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Abstract

Division of labor is among the main factors to explain the evolutionary success of social systems, from the origins of multi-
cellularity to complex animal societies. The remarkable ecological success of social insects seems to have been largely
driven by ergonomic advantages stemming from the behavioral specialization of workers. However, little is known about
how individuals and their corresponding behavioral repertoires are related to each other within a division-of-labor context,
particularly by viewing such relationships as complex networks. Applications of network theory to the study of social insects
are almost exclusively used to analyze behavioral interactions between individuals rather than to the study of relations
among individuals and behaviors. Here, we use an approach to the study of the organization of the behavioral repertoire
of ant colonies that considers both individual-behavior interactions and behavior-behavior interactions, besides colony
time budgets. Our study investigates the organization of division of labor in colonies of the trap-jaw ant Odontomachus
chelifer (LATREILLE, 1802). All the behavioral acts (including inactivity) performed within three queenright colonies of
different sizes (n = 7, 30, and 60 workers) were studied under controlled laboratory conditions. Each ant was individually
marked and observed by scan sampling in 10 min intervals for 10h each (n = 5919 behavioral acts). We describe the
network topologies in terms of centrality, specialization, modularity, and nestedness. This study shows that workers of
O. chelifer are organized according to structured networks, composed of individuals exhibiting varying degrees of spe-
cialization. The observed centrality scores indicate that some behaviors could have a disproportionately larger impact on
the network organization (especially self-grooming). The results underscore the potential of the use of complex networks
(particularly measures of modularity and nestedness) in order to discover and study novel organizational patterns of
social groups in animal behavior.
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Introduction

Division of labor is a property of social systems thought
to have been favored by natural selection and that occurs
in a variety of phenomena, from subcellular levels to
complex animal societies (SMITH & SZATHMARY 1997).
In particular, the remarkable ecological success of social
insects seems to have been largely driven by the ergo-
nomic advantages stemming from division of labor, such
as individual specialization and parallel task execution
(OSTER & WILSON 1978, ROBINSON 1992, TRANIELLO &
ROSENGAUS 1997, BESHERS & FEWELL 2001, ROCHA &
al. 2014, AvrIL & al. 2016). Division of labor in social
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insects can be broadly defined as “any behavioral pattern
that results in some individuals in a colony performing
different functions from others” (MICHENER 1974). Un-
covering general principles of division of labor requires
the assessment of the contribution from individual work-
ers toward the completion of colony tasks (BESHERS &
FEWELL 2001). Therefore, insights about the organization
of the division of labor in social insects might be obtained
through the view of the relationship between workers and
their corresponding behavioral performance as complex
networks.
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A complex network is described as a system of inter-
acting nodes (within a social insect colony, workers or
behaviors connected by links) that communicate with each
other, displaying patterns of connection that are neither
purely regular nor purely random (NEwmaN 2003). In
social insects, the network concept itself has been present
in the literature for a long time, especially considering the
interaction between individuals, that is, social interactions
(GorpON 2010). Even then, empirical data that explicitly
describe interaction networks in social insect colonies
have been only recently studied (e.g., NAUG 2008, BHADRA
& al. 2009, NauG 2009, SENDOVA-FRANKS & al. 2010,
PINTER-WOLLMAN & al. 2011, WATERS & FEWELL 2012,
MERSCH & al. 2013). While social interaction networks are
an interesting approach to understand the behavioral in-
fluence of one individual on another, they do not reflect ex-
plicitly how workers interact with the behaviors performed
by them. In the literature, there are several theories and
evidence regarding the division of labor exhibited by ant
colonies, yet there is still a need for studies that reflect
the empirical complexity exhibited by the interactions of
workers and behavioral acts within a colony. This lack of
knowledge may hinder the understanding of the organi-
zation of division of labor, and even our ability to assess
the extent to which the mechanisms proposed to explain
division of labor are mutually consistent. In order to fill
this gap, one could use a framework considering networks
in different ways. For instance, we could envision behav-
ioral acts as nodes and individual workers as links (such
as symbolic dynamics) (FEWELL 2003). CHARBONNEAU &
al. (2013) presented one empirical analysis of task-task
interaction networks (unipartite networks) in order to
identify dynamics of task switching within a colony of the
ant Temnothorax rugatulus (EMERY, 1985). In this work,
they used betweenness centrality to measure how central
the role of one task is compared with those of others. The
results showed that ants walk throughout the nest be-
tween tasks rather than directly switching among them.
Recently, PASQUARETTA & JEANSON (2018) proposed the
use of bipartite networks to represent interactions between
workers and tasks. Moreover, the authors quantified the
bipartite network in the context of division of labor, using
specialization and modularity measures, which consider
the specialization of nodes and the strength of division of
a network into groups, respectively.

Here, we use an approach that goes beyond simple so-
cial interaction networks by considering both worker-be-
havior interactions and behavior-behavior interactions,
besides usual colony time budgets. Such an integrative
approach offers complementary results, showing possibly
hidden dynamics in the formation of complex behavioral
interactions. Besides the network metrics used in the pre-
viously mentioned studies, we also considered theoretical
concepts developed in the context of community ecology,
such as nestedness, and expanded the use of modularity
for behavior-behavior interactions. A nested network
structure is observed when specialists mainly interact with
proper subsets of the nodes of generalists. Nested networks
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are generally robust against random node loss (i.e., loss of
workers or behaviors, depending on the type of network)
(THEBAULT & al. 2010), while networks with a high degree
of specialization are more vulnerable (KAISER-BUNBURY
& al. 2017). Regarding modularity in behavior-behavior
networks, the division of the network in groups that are
more related to each other (modules) is similar to the con-
cept of roles developed by HOLLDOBLER & WILSON (1990),
stated as a “set of behavioral acts, linked by relatively high
transition probabilities”. Inactivity may occur as a result
of time delays associated with searching for or switching
tasks (LEIGHTON & al. 2017). Thus, we also use a variation
of the behavior-behavior network that considers inactivity
frequency between behavioral acts as links, which then
are used to quantify the influence of behavioral inactivity.

Our study uses the trap-jaw ant Odontomachus chelifer
(LATREILLE, 1802) as a model organism. We investigate
the organization of division of labor in colonies of O.
chelifer. In the congener Odontomachus brunneus (PAT-
TON, 1894), dominant individuals are more likely to reside
in the central areas of the nest, where they take care of the
brood, while subordinate individuals are pushed towards
the edges, where they are more likely to forage (POWELL
& TSCHINKEL 1999). This process of division of labor has
been called “Interaction-based task allocation” (POWELL
& TSCHINKEL 1999). Similarly, the division of labor in O.
chelifer could be based on interactions between workers
resulting in spatial fidelity and we take this into account.
Thus, we study the organization of division of labor in
Odontomachus chelifer as complex networks. In particu-
lar, we describe the individual influence of behaviors and
workers through different network analysis (i.e., special-
ization, centrality, modularity, and nestedness) applied
to behavior-worker and behavior-behavior networks at
the same time.

Methods

Field collection and culture methods: The species
chosen for this study is the ant Odontomachus chelifer
(LATREILLE, 1802). The genus Odontomachus (Ponerinae)
is characterized by large body size (= 12 - 15mm in length)
and a powerful articulated jaw, and usually forms small
colonies (LATREILLE 1804, PATEK & al. 2006, SPAGNA &
al. 2008). The species is distributed from Mexico to the
northeast of Argentina (BROowN 1976) and has a gener-
alist diet (RAIMUNDO & al. 2009, NUKEZ & al. 2011). In
this study, five colonies of Odontomachus chelifer were
collected in forest fragments at the campus of the Uni-
versidade Federal do Parana and the Museu de Historia
Natural do Capao da Imbuia, Curitiba, Parana, Brazil. The
species was morphologically identified following the key
of BROWN (1976). The field-collected colonies usually had
less than 100 workers (colonies with 75, 60, 30, 34, and 7
workers; mean + standard deviation, SD: 41 + 26). In the
laboratory, colonies were transferred to artificial plaster
nests, where they were kept under stable environmental
conditions (20 °C under constant light with =600 lux
and humidity at 60%). Internal dimensions of the cavity



were 19.5 x 15 x 2cm (width x depth x height) divided
in two chambers. All the colonies were supplied with
water ad libitum, pieces of mealworms and artificial diet
(BHATKAR & WHITCOMB 1970). In all colonies, ants ar-
ranged themselves in a pattern similar to that observed by
PowELL & TSCHINKEL (1999) for Odontomachus brunneus,
where the chamber furthest from the entrance contained
the brood and queen, creating three distinct zones: the
“brood zone”, “broodless zone” (all the other areas within
the nest), and “foraging zone” (area outside the nest). All
workers were marked individually with color combinations
of oil-based paint (Testors®, Curitiba, Brazil) (one spot on
the head, one on the mesosoma, and two on the gaster) for
individual worker recognition. All colonies were allowed
to adjust to laboratory conditions for at least one month
before any focal workers were marked, and the colonies
were left for an additional week after marking before the
beginning of the observations. Colony size was not altered
for the experiments. Voucher specimens of the ants from
each colony studied were deposited in the collection of the
Department of Zoology, Universidade Federal do Parana
(DZUP), Curitiba, Brazil.

Behavioral observations: Three of the five queen-
right monogynous colonies collected in the field were
chosen for observation based on their apparent health and
status (i.e., alarge brood pile and the presence of a queen).
Each worker from the three colonies (n = 60, 30, and 7
workers, henceforth colonies A, B, and C, respectively)
was observed through scan sampling at 10 min intervals
for 10 hours, divided into two observation sessions by an
interval of two days (five hours each; between 9:00 and
19:00 per trial). In each trial, the zone chambers were sys-
tematically scanned, noting the behavioral state in order
to ensure the correct behavioral notation of all the ants.
The observations were recorded with a digital camcorder
(JVC GZ-HM320SUB, Everio, Curitiba, Brazil) placed

above the colonies. After the videos had been analyzed,
all the recorded behaviors (5820 recorded activities) were
double-checked by a second person to ensure accurate re-
cordings of ant identities across the observations (Data S1
A - C, as digital supplementary materials to this article, at
the journal’s web pages). Individual behavioral repertoires
were created (see Tab. 1 for a complete list of the behavio-
ral acts and definitions; Script S1 & Data S2). Behavioral
acts were classified as either ‘active’ (antennation, brood
care, carrying brood, carrying debris, carrying food,
feeding, foraging / patrolling, grooming, being groomed,
self-grooming and walking) or ‘inactive’ (immobile and
not otherwise engaged in any active task).

