus are positively correlated to the proportion of naive indi-
viduals (Figure 1A) and are therefore impacted by the past events, such as the conditioning of some individuals. In
addition, in the mixed groups, the proportion of naive-sheltered individuals is larger than the one of the condi-
tioned-sheltered individuals before reaching a consensus, suggesting that the conditioning procedure not only
reduces the preference of the individuals for PS but also their rate of settlement as well. The process of shelter
selection being controlled by the individual joining and leaving probabilities, the different sheltering rates high-
lighted in this article find their origin in the different probabilities of the two types of individuals. While we do not
exclude that the probability to join a shelter increases with the sheltered conspecifics (Calvo Martin et al., 2019), in
this study, this feedback is neglected. Instead, the naive individuals have a higher probability per time unit () to
join a shelter than the conditioned ones, most likely owing to the conditioning method (see Conditioning pro-
cedure of the STAR methods). As for the probability of leaving, it decreases in the same fashion for the two types
of individuals with the sheltered population and the resulting interattractions between individuals. When naive
and conditioned individuals are mixed, the selection of PSis not simply the average of individual preferences but
rather, there is a more important weight of the naive individuals in the selection (Figure 2C). In other words, an
uneven interplay between individual information and public information takes place and naive individuals act
as leaders or influencers a more suitable term here, as there are no coordinated movements in this species.

In mixed groups, the minority of naive individuals starts the process of settlement, and their intrinsic pref-
erence for the PS increases the frequency of selection of this shelter. Nevertheless, the conditioned indi-
viduals influence the dynamics of the mixed groups by being slower and by avoiding the PS (owing to their
past experience) (Figure 1A). The model highlights not only the critical role of naive individuals for the
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Figure 3. Influence of group diversity

Mean simulated (10,000 realizations; stochastic simulations) sheltered population in the PS (yellow) and CS (violet) over
time defined by Equations 2 and 3 (parameter values Table 3).

(A-K) Different number of naive individuals in mixed groups (Ngoup = 10 individuals): (A) 10. (B) 9. (C) 8. (D) 7. (E) 6. (F) 5. (G)
4. (H)3.(I)2. (J) 1. (K) O.

selection of the shelter but also the role of conditioned individuals on the rate to reach consensus. Using
the estimated parameters (Table 3), the model shows that to have the CS more frequently selected, the
proportion of conditioned animals should be greater than 0.8 (Figure 3). Similar results were generated
with mixed groups of cockroaches-robots having the choice to settle in a dark or light shelter (Halloy
et al., 2007). These robots interact with cockroaches and mimic their behavior, but with a difference: the
robots are programmed to prefer the lighter shelter and the innate behavior of cockroaches being a pref-
erence for the darker shelter. By means of social interactions, robots and cockroaches of a mixed group
settle together under the same shelter and, more frequently, under the lighter shelter than a group of
only cockroaches. Our results show that positive feedbacks are at the origin of a diversity of outcomes.
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Figure 4. Simulated sheltered distribution

Results of stochastic simulations (10,000 realizations) of the model (Equations 2 and 3, parameter values from Table 3) at
24 hr (86,400 time-step).

(A) Mean simulated proportion of the total sheltered population (solid line) and of the consensus (dashed line) over total
population, keeping the same proportions as in the experimental conditions, naive: 100% of naive individuals (blue);
mixed: 40% of naive individuals (green); and conditioned 100% of conditioned individuals (red).

(B-D) Two dimensional histograms (10,000 realizations) of the simulated sheltered population in the PS and in the CS for
population size of 5; 10; and 30 individuals. (B) naive. (C) Mixed with experimental proportion. (D) Conditioned.

