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Abstract
In most eusocial insects, the division of labour results in relatively few individuals foraging

for the entire colony. Thus, the survival of the colony depends on its efficiency in meeting the
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nutritional needs of all its members. Here, we characterise the network topology of a eusocial
insect to understand the role and centrality of each caste in this network during the process of

food dissemination. We constructed trophallaxis networks from 34 food-exchange
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experiments in black garden ants (Lasius niger). We tested the influence of brood and colony
size on (i) global indices at the network level (i.e. efficiency, resilience, centralisation and
modularity) and (ii) individual values (i.e. degree, strength, betweenness and the clustering
coefficient). Network resilience, the ratio between global efficiency and centralisation, was
stable with colony size but increased in the presence of broods, presumably in response to the
nutritional needs of larvae. Individual metrics highlighted the major role of foragers in food
dissemination. In addition, a hierarchical clustering analysis suggested that some domestics
acted as intermediaries between foragers and other domestics. Networks appeared to be
hierarchical rather than random or centralised exclusively around foragers. Finally, our
results suggested that networks emerging from social insect interactions can improve group
performance and thus colony fitness.

Key words insects; network evolution; self-organisation; social evolution; social network analyses

Introduction
There are many well-known advantages to living in societies: protection against predators,
more efficient discovery of food sources and better access to information (Krause & Ruxton,
2002). Another benefit of group living is food sharing (Isaac, 1978; Kaplan et al., 1985; De
Waal, 1989; Stevens & Gilby, 2004). Food sharing can occur in both social and non-social
species, and its evolutionary origins have been studied using the predictions of reciprocal
altruism (Trivers, 1971), biological markets (No€ & Hammerstein, 1995) and multilevel
selection (Traulsen & Nowak, 2006).

Food exchange is central to many animal societies, including eusocial species such as ants,
termites, bees and even naked mole rats (Anderson, 1984; Jarvis et al., 1994; Wilson &
Holldobler, 2005; Nowak et al., 2010). In eusocial species, only a restricted number of

individuals forage and retrieve food for the rest of the colony. Castes can be distinguished by
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their behaviour and even by their proteome (Quque ef al., 2019). Given that trophallaxis, the
mouth-to-mouth transfer of food, is the mechanism of food exchange, the exchange of food
facilitates social recognition via the exchange of informative colony-specific hydrocarbons
(Boulay et al., 2000), information on the location of food resources (Gil & De Marco, 2005;
Frasnelli et al., 2012) and even immune-related molecules (Hamilton ez al., 2010; LeBoeuf et
al., 2016). In the black garden ant (Lasius niger), the only food exchanged—aphid honeydew
(Aphidoidea sp.)—is stored exclusively in the crop of individuals (Buffin ez al., 2009). The
foragers give food to non-forager workers (i.e., nest workers, hereafter called domestics),
which may then transfer the food to other domestics, including caretakers of larvae. These
chains of exchanges allow food to be disseminated throughout the nest, from the entrance to
the deepest chambers (Lee Cassill & Tschinkel, 1999; Wilson & Eisner, 1957).

At the entrance of the nest, the interactions between forager ants are fundamental as they
regulate the dynamics of food harvesting (Gordon, 1996; Pinter-Wollman, 2015; Pinter-
Wollman et al., 2011; Schafer et al., 2006). However, domestics possess essential
information on the colony’s needs. Exchange between foragers and domestics is spatially
confined within an area close to the entrance of the nest in both the wild (Tschinkel &
Hanley, 2017) and the laboratory (Mersch et al., 2013). For instance, in Pogonomyrmex
badius, foragers represent less than 5% of ants inside the nest 20 cm from the entrance and
are completely absent in regions 70 cm from the entrance (Tschinkel & Hanley, 2017). This
observation illustrates the spatial fidelity of castes and how this fidelity may affect network
topology (Pinter-Wollman, 2015; Pinter-Wollman et al., 2011) through differences in the
connectivity between colony members (Jeanson, 2012; Mersch et al., 2013).