Networks: Networks are depictions of adjacency
matrices, in which an element within the matrix a;; with
a value equal to zero means the absence of interaction,
and any value > 1 indicates the number of interactions
between the elements of the network (Scripts S1 - 6 & Data
S3 - 16). Two different kinds of networks were considered
in this study: worker-behavior networks (WBNs) and
behavior-behavior networks (BBNs). WBNs characterize
the relationship between two sets of nodes — workers
and their respective behavioral repertoires. It is an undi-
rected bipartite graph, in which links (edges) are defined
whenever an individual performs a specific behavior.
Alternatively, BBNs connect every behavior to the one
performed immediately after it, with workers as links. It
is a unipartite di-graph, representing temporal and direc-
tional interaction between each behavior. Networks were
analyzed considering all the behaviors observed as nodes,
excluding inactivity behavior. Inactivity was excluded as
a node because its disproportionately high prevalence
obscured other network patterns. Nevertheless, the in-
fluence of inactivity was quantified in two ways. The first
one was calculated as the normalized proportion of the raw
inactivity for each ant (named Ii index) during behavioral

Tab. 1: List of possible behavioral acts observed in the colonies (divided in two classes; active and inactive) of Odontomachus
chelifer (LATREILLE, 1802), the acronym used in the figures and tables, and descriptions of each behavior.

Class Behavioral acts Acronym | Description
Active Antennation at Contact with another worker with the antenna
Brood care be Manipulating brood (feeding, grooming)
Carrying brood cb Moving brood
Carrying debris cd Carrying/manipulating a stone within the nest in any way
(moving, pushing, pulling)
Carrying food cf Manipulating food inside and outside the nest
Feeding fd Feeding inside nest (brought back by foragers)
Foraging/Patrolling fp Located outside of the nest (foraging or patrolling)
Grooming g Grooming another ant
Being groomed bg Be groomed by another ant
Self-grooming sg Grooming itself
Walking wl Walking within the nest
Inactive Inactivity in When the ant is immobile within the nest and not engaged in
“any” active behavior (more than 10s)
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Tab. 2: Betweenness centrality values from the BBNs (behavior-behavior networks) of all the colonies (A, B, and C) of Odon-
tomachus chelifer (LATREILLE, 1802). The behaviors (nodes) of all workers are considered. The behavioral acts are considered
bridges if they have a betweenness centrality value above the third quartile of the data (> 75%; two or three behavioral acts with
the highest scores, signaled in bold). The P-values of the Z-scores (expressed as significant in bold) of the data compared with
the null model (link and weight reshuffling null model) are also exposed.

Behavioral acts A P-values P-values C P-values
wl 14 0.13 0 0.53 0.23
sg 36 0.36 17 0.29 0 1
g 0 1 1 - -
bg 0 1 0.88 -- --
be 14 0.05 0.99 0 1
cb 0 1 0.07 -- --
fd 0 1 -- -- 6 0.35
cf 0 1 -- -- --
fp 0 1 0 1 0.20
cd 0 1 -- -- -- --
at - - 0 1 0 1

observations. The second one is a variation of the BBNS,
where behaviors were linked by the frequency of inactivity
behaviors between them (i.e., BBNs of inactivity). Thus, the
link between two nodes (tasks) of the BBNs of inactivity
was quantified as the presence (1) or absence (0) of the
behavioral interaction, and inactivity was the additional
(1 + n) or the only weight of the link.

Network metrics: A series of measures were used
from network analysis in the WBNs and BBN, all analy-
ses were performed using R 3.6.0 (R DEVELOPMENT CORE
TEeAM 2019). Graph visualization was created using both
the IGRAPH version 1.2.5 and BIPARTITE version 2.15 pack-
ages (CsarDI & NEpPUSZ 2006, DORMANN & al. 2009). The
organization within the networks was explored, that is,
the roles of individual nodes (node-level metrics), as well
as on a global scale (network-level metrics). Each metric
had its values compared with the ones obtained from
random networks generated by a specific null model (each
null model used in our study is explained in the section:
Statistical analysis and comparison with nulls models).
The chosen metrics could be divided into four categories:
specialization (only for WBNs), centrality (only for BBNs),
modularity and nestedness (for both WBNs and BBNs).

1) Specialization: Two specialization network meas-
ures based on interaction frequencies in the WBNs were
used: the d’ and H»’ metrics (BLUTHGEN & al. 2006), which
represent scale-independent indices to characterize spe-
cialization in ecological networks at node and group-levels,
respectively (Data S17 - 19). Originally, both measures
were proposed to quantify specialization in ecological
plant-pollinator networks. The d’ index is derived from
the Kullback-Leibler distance (such as Shannon’s diversity
index) and quantifies how strongly a behavior (or worker)
deviates from a null model which assumes behavioral allo-
cation in proportion to the workers and behaviors available
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(more details; BLUTHGEN & al. 2006). The d’ index ranges
from O (no specialization) to 1 (full specialization) and can
be calculated at worker level (d’;,4v) or behavior level (d’pe-
havior)- For the entire network, the degree of specialization
considering both parties (e.g., behaviors and workers) can
be determined with the H»’ index (BLOUTHGEN & al. 2006,
2008). H,’ was used in the context of division of labor for
the first time by PASQUARETTA & JEANSON (2018). It de-
scribes to which extent the worker-behavior interactions
deviate from those that would be expected from a neutral
configuration given the workers and tasks marginal totals.
H,’ ranges between 0 (no specialization) to 1 (complete
specialization). The d’ and Hy’ measures were calculated
by the R package bipartite version 2.15 in R (DORMANN
& al. 2008). Furthermore, GORELICK & al. (2004) created
two indices based on normalized mutual entropy, which
have been used in several empirical and theoretical studies
of division of labor (e.g., JEANSON & al. 2007, DORNHAUS
2008, SANTORO & al. 2019). While they were not created
in the context of network theory, they are implemented in
adjacent matrices such as graphs. These metrics quantify
specialization from individuals and behaviors and were
named DOL;nqy and DOLpehay (@lso known as DOLiagr),
respectively. The two indices range between 0 (no division
of labor) to 1 and were indirectly compared with the Hy’
index (because as the Hy’ index, they are calculated for
the entire network).

2) Centrality: Betweenness centrality and degree
centrality were used to study the patterns of informa-
tion flow across the behavioral acts (BBNs). Betweenness
centrality is a measure of how often a node is located on
the shortest (geodesic) path between other nodes in the
network (FREEMAN 1979). Thus, it measures the degree to
which the node (behavior) functions as a potential point
of control of communication (i.e., bridge) among the other



Tab. 3: Degree centrality values (In-degree) from the BBNs (behavior-behavior networks) of all the colonies (A, B, and C) of
Odontomachus chelifer (LATREILLE, 1802). The behaviors (nodes) of all workers are considered. The behavioral acts are considered
inactivity hubs if they have an in-degree centrality value above the third quartile of the data (> 75%; two or three behavioral acts
with the highest scores, signaled in bold). The P-values of the Z-scores (expressed as significant in bold) of the data compared
with the null model (weight reshuffling null model) are also exposed.

Behavioral acts A P-values B P-values C P-values
wl 37 0.11 13.5 0.56 11.9 0.47
Sg 36.3 0.18 27.2 0.20 8.9 0.97
at 3.3 0.06 13.6 0.55 2.9 0.09
g 18.2 0.77 17.6 0.99 - -
bg 12.6 0.57 10.3 0.49 -- -
be 18.1 0.75 17.3 0.88 0 1
cb 11.7 0.41 7.3 0.37 -- --
cd 4.3 0.19 2.1 0.48 -- --
fp 4.5 0.21 3.2 0.84 8.8 0.99
cf 2.8 0.63 -- -- 7.3 0.48
fd -- -- -- -- 8.8 0.99

Tab.4: Degree centrality values (Out-degree) from the BBNs (behavior-behavior networks) of all the colonies (A, B, and C) of
Odontomachus chelifer (LATREILLE, 1802). The behaviors (nodes) of all workers are considered. The behavioral acts are consid-
ered inactivity spreaders if they have an out-degree centrality values above the third quartile of the data (> 75%; two or three
behavioral acts with the highest scores, signaled in bold). The P-values of the Z-scores (expressed as significant in bold) of the
data compared with the null model (weight reshuffling null model) are also exposed.