At low population sizes, the fission of the group is more frequent. Here, the positive feedbacks inside each
shelter associated to the strength of interindividual attraction () and the number of sheltered individuals is
notlarge enough to retain them and to lead to a consensus. Reaching a consensus at large population sizes
is also less frequent but for a different reason. In this case, the probability to find numerous conspecifics
inside both shelters is large (Figures 4B-4D and S7-S9) leading to a decrease of the leaving probability
from both shelters and favoring the fission of the group.
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As seen in multiple studies, a leader can either be an individual with a low threshold (e.g., hungrier individ-
ual) or an experienced one with accurate information (on territory, migration, food patches) (Rands et al.,
2003) (King and Cowlishaw, 2009; Smith et al., 2016; Sueur and Petit, 2010). The collective responses of such
groups have been extensively studied in vertebrates (Couzin et al., 2005; King, 2010; Lusseau and Conradt,
2009; Pettit et al., 2015; Reebs, 2000; Roy and Bhat, 2017; Seppanen et al., 2011) but also in insects and in
other invertebrates (Colasurdo and Despland, 2005; Collignon et al., 2012; Dussutour et al., 2008; Hodgkin
et al.,, 2017; McClure et al., 2011; Plenzich and Despland, 2018; Stroeymeyt et al., 2011; Zirbes et al., 2010).
However, in these cases, individual movements (including change of direction) are collectively synchro-
nized and individuals are constantly influencing each other (Dyer et al., 2009; Lusseau and Conradkt,
2009; Schultz et al., 2008), the extreme case being the queue following behavior (Fernandez and Deneu-
bourg, 2011). In our case, sociality is linked to a particular activity and no coordinated movements are
observed, the exploration of the environment being nonsocial.

From an adaptive point of view, the fact that individuals in mixed groups may choose an option which does
not fit their preference or their needs, strongly suggests that benefits associated with settling with many
other individuals offset the costs of a nonoptimal choice (Czaczkes, 2014; Kausrud et al., 2011), a largely
discussed subject (Costa, 2006; Krause and Ruxton, 2002; Sumpter, 2010). Our theoretical prediction of
the dispersion of individuals for large populations is in agreement with the benefits of aggregation or
group living associated with different cooperative or Allee effects (e.g., reduction of stress) (Angulo
et al., 2018; Krause and Ruxton, 2002; Yoder and Grojean, 1997). Indeed, such large populations make it
possible to have numerous individuals at each site and therefore to have effective cooperation within
each shelter even if the population is dispersed.

Here, we tackled an important phenomenon in social organisms: groups dynamics and decision-making
when individuals possess unshared preferences. We highlighted how group dynamics are linked to the
interindividual variability (Jolles et al., 2017). Finally, although more common in vertebrates, we show
that influencers (or leaders) “emerge” owing to behavioral variability, mainly through a more marked
behavior. Being the result of particular personality traits (Flack et al., 2012; Planas-Sitja et al., 2015), life-his-
tory (learning, memory) (Pasquaretta et al., 2016), or temporary (physiological necessities) (Fischhoff et al.,
2007; McClure et al., 2011), these behaviors are not mutually exclusive. In this context, somewhat similar
results were reported for egg-laying site choice in mixed groups of trained (to an odor) and untrained fruit
flies. However, these groups appear to show no consensus, the proportion of eggs laid on the “right” me-
dium by untrained (trained) flies being positively (negatively) influenced by the number of interactions with
trained (untrained) flies (Battesti et al., 2015; see also Philippe et al., 2016). These results are similar to those
reported in heterospecific groups (Boulay et al., 2019; Leoncini and Rivault, 2005; Nicolis et al., 2016). For
example the Diptera larvae that feed on vertebrate carrion form aggregates located at species-specific
temperatures. However, several species are able to form mixed-species aggregates at temperatures which
are not the thermopreferandum of each of the species (Fouche et al., 2018; Komo et al., 2021).

The results described in this article and the examples provided previously clearly suggest that the collective
behaviors generated by the conflict between individual preferences and cooperative feedbacks are a wide-
spread phenomenon. In this context, we proposed a generic script that can be at work whatever the origin
of diversity be it within the same species ([epilgenetics, learning, ...) or in heterospecific situations.

Limitation of the study

All animals came from ten-year-old rearing cages, thus, consanguinity could play an important role in the
cohesiveness observed between individuals. For this reason, it could be interesting to use cockroaches
from other strains in the experiments. Furthermore, in this study, the controlled individual variability is
induced adversely (electroshocks), and it is therefore not known if the conditioned cockroaches are less
stress outside thus, their displacement is slower or if they are physiologically affected by the electricity.
Among the important issues, that are not addressed here, are the ones related to the roles of starvation
on social strength and of the loss of the conditioned memory during the experiments. Indeed, although
there is no indication that a memory loss occurs in the short term (Balderrama, 1980; Sakura and Mizunami,
2001; Watanabe et al., 2003), in the long term, we do not exclude a gradual reversal of the conditioning,
could happen (Watanabe et al., 2003). Experiments lasting several weeks would make it possible to decide
whether the collective responses showed here are indeed stabilized in the long term and that a potential
loss of memory would play a minor role.
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RESOURCE AVAILABILITY
Lead contact

Information and requests for resources should be directed to and will be fulfilled by the lead contact, Ma-
riano Calvo Martin (mcalvoma@ulb.ac.be).