To maximise fitness, the number of trophallaxes necessary to transfer food from foragers
to the queen and larvae needs to be minimised to make the process of food exchange as fast

as possible. Thus, efficient food exchange networks should be favoured by selection given
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the restricted roles of each caste and their spatial distribution within the colony (Sueur et al.,
2019). However, ants do not have a single, optimal social network topology (Camazine ef al.,
2003). Each colony member does not have to evaluate the needs of workers and the role of
their activities in a task, as the trophallactic interactions spread relevant information through
the entire colony (Griliter et al., 2006). Nevertheless, ants are known to have collective
cognition (Couzin, 2009) or swarm intelligence (Bonabeau et al., 1999). As a result, simple
interaction rules can explain the construction of complex structures, such as the Towers of
Hanoi (Reid et al., 2011) and how ants make bridges (Reid et al., 2015). Stroeymeyt et al.
(2018) showed that the interactions of ants can be modified to mitigate the spread of disease,
as the network centralities of ants are critically important for the transmission of infections
(Romano et al., 2016). This behavioural plasticity permits the topology of the interaction
network to be modified so that the network can become less efficient (for definitions of
network efficiency, see Ek ef al., 2015; Pasquaretta et al., 2014; Romano ef al., 2018) and
more modular to prevent epidemics. This social immunity is well known in eusocial insects
(Cremer et al., 2007; Cremer, 2019; Liu et al., 2019; Matagocka et al., 2019) but has also
been documented in other taxa, such as primates, where this phenomenon has been called the
social bottleneck hypothesis (Nunn et al., 2015; Romano et al., 2020; Romano et al., 2018).
Despite the central role that trophallactic interactions play in the regulation of food flow in
eusocial species, the way that chains of demands are established and how they ultimately
impact network topology have been largely unexplored. Furthermore, most previous studies
on these subjects have not considered the individuality and identity of the trophallactic
partners (Buffin ef al., 2012). One of the first studies to analyse the entire trophallactic
network demonstrated a spatial reorganisation of worker positions facing starvation that
accelerated the recovery of food stocks (Sendova-Franks et al., 2010). Waters and Fewell

(2012) identified individuals and antenna interactions in Pogonomyrmex californicus and
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concluded that the regulatory motif of interactions they observed supports the hypothesis that
eusocial insects are shaped by selection for network patterns that integrate functionality at the
group (i.e. colony) level rather than at the individual level. Lastly, Greenwald ef al. (2015,
2018) assessed the role of foragers and non-foragers in the dissemination of food; however,
these studies did not take into account the global state of the colony or conduct a thorough
analysis of the network topology of trophallactic interactions.

Given that self-organisation results in the emergence of adapted complex systems
(Camazine et al., 2003; Fisher & Pruitt, 2020), we tested for the efficiency of trophallaxis
networks in garden black ants. Specifically, we evaluated whether food was exchanged non-
randomly (e.g., unpredictability in the direction and time of trophallaxes), expecting that the
pattern of food dissemination maximises the speed with which food circulates through the
colony. In addition, we conducted laboratory experiments in which we monitored the
behaviour of foragers in colonies of varying sizes and with and without broods. Overall, we
tested for the effects of three main factors: brood presence, the forager/domestic ratio and
behaviour (which were also response variables) and colony size. Each ant was followed
during the entire test using QR codes (Garrido-Jurado et al., 2014; Stroeymeyt et al., 2018),
and all trophallaxes were scored. We used social network analyses to study the efficiency of
food dissemination. Combining experimentation with network analyses, especially in social
insects, is a powerful tool for studying the evolution of complex systems (Charbonneau et al.,
2013; Mersch, 2016; Sueur & Mery, 2017). We made three major alternative hypotheses
concerning the network properties of trophallactic exchanges (Fig. 1):

(A) Interactions are random, and foragers have the same social centralities as domestics.
Confirmation of this null hypothesis would suggest that trophallaxes do not play an

important role in food exchange. We did not expect to find random networks.
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(B) Food exchange occurs exclusively between foragers and domestics. This hypothesis
predicts that foragers should show higher centralities than domestics.

(C) Foragers transfer food to domestics, but some intermediary domestics are involved in the
chain of food dissemination. This hypothesis predicts that these intermediary domestics
should show forager-like centralities. Thus, these intermediary individuals would provide
the link between the source (foragers) and the final destination of food.

We used different social network indices to assess these predictions (see Table S1). We
expected colony size to affect the network topology, as previous studies have shown that
centralisation and modularity increases with colony size ( Pasquaretta et al., 2014; Nunn et
al., 2015). Efficiency should be stable because, theoretically speaking, efficiency should
decrease with network size (Romano et al., 2018); however, ants are capable of modifying
their division of labour depending on the size of the colony (Jeanson et al., 2007; Holbrook et
al.,2011; Modlmeier et al., 2019). Furthermore, the presence of broods is expected to modify
the structure of the network, as broods affect both the nutritional needs of the colony and thus
the demand for foragers (Portha et al., 2002). Because the presence of broods adds a level of
food dissemination, brood presence should have an impact on both individual and global
network indices with either the same ratio of foragers contributing more work (e.g., via

higher efficiency and higher centralisation) or more foragers decentralising the network.