Behavioral acts A P-values B P-values C P-values
wl 13.5 P<0.0001 6.5 P<0.0001 6.5 0.51
Sg 24.5 0.01 11.1 0.009 7 0.92
at 9.3 0.65 9.4 0.25 4.1 0.10
g 17.5 0.95 20.3 0.91 - -
bg 11.7 0.56 17.5 0.24 -- --
be 21.5 0.14 20 0.02 2.5 0.0008
cb 14.1 0.14 17.8 0.20 -- --
cd 9.9 0.85 4.7 0.11 -- --
fp 10.3 0.99 4.8 0.08 11 0.98
cf 10.7 0.05 - - 6.9 -
fd 22.6 0.0005 - - 12.6 0.09

nodes within a network. In unweighted networks (where
the original betweenness centrality was proposed), all
links have the same weight, thus the shortest path for
interaction between two nodes is through the smallest
number of intermediate nodes. Differently, most of the
new centrality measures proposed for weighted networks
have been solely focused on edge weights, and not on
the number of links, a central component of the original
measure. Due to this issue, the betweenness centrality pro-
posed by OpsaHL & al. (2010) was used, which considers
both the number and the strength of links (weight). The
relative importance of these two aspects in the metric is

controlled by the tuning parameter (a), which goes from
0 to 1. a was set to 0.5 to consider both factors with the
equal proportions (Scripts S7 - 9). In order to differentiate
nodes with higher betweenness centrality from the others,
tasks with a betweenness centrality above the third quar-
tile of the data (> 75%; i.e., two or three behavioral acts
with the highest scores) were considered bridges. After
the identification of the bridges according to between-
ness centrality, we analyzed if the frequency of behavior
switches between behavioral acts was random in com-
parison with a uniform discrete distribution of the data
(i.e., equally distributed frequency among the behaviors).
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This information could show if the existence of a bridge is
an epiphenomenon due to its higher frequency compared
with other behaviors or if it is the result of selectiveness
towards some specific behaviors (Script S10 & Data S20).
Degree centrality was applied to the BBNs of inactivity
and used to describe the latency of the activity among the
tasks, that is, the higher the degree centrality of a node, the
higher the latency (inactivity) around it. Originally, degree
centrality is simply the count of how many connections
(i.e., links) a node has in a binary network. The degree has
generally been extended to the sum of weights in weighted
networks (BARRAT & al. 2004, NEWMAN 2004, OPSAHL &
al. 2008) and labeled node strength. In order to combine
both degree and strength, the degree centrality metric
proposed by OpsaHL & al. (2010) was utilized, which, as
the betweenness centrality proposed by the same authors,
uses a tuning parameter () to set the relative importance
of the number of ties compared with link weights. The a
tuning parameter was set to 0.5 to consider both factors
with equal proportions. Degree centrality was divided as
in- and out-degree centrality for directed graphs (such as
BBNs of inactivity). As the names imply, in-degree point
toward and out-degree away from the given node. Behavio-
ral acts with an in-degree and out-degree centrality above
the third quartile of the data (> 75%, i.e., two or three
behavioral acts with the highest scores) were regarded as
inactivity hubs (i.e., with inactivity converging to the node
as a link) or inactivity spreaders (i.e., with inactivity leav-
ing the node as a link), respectively. While the centrality
measures for all observed behaviors were computed and
compared with a null model (Tabs. 2, 3, and 4), in this
study only behaviors considered bridges, inactivity hubs
and spreaders were reported (Scripts S11 - 13). Between-
ness centrality and degree centrality were calculated using
the R package tnet version 3.0.16 (OpsaHL 2009).

3) Modularity: Modularity was proposed by NEw-
MAN (2006) to compute the strength and number of mod-
ules within a network, and it has been studied across dif-
ferent biological scales (LORENZ & al. 2011). Modules can
be defined as groups of tightly connected nodes that are
sparsely connected to other nodes in the network (NEw-
MAN 2006). The modularity (Q) ranges from 0 (commu-
nity structure not different from random) to 1 (complete
separation between modules) (Script S2 & Data S21 - 22).
There are different algorithms available to detect modules
in weighted bipartite and unipartite networks (CLAUSET
& al. 2008, DORMANN & STRAUSS 2014, BECKETT 2016).
In the WBNs, the DIRTLPAwb+ algorithm for optimizing
bipartite modularity was used (BECKETT 2016) and imple-
mented in the R package bipartite version 2.15 (DORMANN
& al. 2008). We normalized the bipartite modularity values
following PASQUARETTA & JEANSON (2018). The algorithm
used to search for modules in the BBNs is the Louvain
method developed by CLAUSET & al. (2008) and imple-
mented in the R package igraph version 1.2.5 (CSARDI &
NEPUsz 2006) (Scripts S14 - 15).

4) Nestedness: Two different metrics to estimate
nestedness of the WBNs and BBNs were used (Scripts
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S2 - 6 & Data S23 - 27). The first metric was the weighted
nestedness metric based on overlap and decreasing fill
(WNODF), which is a modified version of the nestedness
metric based on overlap and decreasing fill (NODF) which
considers weighted bipartite networks instead of only
binary ones (ALMEIDA-NETO & al. 2008, ALMEIDA-NETO
& ULRICH 2011). WNODF nestedness score ranges from 0
(non-nested) to 100 (perfectly nested) and it was applied
to the WBN . The nestedness in the BBNs was quantified
by the unipartite version of the NODF metric (UNODF)
(CANTOR & al. 2017). In completely non-nested networks,
UNODF = 0, while in perfectly nested networks UNODF
tends towards 1. Directed networks (such as the ones of
this study) will have two different UNODF values (and in-
terpretations), because the interactions in matrix elements
a;; and aj;; represent different things. These two different
UNODF values could be divided in nestedness among rows
(UNODFr) and nestedness among columns (UNODFc).
UNODFr measures nestedness computing the pairwise
overlap among rows and UNODFc the pairwise overlap
among columns. Since the calculation of UNODF is made
through binary networks, the UNODF index was measured
for different cut-off values (such as CANTOR & al. 2017).
The metric was calculated without a cut-off to include all
data (named UNODF 1), but also considering a cut-off of
10% of the data (named UNODF 2), in order to exclude
behavioral acts which were not so frequent considering
all others. WNODF and UNODF were calculated using the
R packages bipartite version 2.15 and unodf version 1.2,
respectively (DORMANN & al. 2009, CANTOR & al. 2017).
Statistical analysis and comparison with null
models: G-test of goodness of fit (including post-hoc pair-
wise comparisons) and G-test of independence tests were
used to compare the frequency of behavioral acts (SOKAL
& ROHLF 1981). In the G-test goodness of fit test, the null
hypothesis considers that the number of observations in
each behavioral act is equal to that predicted by a uni-
form discrete distribution of the data, and the alternative
hypothesis is that the observed numbers differ from this
expected distribution. The p-values of the multiple com-
parisons were adjusted to control the false discovery rate
using the Benjamini-Hochberg procedure (BENJAMINI &
HocHBERG 1995). Correlation between d’ and Ii was tested
(Spearman correlation). There are several null models to
generate random networks, from simpler to more sophis-
ticated (FARINE 2017). The Paterfield’s algorithm was used
in the WBNSs, as suggested by PASQUARETTA & JEANSON
(2018) for the division of labor for bipartite networks.
This model generates random networks constraining the
marginal sums (i.e., worker performance and behavior
need are maintained), but links are randomly assigned
between workers and behaviors. Since a model for the Ii
index could not be obtained through random networks, for
this specific metric of WBNS, its empirical distribution per
colony was compared with a null model with a continuous
normal distribution originated from the empirical data.
In this model, values outside the empirical interquartile
range were excluded, thus identifying individuals or be-



havioral acts that have Ii index values outside this range.
There is no null model recommended in the literature for
unipartite networks (BBNs) in a division of labor context,
thus we considered three different null models extensively
used in the literature and that had important properties
to be considered in our work. To compare the values of
modularity and betweenness centrality obtained in the
original BBNs with those obtained from random networks,
the link-and-weight-reshuffling null model developed by
OpPsaHL & al. (2008) was considered. Such models consist
of reshuffling the network topology while preserving the
degree distribution, such that the weights are redistributed
while remaining attached to the reshuffled links. The im-
portance of maintaining the network degree distribution
is that most real-world degree distributions are naturally
skewed rather than having a uniform or Poisson distri-
bution. Thus, preserving the same degree distribution of
the original network makes the null model more realistic
and comparable with the original network. In order to
compare degree centrality, we considered a simpler alter-
native called the weight reshuffling null model OpsaHL &
al. (2008). The weight reshuffling procedure consists of
reshuffling the weights globally in the network (OpsaHL
& al. 2008). This null model maintains the topology of the
observed network intact. Therefore, the number of ties
originating from a node does not change. The null models
used to verify nestedness were first developed for bipartite
networks, so an adapted version of a model widely used in
bipartite biological networks, named null model 2 (Bas-
COMPTE & JORDANO 2007) for unipartite binary networks
(i.e., modified versions of the weighted BBNs; CANTOR &
al. 2017) was used. In this null model, the probability that
a link connects two nodes is proportional to their corre-
sponding degree. A conveniently property of this model is
that it preserves key network features, such as the network
size, connectance and degree distribution. The statistical
significance of all the network measures compared with
the random networks was evaluated based on the Z-score

Xemp - Xrand

Z=
SDrana

where Xemp is a metric extracted from the empirical
networks (n = 1000), X;anq is the average value of the
same metric obtained from random networks and SD;.nq
is the standard deviation of the metric obtained from the
randomized networks. The p values from all the analyses
were considered significant at p < 0.05, but also described
at different levels as well when necessary (i.e., < 0.01 and
<0.001). All the statistical analyses and null models were
performed by the R software 3.6.0 (R CorRE TEaM 2019).
The R packages rvaidememoire version 0.9-77 and stats
version 4.0.2 were used to compute the G-test and Spear-
man correlation, respectively (R CORE TEAM 2019, HERVE
2020). The null models for WBNs were created by the R
package bipartite version 2.15 (DORMANN & al. 2008). Two
packages were used to create null models for BBNs, the tnet
package version 03.0.16 was used to create the link and
weight reshuffling model, and the weight reshuffling model

(OpsaHL 2009), the unodf package version 1.2 was used
to create the adapted null model 2 (CANTOR & al. 2017).