Materials availability

No new materials were generated in this study.

Data and code availability
Data have been deposited at figshare and is publicly available as of the date of publication. DOls are listed
in the key resources table.

All original code has been deposited at figshare and is publicly available as of the date of publication. DOls
are listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cockroaches of the species Periplaneta americana were reared in an air-conditioned room at 25° C undera 12
h:12 h light:dark cycle, in breeding boxes of circa 1000 individuals in all stages of development and with both
sexes mixed. The cockroaches have access to water and dog food pellets (Tom & Co) ad libitum. Groups of 10
nymphs (L4-L7 instar of both sexes) were kept in a box (15.5 X 11 x 6 cm) with water and food for 24 h before
being conditioned or tested. Cockroaches did not have access to water or food during the experiments. The
sex of L6-L7 instar of this species is not recognizable at naked eye, and therefore, the ratio male/female is un-
known. However, there is no behavioral differences between the sexes at these life stage cycle.

METHOD DETAILS

Conditioning procedure

Individuals are conditioned in groups of 10. The conditioning device (Figure S10 of the supplemental infor-
mation) consists of two parts: one illuminated, 8 X 23.5 cm; 5000 + 500 lux (4 fluorescent tube of 18 W, light
comes from below through a semitransparent white plexiglass), and the other a shelter, an inverted Petri
dish (diameter: 8.5 cm; 165 lux and a light spectrum pic at 650 nm) covered by a red filter film (Rosco E+
#019-fire). This dark shelter contains a cup filled with peanut butter (Boni) covered with a perforated plastic
layer so that the individuals can only scent the peanut butter. The bottom of the shelter is an electric plate
(silicate plate with copper strips) linked to a power source. A group of individuals is placed in the illumi-
nated part and when an individual enters the shelter, an electric shock (7.5V and 2 A) is manually delivered
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after 2 s. This delay allows the animal to associate the odor and the shelter. The shocked cockroach always
runs out of the shelter. The procedure is applied for at least 30 min and is then continued until no individual
enters the shelter for 5 consecutive min. At the end of the procedure, cockroaches were aggregated
outside the shelter, this suggest that sociality is not affected by the conditioning. Thus, they are doubly
conditioned: to lose their inherent preference for the odor and to spend more time outside. For example,
for the conditioned condition, the group received a mean + sd of electric shocks of 55.26 + 14.4, with a
mean + sd duration of a conditioning trial of 2469 + 376 s. Finally, the number of shocks administrated

decreased over time (Figure S11 of the supplemental information). The preference test of a group takes
place 1 to 2 h after the conditioning procedure.

Experimental procedure

For the experiments, we used 69 groups of 10 cockroach nymphs without any external damage. The groups
are dividedinto 3 conditions: 15 groups of individuals without training, the naive condition (naive); 19 groups
of conditioned individuals, the conditioned condition (conditioned); and 35 groups composed of 4 naive
individuals and 6 conditioned individuals (mixed). For the mixed condition, conditioned individuals were
marked on their pronotum with a black color dot and naive individuals with red color dot, after they were
taken from their breeding box. Each group is tested in only one trial, which consists of a binary choice
set-up (Figure S12 from the supplemental information). This includes two circular shelters, that are an in-
verted Petri dish (diameter: 8.5 cm 165 lux and light spectrum peak at 650 nm) covered by a red filter film
(Rosco E+\#019-fire) and are disposed symmetrically in arectangular arena (35 x 23.5 x 13.4 cm; LxWxH),
whose bottom is covered with a white paper layer covering the floor as well inside the shelters, this is
changed after every trial. A light source (8 fluorescent tubes lamps — 80 W/T5 SYLVANIA), placed 190 cm
above the arena, provides a homogeneous illumination intensity at the ground level (500 £ 50 lux, with a
peak at 577 nm). The shelters are as described in the conditioning procedure section. Under each shelter,
there is a cup (diameter: 0.16 cm) covered with a plastic film perforated with a needle, to prevent cock-
roaches to have direct contact with the interior of the cups. One of the shelters’ cups is filled with peanut
butter (Boni), this being the odorous shelter (PS). For the other, the control shelter (CS), the cup is empty.
The group is released into the center of the arena all at once and left to explore and seek shelter for 24 hr.