Materials and methods
Ant colony setup

We created 52 queenless subcolonies of 11 to 120 workers, with and without broods (see
details below) from 12 wild and large mother colonies (> 1000 ants) of Lasius niger collected
in Brussels, Belgium during the autumn of 2016. We formed the subcolonies after the

colonies had been in the lab for 18 months years to decrease the potential effect of temporal
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polyethism. We tested queenless colonies for simplicity; several studies have shown that the
absence of the queen does not affect the interactions between workers and the shape of the
food dissemination network (Holbrook et al., 2011; Jeanson, 2012; Bazazi et al., 2016; Bles
etal.,2018).

These colonies were tested in an experimental enclosure (Fig. 2A). The dimensions of the
experimental enclosure were 17.5 x 12.5 x 5 cm. The walls of the foraging area were covered
with Fluon®, in addition to a glass covering the tray, to prevent ants from escaping. Ants
were placed in these trays for 10 days so that they could acclimate until the repartitioning of
tasks among individuals stabilised. Although the division of labour is flexible according to
the needs of the colony, several other studies have suggested that 10 days is enough for the
caste of each ant to stabilise (Sendova-Franks & Franks, 1993; Huang & Robinson, 1996;
Amdam et al., 2005; Baker et al., 2012). The colonies were kept at 22 + 3 °C and 60% + 5%
relative humidity, with a constant 12 : 12 h photoperiod.

The experimental enclosure was divided into two parts: the nest area and the feeding area.
Two food sources were placed in the feeding area at equal distances relative to the nest
entrance: 0.3 mol/L of milk powder and 0.3 mol/L of sucrose. The position of the food
sources relative to the nest entrances (i.e. left or right) was randomised. Ants were starved for
5 days in the nest area before experiments to increase foraging activity and the rate of
trophallaxis. The experiments ran for one hour. Video data were recorded using a Panasonic®
Lumix DMC-GH4-R mounted with a 30-mm Olympus® ED lens capturing 25 frames/s at a

resolution of 4180%2160 p.

Ant identification through QR codes
Labelling of ants with Aruco tags (QR codes, Garrido-Jurado ef al., 2014), along with the

software USETracker (https://sites.google.com/site/usetrackerac/), allowed individual ants to
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be identified continuously (Fig. 2B). Ants were placed in the freezer until they were inert
(about one minute). Each unique tag was then stuck to the abdomen and had a side length of
0.8 mm, weighed 0.1 mg (corresponding to approximately 5% of the average mass of an adult
worker or less than 10% of the amount of food that a worker carries) and was printed on
waterproof paper at a resolution of 1200 dpi. The tags were hand-cut using a scalpel and a
steel ruler as a guide. Following a 5-min acclimatisation period, the labelling did not appear
to impede the ant behaviours, movements or interactions. We discriminated foragers from
domestics. An individual was considered a forager if it spent at least 5 consecutive seconds
feeding at the food source (not in the feeding area but at either one of the two food sources or
both) during the experiment. This discrimination was possible by analysing the position of

each individual per frame during the experiment (see Fig. S1).

Data scoring

Each trophallaxis that occurred in the entire observation area, its duration as well as the
identities (unique tag) and caste (forager vs. domestic) of both the donor and the receiver ant
were scored. A trophallactic event was recorded when ants engaged in mandible-to-mandible
contact for greater than 2 seconds (the minimum time needed to exchange a piece of food).
The directionality of the food flow and the role of the donor and the receiver were determined
by body posture and mandible positions: The donor opens her mandibles and displays a
droplet of sucrose solution between them while the receiver turns and moves her head
forward to receive it (Greenwald et al., 2015; Lee Cassill & Tschinkel, 1999).

We only analysed videos where 100% of the trophallaxis interactions could be identified.
Of the 52 experimental runs, a total of 34 videos were analysed. Each of the 12 colonies was
tested 2.8 = 1.1 times (min = 1, max = 5). On the 34 videos, broods were present in 21

colonies and absent from 13 (proportion per colony: 0.66 + 0.24). The colony size ranged
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from 11 to 120 ants (mean = 42 £ 26). Colony replications were incorporated into the
statistical analyses. Different observers scored the videos; however, we found that there was
weak inter-observer bias, as an inter-observer reliability test on eight videos revealed that the
minimum score that we observed was 88.5% (generally, reliability scores greater than 80%

are considered sufficient; Hartmann, 1977; Watkins & Pacheco, 2000; Borgeaud ef al., 2016).