Results

We analyzed the behavioral data in two main forms: as
behavioral repertoires (i.e., colony time budgets) and as
the inferences obtained from network analyses (WBNs
and BBNs). The data was composed of 5 919 behavioral
acts (including inactivity), WBNs resulting in 1195 inter-
actions, and BBNs resulting in 7706 interactions.
Behavioral repertoire: The behavioral repertoire
performed by the workers was composed of 12 behavioral
acts, considering inactivity (Fig. 1). The frequency of in-
activity compared with the other behavioral acts was sig-
nificantly higher across all colonies. Over the observation
period, 81% of workers were inactive in Colony A (Gsg) =
650; P < 0.001), 83% in Colony B (Gg) = 243; P < 0.001),
and 61% in Colony C (G()=26.9; P < 0.001) (Fig. 1). Among
the behavioral acts, walking (=28%) and self-grooming
(=24%) had frequencies significantly higher considering all
the colonies (Colony A, G(19) = 747.03, P < 0.001; Colony B,
Gg)=233.96; P < 0.001; Colony C, G = 138.78; P < 0.001).
Brood care also had a higher frequency than the other
behaviors but was limited to Colony A and B (=21) (Fig. 1).
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Fig. 1: Frequencies of the behavioral acts observed in the colonies
(A, B, and C) of Odontomachus chelifer (LATREILLE, 1802). The
stacked barplot in the right corner is representing the frequen-
cies of inactive and active behavior classes, the other barplots
are representing the frequencies among the active behavioral
acts. The red dashed line is representing the value of the null
model under a uniform distribution of the data. The significant
statistical differences (post-hoc G-test) were signaled by *, *¥,
and *** (p values less than 0.05, 0.01, and 0.001, respectively).
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Fig.2: WBNs (worker-behavior networks) graphs observed from the colonies (A, B, and C) of Odontomachus chelifer (LATREILLE,
1802). Upper and lower rectangles represent workers and behavioral acts, respectively. The width of each rectangle is propor-
tional to the number of acts and the width of link indicates the frequency of interactions between behaviors and workers. For
each network, numbers in upper rectangles represent worker identities. For each network, the value of Hy’ (specialization index),
Q, and Qnorm (modularity indices) are given. The different modules of workers and behaviors are identified in different colors.
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Fig.3: Network specialization (Hy’, DOLjpdy, DOLy,sk), mod-
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randomized and the respective standard deviation (SD). The
significant statistical differences (Z-score) were signaled by *, *¥,
and *** (p values less than 0.05, 0.01, and 0.001, respectively).
The asterisks (*) above the bars mean significant differences
between the original and the randomized networks or vice
versa.
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Fig.4: Data distribution (black dots) of the d’ values (d’pepnav-
ior and d’inqy; i.e., metrics of specialization of behaviors and
workers, respectively), and Ii (inactivity) index from WBNs
(worker-behavior networks) of the colonies (A, B, and C) of
Odontomachus chelifer (LATREILLE, 1802). The y-axis ticks
in the d’penavior mean each specific acronym representing the
behavioral considered (presented in the Tab. 1). The red dashed
line represents the mean of each null model considered. The
red line divides significant data points (p < 0.05).
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Fig.5: BBNs (behavior-behavior networks) graphs from the colonies (A, B, and C) of Odontomachus chelifer (LATREILLE, 1802).
The nodes represent behavioral acts and the links between them the interactions between behaviors from the workers. The
width of each link indicates the frequency of interactions between behaviors and workers. The size of the nodes represents the
betweenness centrality values of the nodes (the larger the node, the higher the betweenness centrality value obtained), nodes
colored as green are bridges (i.e., nodes with betweenness centrality above the third quartile of the data, > 75%; i.e., two or three
behavioral acts with the highest scores). Bridges signaled with a red asterisk (*) are statistically significant (p < 0.05) compared
with the random networks. The different modules of tasks are identified in different colors.
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Fig. 6: Comparison of the absolute frequency of the BBNs (be-
havior-behavior networks) for each active behavioral act, when
they are in self-interaction or when behavior switching occurs
with other active behaviors (statistical significance signaled
by **; i.e., p < 0.01; upper plot). Adjacency matrix of the BBNs
absolute frequencies during active behavior switching (lower
plot). The higher the normalized value (-1 to 1), the stronger
the color and bigger the circle size. Bridges (i.e., nodes with
betweenness centrality above the third quartile of the data, >
75%) are colored as green. Circles within the matrix without
an X had a frequency significantly higher (p < 0.05) than the
other behaviors of each column (post-hoc G test).

Moreover, we observed rare behaviors that could be char-
acterized as dominance interactions, however, so few
aggressive interactions were observed (n < 10; outside
the time interval of the scan sampling) that they were not
analyzed here, the dominance interactions observed for
Odontomachus chelifer are very similar to those described
by POWELL & TSCHINKEL (1999). It should be noted that
brood care and carrying brood behavioral performance
were only observed in the brood zone.

Specialization: We found that H,’ valuesin the colo-
nies were significantly higher than the H,’ obtained from
random networks (Figs.2 and 3; Colony A: Z = 29.3, P <
0.0001; Colony B: Z = 15.8, P < 0.0001; Colony C: Z = 10,
P < 0.0001). The DOL;,qy values in the colonies (Fig. 3)
were also significantly higher than the correspondent
ones obtained from random networks (Colony A: Z = 28.9,
P < 0.0001; Colony B: Z = 15.4, P < 0.0001; Colony C:
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7Z.=9.8,P <0.0001). Following the same trend, DOLpephavior
values (Fig.3) were higher than those from random net-
works (Colony A: Z = 3.2, P < 0.0001; Colony B: Z = 2.8
P =0.005; Colony C: Z = 9.8, P = 0.001). The distribution
of d’pehavior and d’ipgy values were clearly skewed, with
similar median values between Colony A and B, and lower
values in Colony C. All the behaviors from each colony had
a d’pehavior higher than the ones obtained from random
networks (Fig.4; Z-score, P < 0.05). Brood care (Colony A
and B) and foraging / patrolling (Colony C) had the highest
d’behavior values among the behavioral acts, and both were
significantly higher than its respective ones from random
networks (Fig. 4; Z-score, P < 0.05). Some individuals
(23% in Colony A, 26% in Colony B, and 28% in Colony C)
had a d’jnqy significantly higher than d’j,gy obtained from
random networks (Fig.4; Z-score, P < 0.05). Moreover, a
few individuals (25% in Colony A, 26% in Colony B, and
14% in Colony C) had an Ii index significantly higher than
d’ingv obtained from the null model (Fig.4; Z-score, P <
0.05). There was no observed correlation between the d’j,qv
and the correspondent Ii index from each colony (Colony
A: g -0.03, P = 0.76; Colony B: rs: -0.35, P = 0.06; Colony
C:1s: 0.57, P =0.10).

Centrality: The centrality measures allowed us to
identify the influence of each behavior (i.e., bridges, in-
activity hubs and spreaders) within BBNs. In Colony A,
brood care, self-grooming, and walking were bridges
(Fig.5A). In Colony B, self-grooming and grooming were
bridges (Fig. 5B). Differently, feeding was the only bridge
behavior in Colony C (Fig.5C). The bridge behavior of
brood care (Colony A) had a betweenness centrality value
significantly different from those obtained by the null
model (Fig.5A and Tab. 2). The frequencies of behavior
switching significantly diverged from the self-interaction
among the behaviors (Ggg) = 24; P < 0.001). Moreover,
during active behavior switching, we observed that the
frequency of behavioral switch of bridges was not uniform
(Fig.6). The bridges self-grooming, walking, and feeding
had significant interactions among themselves (G = 24,
23, and 45; P < 0.001), while the bridge brood-care had
a significant interaction with carrying brood (G = 20; P
< 0.001), and grooming had significant interaction with
self-grooming (G = 22; P < 0.001) (Fig. 6).

In Colony A and B, self-grooming and grooming were
inactivity hubs, with walking being an inactivity hub for
colony A as well (Fig. 7A, B). In colony C, walking and feed-
ing were the inactivity hubs (Fig. 7C). Inactivity hubs were
not statistically different from the random networks, with
the exception of grooming in Colony B (Fig.7 and Tab. 3).
Feeding and self-grooming were inactivity spreaders in
Colony A (Fig.7A). In Colony B, grooming and brood care
were inactivity spreaders (Fig. 7B). In Colony C, foraging /
patrolling and feeding were inactivity spreaders (Fig. 7C).
In Colony A, self-grooming and feeding were significant
inactivity spreaders compared with random networks.
Differently, in Colony B, brood-care was the only inactivity
spreader significantly different from the null model (Fig.7
and Tab. 4). Colony C did not have inactivity spreaders that
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Fig.7: BBNs (behavior-behavior networks) of inactivity in-degree and out-degree graphs from the colonies (A, B, and C) of Od-
ontomachus chelifer (LATREILLE, 1802). The nodes represent behavioral acts and the links between them the inactivity between
behaviors from the workers. The width of each link indicates the frequency of inactivity between behaviors and workers. The size
of the nodes represents the in-degree and out-degree centrality values of the nodes (the larger the node, the higher the in-degree
and out-degree centrality value obtained), nodes colored as green are inactivity hubs or spreaders (i.e., nodes with in-degree
or out-degree centrality above the third quartile of the data, > 75%; i.e., two or three behavioral acts with the highest scores,
respectively). Inactivity hubs and spreaders signaled with a red asterisk (*) are statistically significant (p < 0.05) compared with
the random networks.
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were statistically higher than random networks (Fig.7 03 061

and Tab.4).

Modularity: Modularity values for the WBNSs (Qporm)
in all the colonies (Fig.2) were significantly higher than
the Qy0m obtained from random networks (Colony A: Z =
29.7,P < 0.0001; Colony B: Z = 12.54, P < 0.0001; Colony C: o 02l
Z = 6.25, P < 0.0001). WBNs were organized into four ' ' 0.2 1

> 0.0 lI‘D 0.0 0.0

Fig. 8: Network modularity (Q) and weighted nestedness (UN- A B C A B C A B C
ODF) for BBNs (behavior-behavior networks) from the colonies
(A, B and C) of Odontomachus chelifer (LATREILLE, 1802). Black
bars represent the original networks, while grey bars represent 04 04 data
networks randomized and the respective standard deviation ' E real data
(SD). UNODF 1 is the metric calculated without a cut-off and

UNODF 2 is the metric calculated with a cut-off of 10%. The
significant statistical differences (Z-score) were signaled by *, **
and *** (p values less than 0.05, 0.01, and 0.001, respectively).
The asterisks (*) above the bars mean significant differences
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modules in Colony A (module 1: wl, sg, at, and fp; module
2: g and bg; module 3: bc and cb; module 4: cd and fd)
and C (module 1: wl, at, and cf; module 2: sg; module 3: fd
and bc; module 4: c¢d and fd), and six modules in Colony
B (module 1: wl and cf; module 2: sg; module 3: at and g;
module 4: bg; module 5: be; module 6: cb, cd, cf, and fp).
The composition of the modules (number of individuals
and behaviors interacting) differed between all colonies
(Fig.2). BBNs modularity values were not significantly
higher compared with those obtained from random net-
works in Colony A and C, but significant in Colony B for
all workers (Fig. 8). BBNs in Colony A were organized into
three modules (Fig. 5; module 1: bc and cb; module 2: wl,
fp, and g; module 3: sg, fd, cf, cd, and bg). All BBNs were
organized in two modules (Fig.5) in Colony B (module
1: g, bg, wl, and fp; module 2: at, sg, bc, and cb) and C
(module 1: be, at, and wl; module 2: sg, cb, fp, and fd). The
composition of the modules (the interacting behaviors)
within each colony differs with each worker composition.