Simulation

Simulations are performed using R studio (R Core Team, 2018, R Foundation for Statistical Computing,
https://www.r-project.org/) and Fortran90 (https://www.fortran90.org/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Trials are recorded by a video camera (Logitech C920), located over the set-up, at 17 frames per s for the
first 3 h of the trial. The red filter covering the shelter, allow the video camera to detect the cockroaches
inside the shelters. The distribution of individuals among the shelters is recorded every time-step
(10 min) during the first 3 h and 24 h after the beginning of the trial by counting the number of individuals
in each shelter.

Data and statistical analysis are performed using R studio (R Core Team, 2018, R Foundation for Statistical
Computing, https://www.r-project.org/). The significance of the statistical tests is fixed to o = 0.05. As the
dynamics of sheltering process of gregarious and social insects are usually nonlinear and/or their variances
vary over time, we used permutation and resampling tests (Good, 2005, 2006). Comparisons of the shel-
tering process (total sheltered population) between conditions, at every time-step, are made with resam-
pling tests: 10,000 iterations of resampling the number of replicates of a condition with the data of another
one. The null hypothesis is that the total sheltered population, at a particular time, does not depend on the
condition. Thus, the observed total sheltered population of a condition is within 95% of the iterated distri-
bution from another. Otherwise, the null hypothesis is rejected, and the alternative is that the sheltering
processes are different between conditions. To test whether the selection of a shelter is socially motivated
and does not result only on individual preferences, we compared the observed sheltered distribution in the
PS (for the naive and the mixed) and in the CS (for the conditioned) for each time-step, with a binomial dis-
tribution with a constant probability to select the shelter given by the observed fraction of individuals under
a particular shelter at the given time-step (Farr, 1978). This probability is the average fraction, calculated
over all the experiences of a condition, of individuals housed in the PS or the CS (for example:

Total number of individuals in the PS . C . . .
fotarhumper o) inciicuais intie 1) To define the expected distribution under nonsocial behavior, we compute
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the theoretical variance of the sheltered population in the PS or CS (depending on the condition) expected
for individuals without interactions. We then perform 10,000 iterations, considering that the individual
mean probability of sheltering was equal to the proportion of the population in the PS or the CS. The results
of the iterations are weighted based on the variance of the number of individuals in the shelters (PS or CS).
The null hypothesis is that the selection of a shelter is nonsocial and follows a binomial distribution, thus the
observed variance should be within 95% of the distribution of the simulation. Otherwise, the null hypothesis
is rejected, and the alternative is that shelter selection is mediated by the presence of conspecifics, and
thus, selection of a shelter is made by the group and not individually. If this first test highlights or not so-
ciability, it does not show a consensus. These consensuses lead to bimodal distributions (in binary choices),
as two responses are possible. Our definition of consensus implies that all or the majority of individuals
exhibit the same choice, and the formation of only one aggregate. Bimodal distributions and the presence
of peaks are tested and obtained at each time-step using the Cramer-von Mises test with the Fisher and
Marron method from the R package “"Multimode” (Ameijeiras-Alonso et al., 2021).

We consider that the shelter containing the largest number of individuals at a specific time step is the win-
ning one for that specific time. Tw is defined as the time it takes for one of the shelters to become the most
populated one until the end of the trial (24 h). A survival analysis (log rank test) is performed on this variable.
Indeed, the inverse of Tw can be viewed as the mean probability per unit time that a shelter becomes the
most populated one until the end. Moreover, we use the Spearman correlation tests to quantify the corre-
lation between the population of a winning shelter of times 180 and 1440 min and for the mixed condition,
the correlation between the numbers of naive and conditioned individuals present in the same shelter. We
use permutation tests (10,000 iterations) to compare the sheltered population between the PS and CS
within each condition and at each time step (Good, 2005): at each iteration, to recalculate the mean shel-
tered population in the PS (for the naive and mixed conditions) and the CS (for the conditioned condition),
we randomly permute the observed sheltered population between of the PS and the CS for each trial and at
every time step of the 3 conditions. The null hypothesis corresponding to the lack of preferences between
the shelters is rejected when the observed mean proportion of the PS(CS) is out of the 95% of the permu-
tation distribution of the mean sheltered population of the PS(CS). Thus, the alternative hypothesis is that,
depending on the condition and the time, there is an uneven preference between the shelters. Finally, the
influence of the proportion of conditioned individuals in a group regarding the selection of the PS is
analyzed by nonlinear least square model using the Levenberg-Marquardt algorithm (Moré, 1978).