Social network measures

General statements For each test, an edgelist was created with the trophallaxis time from
individual 7 to individual j as the edge strength. The network was directed and weighted. We
then calculated different individual and global measures using the ANTs (Sosa et al., 2018)
and igraph (Csardi & Nepusz, 2006) R packages. We avoided measures that were not
interpretable with the directionality of the edges (see Mersch, 2016; Sueur et al., 2011; Sosa
et al., 2020); instead, we selected those that allowed us to make expectations based on our
three aforementioned hypotheses. Table S1 shows the different indices and their associated
expectations.

Global network measures The global measures included maximum modularity, the
centralisation index, global efficiency and resilience. Maximum modularity is the strength of
subgrouping or division of a network into modules or clusters (Newman, 2004). It ranges
from 0 to 1 with 0 corresponding to a network where all individuals are equally connected
and indices close to 1 corresponding to networks where the number and strengths of
connections between individuals of different subgroups are low. The centralisation index
captures the strength of centralisation of a network towards one or several individuals and
how these central individuals gather relationships (Sueur et al., 2012; Pasquaretta et al.,
2014). It ranges from 0 to 1 with 0 for corresponding to an equal network (i.e. all individuals

are equally connected) and 1 for a star network (i.e. individuals are all connected to a single
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central individual). Global efficiency is the strength or speed of the exchange of entities—
information or food—throughout the network (Latora & Marchiori, 2001; Ek ef al., 2015).
Specifically, global efficiency equals N/(IxD) where N is the number of nodes, I is the
number of edges and D is the network diameter. In other words, global efficiency indicates
how quickly an entity is transmitted from the spreader (i.e. source) to the most peripheral
individual in the group via the fewest number of connections. Global efficiency can range
from 0 to 1, with more efficient networks having values closer to 1 (Romano et al., 2018).
Finally, we calculated resilience by dividing global efficiency by the centralisation index
(Naug, 2009; Puga-Gonzalez et al., 2019). Resilience assesses whether the strength or speed
of the exchange of food can be maintained in the absence of central individuals, generally
called bridges or hubs (Kitsak et al., 2010).

Individual network measures The individual network measures included the degree (the
number of edges of a node; i.e. the number of individuals giving or receiving trophallaxes
from an ant), strength (the total time of trophallaxes of an ant; here we considered in-strength,
the total time of trophallaxes received, and out-strength, the total time of trophallaxes given),
betweenness (the number of shortest paths passing by a node; i.e. how many individuals an
ant connects) and the clustering coefficient (whether individuals with which an ant exchanges
food also exchange food). Detailed explanations of these different measures have been
provided by previous reviews and books on animal networks (Whitehead, 1997; Croft ef al.,

2008; Sueur et al., 2011; Sosa et al., 2020)

Statistical analysis
Food exchanges We first analysed the direction of trophallaxes between foragers and

domestics. We used the ratio between the in-strength and out-strength to assess whether one
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caste gave more than it received (ratio > 1) or received more than it gave (ratio < 1). We used
a student #-test to test for differences between the two castes.

We used linear mixed models (package Ime4 in R, Bates et al. 2014) to test for the effect
of brood presence and colony size on global variables, such as the number of trophallaxes,
the duration of trophallaxes and the forager/domestic ratio. Colony origin was included as a
random effect. Data for all response variables were normally distributed (Shapiro-Wilk
normality test, W>0.93, P > 0.074). Therefore, all models were type-1Il ANOV As using
Satterthwaite’s method and had normally distributed residuals.

Global and individual network measures We then analysed the effect of brood
presence, the number of individuals and the forager/domestic ratio for the global network
measures (e.g., centralisation, global efficiency, modularity and resilience) as well as the
caste (forager or domestic) for the individual network measures (e.g., degree, strength,
betweenness and the clustering coefficient). Because data on the interactions and the network
measures were not independent, we used Monte Carlo Markov Chain GLMM (package
MCMCglmm in R, Hadfield, 2010). This approach is a powerful and standard technique for
comparing statistical models based on the original data observed to distributions of null
models based on randomised data (Pasquaretta et al., 2014; Balasubramaniam et al., 2018;
Sosa et al., 2019). We ran MCMCglmm models for a minimum of 43 000 iterations after a
burn-in of 3000 to minimise autocorrelation and a thinning interval of 10 (i.e. one out of
every 10 iterations in the Markov chain was used to estimate the posterior distribution of the
parameters). We also assessed the robustness of the parameter estimates by checking the
stability of the models. For all models, we assessed for approximate convergence of the
MCMC chain (chain stability). We evaluated a final model’s validity by assessing the
distribution of residuals through residual normality distribution plots. The 95% credible

intervals were calculated using Bayesian methods in the MCMCglmm package. We used a
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Poisson law for the degree and strength and a zero-inflated Poisson law for the betweenness
and clustering coefficient. Modularity followed a normal law while centralisation, global
efficiency and resilience followed a log-normal law.