Nestedness: Nestedness (WNODF) value was signif-
icantly lower than those obtained from random networks
(also known as an anti-nested pattern, but there is criti-
cism about using this term, see ALMEIDA-NETO & al. 2006)
in Colony A, while the values in Colony B and C were not
statistically significant (Fig. 3; Colony A: Z = -5, P < 0.0001;
Colony B: Z = -1.64, P < 0.0001; Colony C: Z = -1.65, P <
0.0001). Nestedness (UNODF) values revealed that in
general, the colonies did not have a nested structure in
both the cut-off conditions considered from BBNs (Fig. 8).
However, a nested structure was significantly present in
Colony A (UNODFc 1: Z = 2.59, P < 0.009) and C (UNODFr
1: Z=2.39,P <0.01).

Discussion

This study shows that colonies of Odontomachus chelifer
interact in structured networks that are consistent across
colonies of different sizes. In short, inactivity is the most
performed behavior in O. chelifer, whereas some behav-
ioral acts such as walking, self-grooming (for all colonies),
and brood care (for Colony A and B) are more frequent.
Dominance interactions are present but rarely observed.
There is specialization within the colonies, with some
individuals and behaviors more specialized than others.
Centrality measures showed that some behaviors could
have more impact in the network organization. Complex
patterns such as modularity, nested and significantly not
nested structures were observed in WBNs and BBNs. Our
results are manifold and will be discussed with detail in
turn.

Inactivity is by far the most recurrent behavior ob-
served in all the colonies of Odontomachus chelifer. High
inactivity frequency among ant workers (> 50% of the
behaviors performed per colony) is a very widespread
phenomenon observed in several ant species, both in field
and laboratory studies (LINDAUER 1952, HERBERS 1983,
HERBERS & CUNNINGHAM 1983, COLE 1986, HOLLDOBLER
& WILsON 1990, SCHMID-HEMPEL 1990, DORNHAUS 2008,
DoRNHAUS & al. 2008, 2009, CHARBONNEAU & DORNHAUS
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2015). However, the role of inactivity is not usually con-
sidered to be part of task allocation strategies or colony
organization (for exceptions, see HERBERS 1981, FRESNEAU
1984, CoLE 1986, CORBARA & al. 1989, RETANA & CERDA
1990, 1991, CHARBONNEAU & DORNHAUS 2015). It appears
that, as already discussed in the literature, inactivity
could have larger importance in the context of division
of labor, given that some workers specialize in inactivity
(CHARBONNEAU & DORNHAUS 2015). In O. chelifer, while
some workers were clearly more inactive than others, the
degree of inactivity performed by a worker (Ii index) was
not directly associated with its degree of specialization
(d’inav)- This suggests that, while inactivity is the most
performed behavior, its influence on behavior or task al-
location is not measured by its simple execution. The role
of inactivity as a link between behavior switching will be
discussed further through the analysis of inactivity hubs
and spreaders.

Among the active behavioral acts, self-grooming and
walking were on average the most performed behaviors by
workers of all the colonies. Self-grooming is a self-mainte-
nance (cleaning) task and a regulator of chemical signaling
from hydrocarbon constituents (SOROKER & al. 1998,
LaHAvV & al. 1999). The hydrocarbon constituents of the
postpharyngeal gland are sequestered by internal trans-
port as well as from the body surface by self-grooming
(SOROKER & al. 1994, 19954, b). Thus, the link between the
postpharyngeal gland and body surface enables the ants
continuously to refresh, and subsequently update their
epicuticular hydrocarbons. The chemical signaling made
by cuticular hydrocarbons and enhanced by self-grooming
is probably a mechanism to maintain reproductive skew
within the colonies. The fertility signal from chemical
signaling communicates information that increase the
individuals’ fitness (KELLER & Nonacs 1993). Walking
has innate importance in the performance of tasks, based
upon the consequent movement of the ant to a designated
task outside its position (CHARBONNEAU & al. 2013), so it is
not surprising that walking is one of the most performed
behaviors by the workers.

Brood-care was significantly more frequent in larger
colonies (A and B). Ants extensively present in the brood
zone could have a higher reproductive status due to a
close relationship with brood care and the production
of eggs. This phenomenon is observed in Odontoma-
chus brunneus, where social rank based on reproduction
(proximity of allocated zone to the brood) is correlated to
ovarian condition (POWELL & TSCHINKEL 1999, SMITH &
al. 2012). While dominance interactions could play a role
in the division of labor and emergence of hierarchy (Sasakt
& al. 2016), that is, reinforcing dominance / submission
among workers, even suppressing worker brain dopamine
(SHIMOJI & al. 2017), they were rare and not extensively
observed in Odontomachus chelifer. This suggests that
dominant behaviors are not a crucial process or the only
one responsible for the division of labor in O. chelifer.
Perhaps dominant interactions are important in a larger
scale of time, or during few exceptions that demand a kind



of control within the colony between workers (such as
sudden changes in the food supply of the colony), or even
in parallel with other kinds of behavioral control which do
not demand physical contact (e.g., self-grooming). In ad-
dition, aggression (dominance interactions) and signaling
by cuticular hydrocarbons enhanced by self-grooming are
two possible modalities used to regulate reproduction in
O. chelifer. They are both strong indicators of reproductive
capacity (for aggression, this was already discussed for
vertebrates: HRDY & HRDY 1976; and insects: WEST-EBER-
HARD 1967).

We observed that the division of labor of Odontom-
achus chelifer is organized through the significant pres-
ence of specialization within all studied colonies. The
connection between specialization and subsequent better
behavioral performance is scarce and contradictory in the
literature (O’DONNELL & JEANNE 1992, DORNHAUS 2008,
RUSSELL & al. 2017, SANTORO & al. 2019), but specialization
must be important for other reasons within the colony
organization. Specialization could be expected when you
have interaction-based task allocation, such as observed
for Odontomachus brunneus (POWELL & TSCHINKELL
1999) and possibly to some degree (as already discussed)
for O. chelifer. In the context of interaction-based task
allocation, behavioral roles are naturally restricted to
particular zones of the colony, therefore, allocation to a
particular zone, through dominance interaction (or other
processes, such as fertility signaling by self-grooming),
ensure role specialization. We hypothesized that the be-
havioral acts which had more specialization across the
colonies (brood care and foraging / patrolling) could be
the most affected by this kind of dynamics (in the literature
they are usually considered tasks). Risky and costly tasks
for social insects, such as solitary foraging / patrolling
(O’DONNELL & JEANNE 1992, PERRY & al. 2015) are made
by specialists in O. chelifer, that inserted in the context
of interaction-based task allocation have a lower social
rank (i.e., a higher distance of the brood zone). Brood care
specialization may also be the result of a reproductive hi-
erarchy, differently than foraging / patrolling, brood care
and carrying brood are probably performed by workers
with higher social rank (within the brood zone). Moreover,
the skewed distribution of d’j,qy values clearly shows that
some workers are more specialized than others, where the
worker force of the colony is composed by a mix of general-
ists and specialists, such pattern appears to be widespread
in social insects (e.g., JANDT & al. 2009, SANTORO & al.
2019). A partial division of labor, where generalists coexist
with specialists, could be structurally important for the di-
vision of labor, for instance, such arrangement could gen-
erate more flexibility in the performance of tasks (JANDT &
al. 2009). A mathematical model developed by D’OrAZzIO
& WAITE (2007) demonstrates that errors committed by
generalist workers are few compared with the success of
the group in general, thus the inefficiency and error-prone
generalists may also be a fundamental feature of many of
the social insect systems, as observed in wasps (FORSYTH
1978, JEANNE 1986, KARsAT & WENZEL 2000) and stingless

bees (HOFSTEDE & SOMMEIJER 2006). Moreover, there are
a lot of possible explanations for the presence of special-
ization within colonies of eusocial insects, for instance,
increased spatial efficiency for ants (SENDOVA & FRANKS
2005), or reduction of other switching costs (CHITTKA & al.
1997). It is also possible that specialization optimizes the
performance of multistep tasks (JEANNE 1986). Together
or separately, these processes may generate colony-level
fitness advantages stemming from division of labor, even
without observable improvement in individual efficiency
(DorNHAUS 2008).

While the interpretation of significance for the net-
work-level metrics is quite intuitive, for instance, a sig-
nificant positive nestedness Z-score indicates that the
network is nested, and a significant negative one indicates
a value less nested than randomized networks, this is not
the case for node-level metrics, such as the betweenness
and degree centrality (in and out-degree) measures from
behavioral acts. A problem observed for centrality meas-
ures is that even a node with a negative Z-score still has
a higher centrality value than the other ones within the
random network. Thus, we evaluate the significance of
the comparison of the empirical centrality values (which
were classified as bridges, inactivity hubs, and spread-
ers) with the random networks as simply a significant
difference, rather than an attempt to interpret a positive
or negative Z-score. Information flow across tasks was
intermediated by a set of different nodes (bridges), which
varied according to colony identity. A pattern of occur-
rence of bridges was more visible than inactivity hubs
and inactivity spreaders, which varied a lot across the
colonies. Self-grooming had a prominent role (i.e., bridge)
in the larger colonies (A and B), as well as feeding in the
smaller colony (Colony C). In contrast, CHARBONNEAU &
al. (2013) observed that walking had higher betweenness
centrality compared with all other tasks for Temnothorax
rugatulus. Thus, in the classification used in this paper,
the walking observed in Temnothorax rugatulus would
be a significant bridge. This suggests that Odontomachus
chelifer workers did not wander around the nest as much
to switch behaviors. Self-grooming as a bridge between
other behaviors gives evidence to the already discussed
hypothesis of self-grooming as a reproductive regulator,
with a crucial role for the maintenance of task alloca-
tion of the colony. Some association between behaviors
were self-evident due to its inherent link (e.g., grooming
and self-grooming) or logical sequence (after returning
to the nest, the ant will walk within the nest prior to
other behavior). Nevertheless, self-grooming had inter-
esting associations, for instance, between walking and
brood care. Self-grooming associated with walking could
mean that the ant while moving within the nest displays
its reproductive status through self-grooming, and the
same when manipulating the brood. Thus, self-grooming
could be performed between behavioral acts to ensure
reproductive status between workers, for instance, main-
taining nurses (i.e., workers performing brood care and
carrying brood) as nurses, and foragers as foragers. In
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Colony C, however, feeding is a significant bridge. This
gives another perspective of the phenomenon of higher
food intake in Colony C, which occurs between other be-
haviors, whereas the bridge role is adjustable to the colony
needs.