Our model assumes that the total number of entering individuals in both shelters (N + N¢g) per unit of time
is proportional to 6 and to the number of individuals outside the shelters. The inferior limit of 6 can be
approximated if we neglect the exits from the shelters (p = 0). Thus, the mean total sheltered population
as a function of time based on Equation 2, of the section Mechanism of shelter selection and model
becomes:

N(1—e™) (Equation 4)

where N is the total population (here N = 10) and t is the time (seconds). This equation (Equation 4) is fitted
with a nonlinear least square model using the Levenberg-Marquardt fitting algorithm (Moré, 1978) and al-
lows us to estimate the minimal values of 0 for the naive and conditioned conditions (see Table 2).

The system of differential equations Equation 5 based on Equations 2 and 3 of the main text is the analytical
equivalent of the simulations from section Mechanism of shelter selection and model. The state of the sys-
tem is described in terms of a probability function P(i, j) which at time t, i is the number of individuals shel-
teredinPSandjinCS(0<i>N,0<j> N,0<i+j> N). Each differential equation %describes the
time evolution of the probability P(i, j) that the system occupies the state (i, j). The equation counts the tran-
sitions leading the system to the state(i, j) and those removing it from this state. In our case, the transitions
depend on both the probabilities of joining the shelters PS or CS (fu,,,0u.,) and the probability of leaving it
(pefg(H)’ pe,;(]q))'
PUT) N = =) BN = = ) pie 0 )P )+ O (N — (1 1) — )

P(' - 17]) +0:U'CS(N —i— (j - 1) )P('7J - 1) +pieig(i)P(i+ 1 7.’) +pj67;U)P(i7j+ 1)I’LPS+:"LCS:1
(Equation 5)
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This system of equations is particularly effective for quickly obtaining the theoretical distribution of the
different states. Indeed, by numerically integrating the master equation Equation 5 for 24 h and comparing
the results of numerous combinations of parameter values with the experimental one, we are able to iden-
tify the model parameters that are compatible with the experimental naive and conditioned conditions.
The criteria for comparison of the experimental and of the theoretical data are 1) at 24 h the 99% of the total
population is sheltered; 2) 100% of the total sheltered population is in the same shelter (bimodal distribu-
tion), and 3) the experimental proportion of the selected shelter is respected (naive individuals PS 0.8, CS
0.2; conditioned individuals PS 0.4, CS 0.6). We can also obtain the exact steady state solution of Equation 5
(time = «):

N! (0 EIEEEN P(0,0)4,

i+) jooi s
TN —i—j)! ’) Heshtps®

P(i,j) =P(0,0) p

(Equation 6)
P0,0)=——F—

A,‘j

0<i<N,0<j<N,0<i+j<N
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2| =
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i 0
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In the case of L = 0, Equation 6 corresponds to a multinomial distribution and therefore to a distribution of
nonsocial individuals:

Probability to be out of the shelters: ﬁ

Probability to be within the CS: Z“—“

+p

Probability to be within the PS: ZMTPZ
Further approximation of the parameter values, from Table 2, is made through stochastic simulations
(10,000 realizations) of the model and subsequent resampling test (10,000 iterations) to compare the out-
puts of the simulations (simulated results) to the experimental results for each time-step. This test, based on
(Good, 2006), consists in randomly generate sets of simulated results (simulated replicates: corresponding
to the number of replicates for each experimental condition) and comparing them to the experimental re-
sults, at every time step. At each iteration and for each time step, the sheltered proportion in the PS (for the
naive and the mixed simulated conditions) and in the CS (for the conditioned condition) is calculated. The
null hypothesis is that the experimental sheltered proportion in the PS(CS) is within the 95% of the sets of
the simulated sheltered proportion in the PS(CS). Otherwise, the null hypothesis is rejected and the simu-
lated data do not correspond to the experimental ones. The combinations of the parameters values that
yield the best results of the test (Figure S6A) are those of Table 3.
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