We then used individual network measures and the function PCA and HCPC of the
FactormineR package in R to perform a hierarchical clustering analysis using principal
components analysis to assess the presence of intermediary domestics. The HCPC function
permitted us to determine whether some domestics acted as intermediaries (i.e. whether
certain domestics had higher strength, in-strength, out-strength, degree and betweenness
relative to other domestics). We also performed Pearson correlations between the different
individual network measures.

All tests were conducted on R 3.6 (R Development Core Team, 2009). The significance

level was set at 0.05. Results are shown as mean + stdv [median].

Results
Food exchange

At the individual level, foragers spent more time giving than receiving food (¢ = 75.7, df =
33, P<0.0001, Table 1). The opposite pattern was observed for domestics (r = —138.1, df =
33, P<0.0001) (Fig. 3). However, Figure 3 shows a high level of variability among both
foragers and domestics: some foragers spent more time receiving than giving and some
domestics spent more time giving than receiving. This result was also recovered at the global
(Fig. 3) and test levels (Fig. S2).

At the colony level, the mean duration of trophallaxes (31.7 £ 12.8 s, corrected by colony
size) was not influenced by the presence of broods (df = 29.9, ¢ value=1.34, P =0.189) nor by
colony size (df = 29.9, ¢ value = 2.03, P = 0.051, Fig. S3). The total number of trophallaxes

(77.6 = 49.1) significantly increased with colony size (df = 30, ¢ value=7.62, P <0.0001, Fig.
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S4A) but did not change significantly with brood presence (df = 30, ¢ value = 1.32, P =
0.197). However, the number of trophallaxes corrected by colony size (mean number: 2.04 +
1.13) did not change with colony size (df = 30, ¢ value = 0.51, P = 0.613) showing that the
effect was more or less linear. This corrected number of trophallaxes did not change with
brood presence (df = 30, ¢ value = 1.31, P = 0.197). Lastly, the forager/domestic ratio (0.47 +
0.21) was not influenced by colony size (df = 27.7, t value=1.02, P = 0.315) but was

increased when broods were present (df = 28.6, ¢ value = 3.07, P = 0.005, Fig. S4B).

Global network measures

Four illustrations of trophallaxis networks are shown in figure 4. The number of ants
negatively influenced network centralisation (1-95% CI =-0.017, u-95% CI =-0.008, P
<0.001, Fig. 5A) and global efficiency (1-95% CI = —0.02, u-95% CI = —-0.0001, P = 0.04,
Fig. 5C), positively influenced modularity (1-95% CI=—-0.001, u-95% CI = 0.005, P = 0.002,
Fig. 5B) and did not impact resilience (1-95% CI = —0.009, u-95% CI =0.013, P =0.626).
However, resilience increased in the presence of broods (1-95% CI=—-1.51, u-95% CI =
—0.14, P =0.026, Fig. 5D); in contrast, brood presence had no effect on the other global
network measures (centralisation: 1-95% CI = —2.40, u-95% CI =—-1.47, P=0.116;
modularity: 1-95% CI = —0.125, u-95% CI = 0.11, P = 0.882; global efficiency: 1-95% CI =
—1.20, u-95% CI=0.013, P = 0.059). The forager/domestic ratio did not influence the global
measures (P > 0.225; Fig. S5). Results of all statistical tests are shown in the supplementary
material.
Individual network measures: Distributions of individual network measures (table 1) are
shown in Figure S6. Local peaks were observed for foragers and domestics in the
distributions for degree, out-strength and clustering coefficient. The degree decreased in the

presence of broods (1-95% CI =—0.057, u-95% CI =0.293, P =0.001) and decreased with
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colony size (1-95% CI = —0.004, u-95% CI = —0.0004, P = 0.015). Domestics had a lower
degree than foragers (1-95% CI =—-0.370, u-95% CI=—-0.197, P <0.0001). Strength was
negatively influenced by the forager/domestic ratio (1-95% CI =—-3.061, u-95% CI=—1.576,
P <0.0001). Surprisingly, caste did not influence strength. Foragers had a higher betweenness
than domestics (1-95% CI =-0.590, u-95% CI=-0.067, P = 0.013). Betweenness also
increased with the forager/domestic ratio (1-95% CI =—0.590, u-95% CI = —-0.066, P =0.013)
and with colony size (1-95% CI = 0.016, u-95% CI = 0.028, P < 0.0001) but decreased in the
presence of broods (1-95% CI =—0.284, u-95% CI =—0.066, P = 0.012). Similar to
betweenness, the clustering coefficient was lower in the presence of broods (1-95% CI =
—0.014, u-95% CI = 0.083, P = 0.002) and decreased with colony size (1-95% CI =—-0.002, u-
95% CI=-0.001, P <0.0001). All other variables had no effect on the clustering coefficient.
Results of all statistical tests are provided in the supplementary material.