Modularity analysis offers the great advantage of pro-
viding a quantitative method to identify modules of pref-
erentially interacting workers and behaviors, and among
behaviors. WBNs presented significant modularity, which
means the existence of exclusive interactions between
workers and behaviors. Modularity is thought to increase
stability in ecological communities (MAY 1972, KRAUSE &
al. 2003, TENG & McCANN 2004; however, see P1MmM 1979).
Similarly, the existence of modules in WBNSs could gener-
ate stability as well: Maybe if a worker is lost, another one
from the same module could replace it, minimizing the loss
of a possible specialist. Differently, BBNs presented mixed
results, with only Colony B showing significant modularity.
Among the modules of Colony B, the association between
them appears to be random, with the exception of brood
care and carrying brood. They are usually performed
intermittently between each other, frequently classified
together as nursing behavior in the literature. The appar-
ent randomness of the modular composition within BBNs
could indicate the capacity of task flexibilization across the
colonies of Odontomachus chelifer. However, our results
showed that the behaviors are prone to interact more with
some behaviors than others, thus modules, if formed, are
apparently not representative of behavioral flexibilization
(at least at a high degree).

WBNs were not nested, and Colony A even was signifi-
cantly less nested than randomized networks. The lack of
a nested structure may indicate that the division of labor
dynamics is vulnerable to worker loss, because a nested
structure has been shown to protect against destruction of
the network (FORTUNA & BAscoMPTE 2006, BURGOS & al.
2007). In a nested network, the core group of generalists
are more robust to loss of network individuals, they could
easily substitute another worker. However, the relatively
low degree of specialization present in the colonies (i.e.,
H’» < 0.40) might increase robustness (Pocock & al. 2012)
and the workers within modules might fulfill similar inter-
action functions. Non-nested structures have been often
observed in weighted ecological networks, and anti-nested
patterns, while rarer in nature (STANICZENKO & al. 2013),
were observed in interactions between fungi and plants
(BAHRAM & al. 2014, ToJu & al. 2014, 2015, JACOBSEN & al.
2018), which could be explained by competitive exclusion
(ToJu & al. 2015). While competitive exclusion does not
make sense in the context of division of labor, it could be
analogous to the formation of strict modules without much
connection with other nodes, since Colony A had higher
modularity compared with the other colonies. Some signif-
icant nested structures occurred in BBNs in Colony A and
C. Nestedness implies a hierarchy in the linking rules of
the network system, so there is heterogeneity in the num-
ber of interactions among its elements. Furthermore, in
ecological systems a nested structure is related to stability
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(e.g., MEMMOTT & al. 2004, BURGOS & al. 2007, BASTOLLA
& al. 2009). The presence of nestedness in behavioral allo-
cation of ants could be viewed as a steady process, where
individual adaptation could slightly change due to the
necessities of the colony at some specific interval of time.
Therefore, workers concentrate on some specific behaviors,
but new ones could be performed trough colonial necessity.
This pattern is foreseen by some mathematical models in
social insects (e.g., WILSON 1985, ROBINSON 1987a, b, CAL-
ABI 1988, ROBINSON & PAGE 1988, DETRAIN & PASTEELS
1991, PAGE & ROBINSON 1991, DETRAIN & PASTEELS 1992,
ROBINSON 1992, BONABEAU & al. 1996).

The view of the ant colony as a complex system is not
something new (GorDON 2010), but such view needs the
use of a conceptual framework which simultaneously cap-
tures the complexity present within patterns of the colony
and provides tools to analytically interpret the observed
behavioral processes. The use of worker-behavior and
behavior-behavior interactions constitutes another layer
of complexity for exploring the mechanisms that underlie
individual variation within a network. It should be empha-
sized that this does not exclude the assumption that inter-
actions among workers (social interactions) are involved
in task allocation, which could be analyzed together with
worker-behavior and behavior-behavior interactions. The
use of network concepts such as specialization, centrality,
modularity, and nestedness proved to be interesting for the
description of the roles of the behaviors and workers in the
organization of the division of labor. Furthermore, as pre-
viously suggested by LEWINSOHN & al. (2006), simultane-
ously looking at several network patterns can substantially
advance our understanding of the architecture of networks
as well. A hindrance to the development of studies like this
is the difficulty to account and quantify the real number
of the tasks displayed by all the workers of the colony. Our
study is still based on manual annotation of behaviors,
while such approach is effective, it is time demanding and
impractical for larger colonies or periods of time. Clever
approaches such as the use of spatial fidelity for the deter-
mination of task performance (MERSCH & al. 2013), while
interesting to the study of several behavioral phenomena,
fall short to determine correct task performance or in-
clude behaviors that probably have an impact in colony
organization (e.g., self-grooming, feeding). New improve-
ments in approaches using automatic tracking by machine
learning (which could encode and quantify behaviors;
see HONG & al. 2015) could provide alternatives for this
experimental gap. We expect even more holistic studies in
the future, comparing species with different colony sizes
to help the description of individual differences between
workers.

Acknowledgments

We acknowledge financial support to FMN and MEB
from CNPq / MCT, which provided graduate fellowships
(132204 / 2011-8 and 132004 / 2010-0, respectively). We
are grateful to Simon Garnier for his constructive and
helpful suggestions on an earlier version of our work.



References

ALMEIDA-NETO, M., GUIMARAES, P., GUIMARAES Jr., P.R., LOYLA,
R.D. & ULRICH, W. 2008: A consistent metric for nestedness
analysis in ecological systems: reconciling concept and
measurement. — Oikos 117: 1227-1239.

ALMEIDA-NETO, M. & ULRICH, W. 2011: A straightforward
computational approach for measuring nestedness using
quantitative matrices. — Environmental Modelling & Soft-
ware 26: 173-178.

AVRIL, A., PURCELL, J. & CHAPUISAT, M. 2016: Ant workers
exhibit specialization and memory during raft formation. —
The Science of Nature 103: art. 36.

BAHRAM, M., HAREND, H. & TEDERSOO, L. 2014: Network per-
spectives of ectomycorrhizal associations. — Fungal Ecology
7:70-77.

BARRAT, A., BARTHELEMY, M., PASTOR-SATORRAS, R. & VES-
PIGNANI, A. 2004: The architecture of complex weighted
networks. — Proceedings of the National Academy of Sciences
of the United States of America 101: 3747-3752.

BASCOMPTE, J. & JORDANO, P. 2007: Plant-animal mutualistic
networks: the architecture of biodiversity. — Annual Review
of Ecology, Evolution, and Systematics 38: 567-593.

BASTOLLA, U., FORTUNA, M., PASCUAL-GARCIA, A., FERRERA,
A., LUQUE, B. & BASCOMPTE, J. 2009: The architecture of
mutualistic networks minimizes competition and increases
biodiversity. — Nature 458: 1018-1020.

BECKETT, S.J. 2016: Improved community detection in weighted
bipartite networks. — Royal Society Open Science 3: art.
140536.

BENJAMINI, Y. & HOCHBERG, Y. 1995: Controlling the false
discovery rate: a practical and powerful approach to multiple
testing. — Journal of the Royal Statistical Society: Series B
(Methodological) 57: 289-300.

BESHERS, S.N. & FEWELL, J.H. 2001: Models of division of labor
in social insects. — Annual Review of Entomology 46: 413-440.

BHADRA, A., JORDAN, F.; SUMANA, A., DESHPANDE, S.A. &
GADAGKAR, R. 2009: A comparative social network analysis
of wasp colonies and classrooms: linking network structure
to functioning. — Ecological Complexity 6: 48-55.

BHATKAR, A. & WHITCOMB, W.H. 1970: Artificial diet for rearing
various species of ants. — Florida Entomologist 53: 229-232.

BLUTHGEN, N., FRUND, J., VASQUEZ, D.P. & MENZEL, F. 2008:
What do interaction network metrics tell us about speciali-
zation and biological traits. — Ecology 89: 3387-3399.

BLUTHGEN, N., MENZEL, F. & BLUTHGEN, N. 2006: Measuring
specialization in species interaction networks. — BioMed
Central Ecology 6: art. 9.

BoNABEAU, E., THERAULAZ, G. & DENEUBOURG, J.L. 1996:
Quantitative study of the fixed threshold model for the regu-
lation of division of labour in insect societies. — Proceedings
of the Royal Society B-Biological Sciences 263: 1565-1569.

BrowN, W.L. 1976: Contributions toward a reclassification of
the Formicidae, Part VI: Ponerinae, tribe Ponerini, subtribe
Odontomachiti; Section A: Introduction, subtribal characters,
genus Odontomachus. —Studia Entomologica (N.S.) 19: 67-171.

BuURrGos, E., CEvA, H., PERAZZO, R.P.J., DEVvOTO, M., MEDAN,
D., ZIMMERMANN, M. & DELBUE, A.M. 2007: Why nestedness
in mutualistic networks? — Journal of Theoretical Biology
249: 307-313.

CaLABI, P. 1988: Behavioral flexibility in Hymenoptera: a
re-examination of the concept of caste. In: TRAGER, J.C. (Ed.):
Advances in myrmecology. — E. J Brill, Leiden, pp. 237-258.

CANTOR, M., PIRES, M.M., MARQUITTI, F.M.D., RAIMUNDO,
R.L., SEBASTIAN-GONZALEZ, E., CoLTRI, P.P., PEREZ S.I.,
BARNACHE, D.R., BRANDT, D.Y.C., NUNES, K., DAURA-JORGE,
F.G., FLOETER, S.R. & GUIMARAES Jr, P.R. 2017: Nestedness
across biological scales. — Public Library of Science One 12:
art. e0171691.

