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In large cities… one man makes shoes for men, another
for women, there are places even where one man earns a
living just by mending shoes, another by cutting them
out, another just by sewing the uppers together, while
there is another who performs none of these operations
but assembles the parts, Of necessity, he who pursues a
very specialised task will do it best.

Xenophon, Cyropaedia (2365 ybp)

Ultrasociality refers to the most social of animal or-
ganizations, with full time division of labor, special-
ists who gather no food but are fed by others, sharing
of information about sources of food and danger, and
self-sacrificial effort in collective defense. This level
has been achieved by ants, termites and humans in
several scattered archaic city-states.

Campbell (1982)

Many writers have for a long time maintained that there
is a division of labor among ants correlated with differ-
ences in size and structure. There are some differences

of opinion as to the functions of different classes.
Probably this is largely due to the fact that the observa-
tions were in many cases made upon different species.

Buckingham (1911)

The ancient reference by Xenophon and the neologism
Bultrasociality^ (Campbell 1982; Gowdy and Krall 2015)
define division of labor as a significant commonality in
the organization of insect and human societies, bridging
disciplines across millennia and revealing overlap in his-
torical and modern interests in the role of specialization in
social structure. Within the time period encompassed by
the Athenian record and modern bioeconomics lies the
work of Adam Smith, Emile Durkheim, Henry Ford,
Charles Darwin, William Morton Wheeler, Julian Huxley,
and Edward O. Wilson, and an interdisciplinary interplay
in conceptual development and application in social insect
biology and beyond. This entomological and sociological
dialogue and reciprocal exchange in modeling the organi-
zation of work (Rodgers 2008) has been significant to the
study of social insect labor.

Today, unresolved issues and sometimes controversy
concerning the degree of plasticity in social organization and
how division of labor may be effectively examined at multiple
levels form the core of research. The roots of some controver-
sies appear to run deep. Buckingham (1911), for example,
noted morphological evolution correlated with task speciali-
zation and described Bdifferences of opinion^ in respect to
worker function associated with interspecific variation, naive-
ly but accurately anticipating some current disagreements that
may derive from the biologies of model species. This special
issue of Behavioral Ecology and Sociobiology is based on the
symposium Integrative Analysis of Division of Labor
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convened at the 14th International Congress of the
International Union for the Study of Social Insects, in
Cairns, Australia, with additions. The symposium—and
special issue—features contributions that celebrate the inte-
grative, innovative, and sometimes provocative study of the
organization of labor in insect societies.

We recognize The origin and evolution of polymorphism in
ants (Wilson 1953) as a watershed event for constructing the
conceptual foundation for the study of worker division of
labor, leading to the genesis of an exceptionally broad descen-
dant literature on the ecology of caste and mechanisms of task
performance. Since the inception of this modern evolutionary
analysis (Wilson 1953;Wilson 1968; Oster andWilson 1978),
genomics, bioinformatics, neuroscience, insect cognition, the
study of interindividual variation and behavioral syndromes,
self-organization theory, phylogenetic analysis, computational
modeling, and computer vision have either emerged as new
approaches or have expanded technologically to dramatically
increase the size of the toolkit used to explore social organi-
zation. Theoretical and methodological advances complement
descriptive and experimental field and laboratory studies of
colony organization and worker behavior, thus facilitating the
integration of multiple levels of analysis to advance our un-
derstanding of the ecology, evolution, and mechanisms of
division of labor.

Recent analyses of division of labor have benefited from
developments in sociogenomics (Rajakumar et al. 2012;
Robinson et al. 2005), sociometry and sociogenesis (Wilson
1985; Tschinkel 2011), collective decision-making (Duarte
et al. 2011), task allocation and social interaction (Gordon
2010), neuroanatomy (Menzel 2012), and neurochemistry
(Schulz et al. 2002; Kamhi and Traniello 2013). Molecular
phylogenies provide evolutionary insights (Moreau 2008;
Economo et al. 2016; Price et al. 2016), and novel automated
tracking methods and network analysis enable extensive and
detailed data collection and descriptions of individual worker
behavior (Mersch et al. 2013). Collateral developments in
epigenetics (Alvarado et al. 2015; Glastad et al. 2015;
Simola et al. 2016; Yan et al. 2015), social brain theory
(Gronenberg and Riveros 2009; Lihoreau et al. 2012), social
insect cognition (Avargues-Weber and Giurfa 2013), and brain
miniaturization and mosaic structure (Eberhard and Wcislo
2012; Muscedere and Traniello 2012; O’Donnell et al. 2014)
represent further advances. Model systems have expanded
from the honey bee and the ant genus Pheidole in the past
four decades, affording rich and novel opportunities to im-
prove the breadth and resolution of research and test general-
ities derived from studies of focal species.

The collection of articles we present attempts to capture the
integrative nature of and diverse perspectives on the organiza-
tion of work in insect colonies. A major goal of research on
social organization seeks to define the ecological factors and
evolutionary processes that generate robust and adaptive

systems of division of labor and discover ultimate and proxi-
mate causes of morphological and behavioral differentiation.
The papers and commentaries included in this issue collective-
ly present a microcosm of our current state of knowledge of
the patterns and processes of division of labor, and identify
challenges for future work. Contributors present reviews and
original research papers that can be grouped into three cate-
gories, illustrating intrinsic and extrinsic influences on indi-
vidual behavior and colony-level processes including devel-
opmental, interaction-based, life history-related, and ecologi-
cal factors.