A hierarchical clustering analysis following a principal components analysis confirmed the
presence of three clusters in the domestics. Details of this analysis are provided in the
supplementary material (Fig. S7). All individual network measures, as well as brood
presence, colony size and the ratio foragers/domestics, significantly affected the clustering.
Cluster 3 was composed of domestics with higher strength, in-strength, out-strength, degree
and betweenness compared with the other two clusters identified.

Correlations between individual network properties showed that only in-strength and out-
strength (» = 0.03; P =0.246, n = 1096), as well as betweenness and the clustering coefficient
(r=10.02; P=0.513, n = 1096), were not correlated. All other indices were correlated (0.10 <

r<0.73; P <0.0005, n = 1096, Fig. 6, Table S2)
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Discussion

The goal of this study was to understand the organisation of trophallaxes in black garden ants,
assess the topology of the trophallaxis network and characterise variation in the centralities
among foragers and domestics. Consistent with expectation, our results showed that the
trophallaxis network in black garden ants was not random and that the directionality of this
network was oriented from foragers to domestics. The high betweenness and out-strength
values indicated that intermediary domestics existed. In addition, local peaks and clusters
were observed in the distribution of some domestic centralities. These intermediary
individuals provided the link between the source (foragers) and the final destination of food.
This division of labour resulted in a food dissemination chain in the form of a hierarchical
network. We also observed high variability among individuals, consistent with previous
studies that have examined the distribution of activities (specifically, the percentage of time
foraging, distributing food or working inside colonies on a per-individual basis) among
workers (Kolmes & Sommeijer, 1992; Dornhaus et al., 2009; Tenczar et al., 2014; Quevillon

etal.,2015; Bles et al., 2018).

Variation in global network values: The rise of intermediate workers

The mean duration of a trophallaxis (tendency) and the total number of trophallaxes
increase with colony size and were not influenced by the presence of a brood. Moreover, the
forager/domestic ratio was not influenced by colony size (as was found in Dornhaus et al.,
2009 but in the presence of a queen) but increased in the presence of a brood. This finding
demonstrates the behavioural plasticity of ants and their capacity to respond to changes in the
demand for food by the colony, regardless of its size and composition (Portha ef al., 2002;
Mailleux et al., 2011; Tenczar et al., 2014). When broods are present during experiments,

domestics can become foragers to address the increased protein needs of the brood (Lee



Accepted Article

Cassill & Tschinkel, 1999; Dussutour & Simpson, 2008, 2009). In contrast, when broods are
absent, foragers can become domestics (Sendova-Franks & Franks, 1993; Huang &
Robinson, 1996;Amdam et al., 2005; Baker et al., 2012). This adaptability is also supported
by our global network measures. Network efficiency is an important network parameter
contributing to the success of colonies (Sendova-Franks et al., 2010; Waters & Fewell, 2012;
Stroeymeyt et al., 2018). Colony members are known to modulate their interactions, and
thereby the network, based on food availability and the needs of the colony ( Sendova-Franks
et al., 2010; Pinter-Wollman et al., 2011), the spread of disease (Stroeymeyt et al., 2018) and
group/colony size (Pasquaretta et al., 2014; Romano et al., 2018). The relationship between
network efficiency and network size is non-linear, as there are different peaks of efficiency at
different values of modularity based on group size (Romano et al., 2018). This non-linearity
is interpreted as an adaptive mechanism for optimising the social transmission of information
and impeding the transmission of pathogens (Waters & Fewell, 2012; Nunn et al., 2015;
Sueur et al., 2019; Romano et al., 2020).

We found that global efficiency decreases with colony size. However, resilience—the ratio
between efficiency and centralisation—was stable with colony size but increased in the
presence of a brood, presumably in response to the needs of the larvae. Improving or
maintaining network resilience while ensuring reproduction, can increase the ability of the
colony to recover from cascading failures (i.e. breaks in the transmission chain, Wang &
Xiao, 2016). Moreover, modularity increases with colony size. Interestingly, caste-specific
adaptations to colony size might also occur, and the role of intermediary domestics may be
crucial. For example, intermediary domestics may stabilise the link between foragers and
domestics, promoting network resilience with increasing group size. Indeed, the hierarchical
clustering analysis revealed the presence of a cluster of intermediary domestics with higher