CHARBONNEAU, D., BLONDER, B. & DORNHAUS, A. 2013: Social
insects: a model system for network dynamics. In: HOLME, P.
& SARAMAKTI, J. (Eds.): Temporal networks. Understanding
complex systems. — Springer, Berlin, pp. 217-244.

CHARBONNEAU, D. & DORNHAUS, A. 2015: Workers “specialized”
on inactivity: behavioral consistency of inactive workers
and their role in task allocation. — Behavioral Ecology and
Sociobiology 69: 1459-1472.

CHITTKA, L., GUMBERT, A. & KUNZE, J. 1997: Foraging dynamics
of bumble bees: correlates of movements within and between
plant species. — Behavioral Ecology 8: 239-249.

CLAUSET, A., MOORE, C. & NEWMAN, M.E. 2008: Hierarchical
structure and the prediction of missing links in networks.
— Nature 453: 98-101.

COoLE, B. 1986: The social behavior of Leptothorax allardycei
(Hymenoptera, Formicidae): time budgets and the evolution
of worker reproduction. — Behavioral Ecology and Sociobi-
ology 18: 165-173.

CORBARA, B., LACHAUD, J.P. & FRESNEAU, D. 1989: Individual
variability, social structure and division of labour in the
ponerine ant Ectatomma ruidum Roger (Hymenoptera,
Formicidae). — Ethology 82: 89-100.

CsaARrDI, G. & NEpUsz, T. 2006: The igraph software package
for complex network research. — InterJournal, Complex
Systems 1695: 1-9.

DETRAIN, C. & PASTEELS, J.M. 1991: Caste differences in be-
havioral thresholds as a basis for polyethism during food
recruitment in the ant, Pheidole pallidula (NyL) (Hymeno-
ptera, Myrmicinae). — Journal of Insect Behavior 4: 157-176.

DETRAIN, C. & PASTEELS, J.M. 1992: Caste polyethism and col-
lective defense in the ant, Pheidole pallidula: the outcome of
quantitative differences in recruitment. — Behavioral Ecology
and Sociobiology 29: 405-412.

D’OrAzIO, A.E. & WAITE, T.A. 2007: Incomplete division of
labor: Error-prone multitaskers coexist with specialists. —
Journal of Theoretical Biology 250: 449-460.

DoRrRMANN, C.F., GRUBER, B. & FRUND, J. 2008: Introducing
the bipartite package: analyzing ecological networks. — R
news 8: 8-11.

DorMANN, C.F., FRUND J., BLUTHGEN, N. & GRUBER, B. 2009:
Indices, graphs and null models: analyzing bipartite ecological
networks. — The Open Ecology Journal 2: 7-24.

DorMANN, C.F. & STRAUSS, R. 2014: A method for detecting
modules in quantitative bipartite networks. —Methods in
Ecology and Evolution 5: 90-98.

DORNHAUS, A. 2008: Specialization does not predict individual
performance in an ant. — Public Library of Science Biology
6: art. e285.

DORNHAUS, A., HOLLEY, J.A. & FrRANKS, N.R. 2009: Larger
colonies do not have more specialized workers in the ant. —
Behavioral Ecology 20: 922-929.

DORNHAUS, A., HOLLE, J.A., POOK, V., WORSWICK, G. & FRANKS,
N. 2008: Why do not all workers work? Colony size and work-
load during emigrations in the ant Temnothorax albipennis.
— Behavioral Ecology and Sociobiology 63: 43-51.

FARINE, D. 2017: The dynamics of transmission and the dynam-
ics of networks. — Journal of Animal Ecology 86: 415-418.

FEwWELL, J.H. 2003: Social insect networks. — Science 301:
1867-1870.

129



ForsYTH, A.B. 1978: Studies in the behavioral ecology of po-
lygynous social wasps. — Ph.D. thesis, Harvard University,
Cambridge, MA, 226 pp.

FORTUNA, M. & BASCOMPTE, J. 2006: Habitat loss and the
structure of plant-animal mutualistic networks. —Ecology
Letters 9: 281-286.

FREEMAN, L. 1979: Centrality in social networks: conceptual
clarification. — Social Networks 1: 215-239.

FRESNEAU, D. 1984: Développement ovarien et statut social chez
une fourmi primitive Neoponera obscuricornis EMERY (Hym.
Formicidae, Ponerinae). — Insectes Sociaux 31: 387-402.

GORDON, D.M. 2010: Ant encounters: interaction networks and
colony behavior. — Princeton University Press, Princeton,
NJ, 152pp.

GORELICK, R, BERTRAM, S.M., KILLEEN, P.R. & FEWELL, J.H.
2004: Normalized mutual entropy in biology: quantifying
division of labor. — The American Naturalist 164: 677-682.

HERBERS, J.M. 1981: Time resources and laziness in animals.
— Oecologia 49: 252-262.

HERBERS, J.M. 1983: Social organization in Leptothorax ants:
within and between species patterns. —Psyche 90: 361-386.

HERBERS, J.M. & CUNNINGHAM, M. 1983: Social organization
in Leptothorax longispinosus MAYER. — Animal Behaviour
31: 759-771.

HERVE, M. 2020: RVAideMemoire: Testing and plotting proce-
dures for biostatistics. R package version 0.9-75. — <https://
CRAN.R-project.org/package=RVAideMemoire>, retrieved
on 18 January 2020.

HOFSTEDE, F.E. & SOMMEIJER, M.J. 2006: Influence of en-
vironmental and colony factors on the initial commodity
choice of foragers of the stingless bee Plebeia tobagoensis
(Hymenoptera, Meliponini). — Insectes Sociaux 53: 258-264.

HonNGg, W., KENNEDY, A., BURGOS-ARTIZZU, X.P., ZELIKOWSKY,
M., NAVONNE, S.G., PERONA, P. & ANDERSON, D.J. 2015: Au-
tomated measurement of mouse social behaviors using depth
sensing, video tracking, and machine learning. — Proceedings
of the National Academy of Sciences of the United States of
America 112: 5351-5360.

HOLLDOBLER, B. & WiLsoN, E.O. 1990: The ants. — Harvard
University Press, Cambridge, MA, 746 pp.

HRrDY, S.B. & HRDY, D.B. 1976: Hierarchical relations among
female Hanuman langurs (Primates: Colobinae, Presbytis
entellus). — Science 193: 913-915.

JACOBSEN, R.M., SVERDRUP-THYGESON, A., KAUSERUD, H. &
BIRKEMOE, T. 2018: Revealing hidden insect-fungus inter-
actions; moderately specialized, modular and anti-nested
detritivore networks. — Proceedings of the Royal Society
B-Biological Sciences 285: art. 20172833.

JANDT, J.M., HUANG, E. & DORNHAUS A. 2009: Weak speciali-
zation of workers inside a bumble bee (Bombus impatients)
nest. — Behavioral Ecology and Sociobiology 63: 1829-1836.

JEANNE, R.L. 1986: The organization of work in Polybia oc-
cidentalis: costs and benefits of specialization in a social
wasp. — Behavioral Ecology and Sociobiology 19: 333-341.

JEANSON, R., FEWELL, J.H., GORELICK, R. & BERTRAM, S.M.
2007: Emergence of increased division of labor as a func-
tion of group size. — Behavioral Ecology and Sociobiology
62: 289-298.

KAISER-BUNBURY, C.N., MOUGAL, J., WHITTINGTON, A.E.,
VALENTIN, T., GABRIEL, R., OLESEN, J.M. & BLUTHGEN, N.
2017: Ecosystem restoration strengthens pollination network
resilience and function. — Nature 542: 223-227.

130

KARrsaI, I. & WENZEL, J.W. 2000: Organization of regulation of
nest construction behavior in Metapolybia wasps. — Journal
of Insect Behavior 13: 111-140.

KRrAUSE, A.E., FRANK, K.J., MAsoN, D.M, ULanowic, R.E. &
TAYLOR, W.W. 2003: Compartments revealed in food web
structure. — Nature 426: 282-285.

LAHAV, S.V., SOROKER, A., HEFETZ, A. & VANDER MEER, R.K.
1999: Direct behavioral evidence for hydrocarbons as ant rec-
ognition discriminators. — Naturwissenschaften 86: 246-249.

LATREILLE, P.A. 1804: Tableau méthodique des insectes. Classe
huitiéme. Insectes, Insecta. — Nouveau Dictionnaire d’'Histoire
Naturelle 24: 129-200.

LEIGHTON, G.M., CHARBONNEAU, D. & DORNHAUS, A. 2017: Task
switching is associated with temporal delays in Temnothorax
rugatulus ants. — Behavioral Ecology 28: 319-327.

LEWINSOHN, T., PRADO, P.I., JORDANO, P., BASCOMPTE, J. &
OLESEN, J. 2006: Structure in plant—animal interaction
assemblages. — Oikos 113: 174-184.

LINDAUER, M. 1952: Ein Beitrag zur Frage der Arbeitsteilung
im Bienenstaat. — Zeitschrift fiir vergleichende Physiologie
36: 299-345.

LORENZ, D.M., JENG, A. & DEEM, M.W. 2011: The emergence of
modularity in biological systems. — Physics of Life Reviews
8:129-160.

May, R. 1972: Will alarge complex system be stable? — Nature
238: 413-414.

MEMMOTT, J., WASER, N.M. & PrICE M.V. 2004: Tolerance of
pollinator net-works to species extinctions. — Proceedings
of the Royal Society B-Biological Sciences 271: 2605-2611.

MERSCH, D.P., CRESPI, A. & KELLER, L. 2013: Tracking indi-
viduals shows spatial fidelity is a key regulator of ant social
organization. — Science 340: 1090-1093.

MICHENER, C.D. 1974: The social behavior of the bees: a com-
parative study. — Harvard University Press, Cambridge,
MA, 404 pp.

NAUG, D. 2008: Structure of the social network and its influence
on transmission dynamics in a honeybee colony. — Behavioral
Ecology and Sociobiology 62: 1719-1725.

NAUG, D. 2009: Structure and resilience of the social network
as a function of colony size in social insects. — Behavioral
Ecology and Sociobiology 63: 1023-1028.