The first group of papers concerns the behavioral structure
and basis of worker task schedules. Drawing on concepts of
animal personality, AlexanderWalton and Amy Toth examine
behaviors in individual honey bee workers that remain con-
stant over time, social context, and lifespan, and suggest that
such variation is adaptive. Yuko Ulrich and coauthors describe
how differences in responses to social cues from larvae influ-
ence behavior and reproductive physiology according to col-
ony size in the raider ant Cerapachys biroi. Myrsini
Natsopoulou and coauthors show how parasites affect the ex-
pression of division of labor in honey bees and demonstrate
how infections by deformed wing virus or the microsporidian
Nosema ceranae can adaptively accelerate the age-related task
schedule of workers. Brian Johnson andWilliam Jasper, using
genomic tools, examine the regulation of the coordinated
changes in behavior and physiology that drive age-related
division of labor in the honey bee. They approach the ambi-
tious goal of identifying Bmaster caste regulators^ that control
social behavior using RNA-Seq to examine gene expression
in tissues whose functions and products are predicted to vary
with task specialization, and find only a small number of reg-
ulatory genes differentially expressed in sampled tissues.

The second group of articles considers division of labor
within frameworks of caste evolution and evolutionary phys-
iology. Christina Kwapich and Walter Tschinkel use field ma-
nipulations and laboratory studies of the Florida harvester ant
Pogonomyrmex badius to illuminate the coupling of worker
behavioral development, survivorship, and colony-level de-
mand for foragers, and show that changes in the rate of worker
development can enhance colony fitness. Jennifer Fewell and
Jon Harrison use scaling to explore how changes in colony
size influence the behavioral organization and efficiency of
social insect colonies. Identifying whole-organism parallels,
they find that larger colony sizes produce consistent changes
in worker specialization, task performance, and the allocation
of workers to maintenance rather than foraging or brood care
behaviors. Ofer Feinerman and James Traniello integrate caste
theory, social brain theory, brain metabolism, and brain evo-
lution to examine the tradeoff between worker cognition and
the energetic expense of producing and operating larger, ener-
getically costly brains. Framing their study in the context of
insect social brain theory (Lihoreau et al. 2012; Riveros et al.
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2012; Farris 2016), they focus on collective intelligence and
division of labor as selective forces of brain evolution in re-
spect to diet, the behavioral performance of individual
workers, and social organization by modeling food availabil-
ity, foraging behavior and related energetic gain, colony size,
worker size and polymorphism, and brain size. Scott Powell
comparatively analyzes the links between behavior, nesting
ecology, and morphological caste evolution in turtle ants, ge-
nus Cephalotes. Building on studies that demonstrate a fitness
payoff in the association of soldier head width and the size of
the colony nest entrances for which their phragmotic heads
serve as living doors, he suggests the emergence of new caste
phenotypes reflects shifts in ecological specialization, while
the distribution of traits within the range or morphological
space reflects changes in resource utilization. Danielle
Mersch embeds the study of division of labor firmly within
the social environment as an emergent property based on the
actions of individuals operating within a decentralized frame-
work. She considers how large-scale patterns of interactions
should be described and how they contribute to the mainte-
nance of reliable and robust functioning at the colony level.
Applying social network analysis, she establishes a frame-
work for how we might, and might not, use these tools to
describe and understand the structure of division of labor.

The special issue concludes with critical discussions of the
relevance of continuing to use the term Bdivision of labor^ to
understand how social insect colonies are organized. Deborah
Gordon considers that the term describes a process and is
misleading and of little value in revealing how social insect
colonies function. She argues that support for the claim that
division of labor reflects persistent internal states of workers
and that morphologically differentiated workers are adapted to
performing particular tasks to increase colony fitness is not
compelling. The online publication of this paper elicited two
responses. In his commentary on Gordon’s paper, Robert
Jeanne disagrees with her central premise, noting that the
use of the term Bdivision of labor^ is widely acknowledged
and accepted as a descriptor of a core component of colony
phenotype that does not imply process, and recognizes inter-
individual variability in behavioral performance. Dhruba
Naug similarly rejects the notion that division of labor implies
persistent individual specialization and argues that both inter-
nal and external factors drive individual behavioral differences
while highlighting the value of multiple approaches to under-
stand the why and how of social insect organization.

In sum, the special issue presents diverse and complimentary
approaches to understanding division of labor, all offering in-
sightful answers to classical questions. The articles demonstrate
the value of addressing basic questions using varied concepts
and toolkits and the capacity to expand our understanding
through integrative approaches. Our hope is that the attention
given to the analysis of division of labor in this article collection
will stimulate critical thinking and advance theory and

empirical work across disciplines to move forward research
on the ecology and mechanisms of division of labor. We also
hope the special issue will enhance the conversation between
insect science and bioeconomics and facilitate work on broader
considerations such as the evolution of ultrasociality.

Since its first issue in 1976, Behavioral Ecology and
Sociobiology has played a prominent role in publishing path-
breaking research on social insect division of labor. To facil-
itate further research and promote inquiry, the content of this
special issue is extended by a virtual edition that includes the
25 highest-impact articles on the topic published in the jour-
nal. More than 160 papers on division of labor have appeared
in BES since its inception, impressively generating in excess
of 6000 citations and a combined H factor of 47 (Web of
Science). A single download (http://www.springer.com/
journal/265) will make the 25 most highly cited papers
readily accessible.
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