strength, in-strength, out-strength, degree and betweenness compared with other domestics.
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In sum, our global measures indicate—similar to the findings of Stroeymeyt et al. (2018) for
disease—that the food dissemination process and interactions at the colony level are highly
flexible and depend on colony size and needs. All subcolonies used had been in the lab for 18
months to decrease the potential effect of temporal polyethism. The possibility of a potential
age effect was also minimised by the fact that we conducted multiple tests with different
colony sizes as well as the 10-day buffer that we provided to colonies before scoring
interactions. Moreover, ants can continually adapt to the needs of colonies as individuals
change castes—even to changes from foragers to domestics (Sendova-Franks & Franks, 1993;
Huang & Robinson, 1996; Amdam et al., 2005; Baker ef al., 2012). Thus, we believe that the

effect of temporal polyethism on our findings was negligible.

Variation in individual network values: Towards a decentralised and hierarchical
organisation

We found that foragers had higher degree and betweenness but the same strength and
clustering coefficient as domestics (see supplementary material for detailed statistics). This
pattern is consistent with foragers giving more than they received and domestics receiving
more than they gave (Quevillon ef al., 2015). Because foragers gave more food to more ants
than domestics did, they also had a higher betweenness (degree and betweenness are
correlated). Thus, the degree, betweenness and out-strength values clearly indicate that
foragers were the ones distributing food in the network, supporting the centralised network
hypothesis. This finding was further confirmed by the fact that betweenness increased with
the forager/domestic ratio. Specifically, foragers became more important for food exchange
as the number of intermediaries decreased, and when intermediaries were few, the number of
foragers increased. However, the fact that foragers had a similar strength and clustering

coefficient compared with domestics suggested that there were connections between
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domestics and that the network was not highly centralised, allowing the trophallaxis network
to retain its adaptability and resilience. Decentralisation was supported by the decrease in
strength (but not degree) as the forager/domestic ratio increased. Specifically, foragers gave
less per trophallaxis when their number was higher or domestics served as intermediaries by
giving more when the number of foragers was low. While the trophallaxis network was not
randomly organised, the presence of intermediary ants, confirmed by the local peaks and the
hierarchical clustering analysis, indicated that the form of the trophallaxis network was most
consistent with the hierarchical network hypothesis. Trophallaxes were clearly directed in

different steps and levels, which made the networks hierarchical.

Social network and brood

The presence of a brood did not influence individual strength. Strength was quite stable
given that no parameter, except the forager/domestic ratio, affected it. Strength reflects the
duration of trophallaxis of an individual, and this should depend more strongly on intrinsic
characteristics (Greenwald ef al., 2018), such as the quantity of food present in the social
stomach. The crop capacity is generally stable between individuals measured at distinct
foraging events (Greenwald et al., 2018). Thus, foragers should always transfer stable
quantities of food but some might occasionally give large quantities of food to domestics and
at other times several small quantities of food. Our results highlight that the pattern of food
distribution is independent of colony size and the presence of a brood. In contrast to
expectation, the degree and betweenness of foragers and intermediary domestics did not
increase in the presence of a brood. This finding may stem from increases in the number of
foragers. As a consequence of such a decentralised organisation, the degree and betweenness
per individual decreases. Thus, a more decentralised and resilient network with intermediary

domestics may arise, preventing food exchange from being concentrated to a small number of
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foragers. The change in the forager/domestic ratio in the presence of a brood indicated that
the system balances foraging and caregiving effort (Schafer et al., 2006; Mailleux et al.,
2011). The mechanisms underlying the responses of the system, namely behavioural
plasticity of the workers, reinforce the hypothesis that the network was more hierarchical than

centralised (Middleton & Latty, 2016).

Social network and colony size

An increase in colony size negatively influenced the degree and the clustering coefficient
of ants, positively affected their betweenness and had no effect on their strength. These
results corroborate the findings of several previous studies (Naug, 2009; Pasquaretta et al.,
2014; Puga-Gonzalez & Sueur, 2017). As colony size increases, the probability of
interactions between each pair of ants inherently decreases, resulting in a decrease in network
density and as consequence, in the clustering coefficient. However, in larger colonies, as the
network becomes more centralised, the mean individual betweenness should decrease. This
expectation should hold if interactions are more or less random but not directed towards
specific individuals as trophallaxes often are. Thus, one explanation that might explain our
finding of betweenness decreasing with colony size is that in larger colonies, some
individuals—either foragers or intermediary domestics—become more important in the
transfer of food, allowing us to reject the random network hypothesis. Because some
domestics had an out-strength/in-strength ratio greater than one (Fig. 3), our data most

strongly support the hierarchical network hypothesis.