NEWMAN, M.E. 2003: The structure and function of complex
networks. — SIAM Review 45: 167-256.

NEwWMAN, M.E. 2004: Analysis of weighted networks. — Physical
Review E 70: art. 056131.

NEwMAN, M.E. 2006: Modularity and community structure in
networks. — Proceedings of the National Academy of Sciences
of the United States of America 103: 8577-8582.

NUREZ, J.L.A., NavA, M., CALGANO-PISSARELI, M.P. & OTERO,
L.D. 2011: Behaviour of Odontomachus chelifer (LATREILLE)
(Formicidae: Ponerinae) feeding on sugary liquids. — Journal
of Insect Behavior 24: 220-229.

O’DONNELL, S. & JEANNE, R.L. 1992: Lifelong patterns of for-
ager behaviour in a tropical swarm-founding wasp: effects
of specialization and activity level on longevity. — Animal
Behavior 44: 1021-1027.

OpsaHL, T. 2009: Structure and evolution of weighted networks.
— Ph.D. thesis, University of London (Queen Mary College),
London, UK, pp. 104-122.

OPSAHL, T., AGNEESSENS, F. & SKVORETZ, J. 2010: Node central-
ity in weighted networks: generalizing degree and shortest
paths. — Social Networks 32: 245-251.



OpsAHL, T., COLIZZA, V., PANZARASA, P. & RAMASCO, J.J., 2008:
Prominence and control: the weighted rich-club effect. —
Physical Review Letters 101: art. 168702.

OSTER, G. & WiLsoN, E.O. 1978: Caste and ecology in the social
insects. — Princeton University Press, Princeton, 372 pp.

PAGE, R.E. & ROBINSON, G.E. 1991: The genetics of division of
labor in honey bee colonies. — Advances in Insect Physiology
23:118-163.

PASQUARETTA, C. & JEANSON, R. 2018: Division of labor as a
bipartite network. — Behavioral Ecology 29: 342-352.

PATEK, S.N., BA10, J.E, FISHER, B.L. & SUAREZ, A.V. 2006: Multi-
functionality and mechanical origins: ballistic jaw propulsion
in trap-jaw ants. — Proceedings of the National Academy of
Sciences of the United States of America 104: 12787-12792.

PERRY, C.J., SOVIK, E., MYERSCOUGH, M.R. & BARRON, A.B. 2015:
Rapid behavioral maturation accelerates failure of stressed
honey bee colonies. — Proceedings of the National Academy
of Sciences of the United States of America 112: 3427-3432.

PimwMm, S.L. 1979: The structure of food webs. — Theoretical
Population Biology 16: 144-158.

PINTER-WOLLMAN, N., WOLLMAN, R., GUETZ, A., HOLMES, S. &
GORDON, D.M. 2011: The effect of individual variation on the
structure and function of interaction networks in harvester
ants. — Journal of the Royal Society Interface 8: 1562-1573.

Pocock, M.J., EvaNs, D.M. & MEMMOTT, J. 2012: The robust-
ness and restoration of a network of ecological networks.
— Science 335: 973-977.

POwELL, S. & TSCHINKEL, W.R. 1999: Ritualized conflict in
Odontomachus brunneus and the generation of interac-
tion-based task allocation: a new organizational mechanism
in ants. — Animal Behaviour 58: 965-972.

RAiMUNDO, R.L., FREITAS, A.V. & OLIVEIRA, P.S. 2009: Sea-
sonal patterns in activity rhythm and foraging ecology in
the Neotropical forest-dwelling ant, Odontomachus chelifer
(Formicidae: Ponerinae). — Annals of the Entomological
Society of America 102: 1151-1157.

R CorETEAM 2019: R: Alanguage and environment for statistical
computing. R foundation for statistical computing; — <http://
www.R-project.org/>, retrieved on 12 December 2020.

RETANA, J. & CERDA, X. 1990: Social organization of Cataglyphis
cursor ant colonies (Hymenoptera, Formicidae): inter-, and
intraspecific comparisons. — Ethology 84: 105-122.

RETANA, J. & CERDA, X. 1991: Behavioural variability and de-
velopment of Cataglyphis cursor ant workers (Hymenoptera,
Formicidae) 1. — Ethology 89: 275-286.

ROBINSON, G.E. 1987a: Modulation of alarm pheromone percep-
tion in the honey bee — evidence for division of labor based
on hormonally regulated response thresholds. — The Journal
of Comparative Physiology A 160: 613-619.

ROBINSON, G.E. 1987b: Regulation of honeybee age polyethism
by juvenile hormone. — Behavioral Ecology and Sociobiology
20: 329-338.

ROBINSON, G.E. 1992: Regulation of division of labor in insect
societies. — Annual Review of Entomology 37: 637-665.

ROBINSON, G.E. & PAGE, R.E. 1988: Genetic determination of
guarding and undertaking in honey-bee colonies. — Nature
333: 356-358.

RocHA, F.H., LAUCHAUD, J.P., VALLE-MORA, J., PEREZ-LACHAUD,
G. & ZEH, D. 2014: Fine individual specialization and elitism
among workers of the ant Ectatomma tuberculatum for
a highly specific task: intruder removal. — Ethology 120:
1185-1198.

RUSSELL, A.L., MORRISON, S.J., MOSCHONAS, E.H. & ParaJ, D.R.
2017: Patterns of pollen and nectar foraging specialization by
bumblebees over multiple timescales using RFID. — Scientific
Reports 7: art. 42448.

SANTORO, D., HARTLEY, S. & LESTER, P.J. 2019: Behaviourally
specialized foragers are less efficient and live shorter lives than
generalists in wasp colonies. — Scientific reports 9: art. 5366.

Sasaki, T., PENICK, C.A., SHAFFER, Z., HAIGHT, K.L., PRATT,
S.C. & LIEBIG, J. 2016: A simple behavioral model predicts the
emergence of complex animal hierarchies. — The American
Naturalist 187: 765-775.

ScHMID-HEMPEL, P. 1990: Reproductive competition and the
evolution of work load in social insects. — The American
Naturalist 135: 501-526.

SENDOVA-FRANKS, A.B., HAYWARD, R.K., WULF, B., KLIMEK,
T., JAMES, R., PLANQUE, R., BRITTON, N.F. & FRANKS, N.R.
2010: Emergency networking: famine relief in ant colonies.
— Animal Behaviour 79: 473-485.

SHiMoJ1, H., AONUMA, H., M1URA, T., TsuJi, K. & Sasaki, K.
2017: Queen contact and among-worker interactions dually
suppress worker brain dopamine as a potential regulator of
reproduction in an ant. — Behavioral Ecology and Sociobi-
ology 71: art. 35.

SMITH, A.A., MILLAR, J.G., HANKS, .M. & SUAREZ, AV. 2012:
Experimental evidence that workers recognize reproductives
through cuticular hydrocarbons in the ant Odontomachus
brunneus. — Behavioral Ecology and Sociobiology 66: 1267-
1276.

SMITH, M.J. & SZATHMARY, E. 1997: The major transitions
in evolution. — Oxford University Press, New York, 360 pp.

SOKAL, R.R. & RoOHL, F.J. 1981: Biometry: the principles and
practices of statistics in biology research. 2nd edn. — W.H.
Freeman & Company, New York, NY, 859 pp.

SOROKER, V., FRESNEAU, D. & HEFETZ, A. 1998: Formation of
colony odor in ponerine ant Pachycondyla apicalis. — Journal
of Chemical Ecology 24: 1077-1090.

SOROKER, V., HEFETZ, A., COJOCAR, M., BILLEN, J., FRANKE,
S. & FRANCKE, W. 1995a: Structural and chemical ontogeny
of the postpharyngeal gland in the desert ant Cataglyphis
niger. — Physiological Entomology 20: 323-329.

SOROKER, V., VIENNE, C. & HEFETZ, A. 1995b: Hydrocarbon
dynamics within and between nestmates in Cataglyphis
niger (Hymenoptera: Formicidae). — Journal of Chemical
Ecology 21: 365-378.

SOROKER, V., VIENNE, C., HEFETZ, A. & NOWBAHARI, E. 1994:
The postpharyngeal gland as a “Gestalt” organ for nestmate
recognition in the ant Cataglyphis niger. — Naturwissen-
schaften 81: 510-513.

SPAGNA, J.C., VAKTS, A.IL., SCHMIDT, C.A., PATEK S.N., TSUTSUI,
N.D. & SUAREZ, A.V. 2008: Phylogeny, scaling, and the gen-
eration of extreme forces in trap-jaw ants. — The Journal of
Experimental Biology 211: 2358-2368.

STANICZENKO, P.P., Kopp, J.C. & ALLESINA, S. 2013: The ghost
of nestedness in ecological networks. — Nature Communi-
cations 4: art. 1391.

TENG, J. & McCanN, K.S. 2004: Dynamics of compartmented
and reticulate food webs in relation to energetic flow. — The
American Naturalist 164: 85-100.

THEBAULT, E. & FONTAINE, C. 2010: Stability of ecological
communities and the architecture of mutualistic and trophic
networks. — Science 329: 853-856.

ToJu, H., GUIMARAES, P.R., OLESEN, J.M. & THOMPSON, J.N.
2014: Assembly of complex plant-fungus networks. — Nature
Communications 5: art. 5273.

131



ToJu, H., GUIMARAES, P.R., OLESEN, J.M. & THOMPSON, J.N.
2015: Below-ground plant—fungus network topology is not
congruent with above-ground plant — animal network topol-
ogy. — Science Advances 1: art. e1500291.

TRANIELLO, J.F.A. & ROSENGAUS, R.B. 1997: Ecology, evolution
and division of labour in social ants. — Animal Behavior 53:
209-213.

132

WATERS, J.S. & FEWELL, J.H. 2012: Information processing
in social insect networks. — Public Library of Science One
7. art. e40337.

WEST-EBERHARD, M.J. 1967: Dominance hierarchies and the
evolution of social behaviour. — Science 157: 1585-1595.

WILSON, E.O. 1985: The sociogenesis of insect colonies. — Sci-
ence 228: 1489-1495.