Conclusion
Behavioural flexibility and decentralised control (the presence of several individuals per

caste) are parameters characterising the organisational resilience of ants (Middleton & Latty,
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2016). Several studies have already demonstrated the presence of decentralised but
hierarchical networks in mammals (Hill ez al., 2008). Various hierarchical networks have
been described in nature ranging from protein complexes (Ravasz et al., 2002), to neural
networks (Chatterjee & Sinha, 2007; Clune et al., 2013), to animal groups (Hill et al., 2008)
and to organisation in social insects (Linksvayer et al., 2012). Hierarchical networks are more
resilient than centralised networks but less costly in terms of connections (time to find
partners and exchanges) than complete networks (Banavar et al., 1999; Bode et al., 2010;
Guimera et al., 2001; Barabasi et al., 2003; Ravasz & Barabasi, 2003). Changes in our global
network measures, such as efficiency, centralisation or resilience, may ultimately result in
increases in group performance as mentioned by Sueur (2012) and described by Fontanari
and Rodrigues (2016). The two latter authors hypothesised that the collective cognition
behind the complex systems built by social insects suggests that the topology of social
networks is selected to optimise problem-solving competence at the group level. However,
although individuals are selected and not the group or networks, feedbacks exist between
these two levels (Farine ef al., 2015; Fisher & McAdam, 2017). This process of multilevel
selection previously described as “collective social niche construction” by Sueur ef al. (2019)
deserves increased attention. Indeed, study of this process promises to enhance our
understanding of the evolutionary mechanisms contributing to the emergence of complex

systems.
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Tables:
Table 1 Mean + standard deviation of individual network measures according to brood
(presence/absence) and then caste (foragers/domestics). The relative difference between foragers and

domestics is also indicated.

Brood Presence Absence
Caste | Forager Domestic Diff(F-D) | Forager Domestic Diff(F-D)
Degree | 3.2 £2.2 24+18 0.8 4.1+26 32+22 0.9
Instrength | 38.7 £ 68.7 84.2+111.5 -45.5 90.0 +162.7 94.8 +123.7 4.8
Outstrength | 77.5 = 106.2 43.9+83.3 33.6 113.8£155+2 82341285 315
Strength | 123.8 £ 146.8  120.5+1289 3.3 203.8 £223.9 17711884  5¢ 4
Betweenness | 30.1 + 81.1 18.5+62.0 11.6 55.8+120.5 352+126.1 20.6
Clust. coeff. | 0.08 £ 0.17 0.06 +0.17 0.02 0.19+£0.26 0.16 +0.26 0.03
Figure Legends

Fig. 1 Representation of the theoretical networks corresponding to each of the three hypotheses. For
each network, there are 14 individuals (two foragers and twelve domestics) as well as fourteen
connections (i.e., trophallaxes). (A) Random network for which the trophallaxes are random between
individuals, foragers or domestics. (B) Centralised network for which trophallaxes only happen from
foragers to domestics; there is one level of interaction. (C) Hierarchical network for which
trophallaxes are made first from foragers to domestics and then from these intermediary domestics to

other domestics; there are at least two levels of interactions according to the colony size.

C. Hierarchical network

A. Random network B. Centralised network
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Fig. 2 (A) Experimental setup for testing trophallaxes. Ants are placed in the nest area (on the left)
where domestic stay whilst foragers go on the feeding area (on the right) where two food sources are
placed: one with protein and one with sugar. The two food sources were randomly attributed. (B) Ants

with Aruco tags (QR code) applied on their abdomen.




Fig. 3 Out-strength (total duration of giving food) by in-strength (total duration of receiving food),
(A) for all the dataset, (B) for trophallaxes fewer than 100 frames. Blue dots are for foragers whilst
red dots are for domestics. Size of the dots represents betweenness. The numbers indicate the foragers

(F) or the domestics, on the line (Ratio = 1), under the line (Ratio < 1) or above the line (Ratio > 1).
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Fig. 4 Illustrations of four trophallaxis networks, with and without brood and with two comparable
sizes. D indicates domestics whilst F is for foragers. The size of the nodes corresponds to betweenness
(the bigger, the higher) whilst colour fits with the degree (the redder, the higher). Graphs were drawn

with Gephi 0.9.2 (Bastian et al., 2009) using the force Atlas 2 package for the spatial visualisation.

A. With brood, N =39 B. Without brood, N =43
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Fig. 5 Effects of factors on global network measures. (A) Number of ants on centralisation. (B)

Number of ants on modularity. (C) Number of ants on global efficiency. (D) Presence of Brood on

network resilience.
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Fig. 6 Correlations matrices between the different individual network measures.
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