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Editorial on the Research Topic

Neuroethology of the colonial mind: Ecological and evolutionary
context of social brains

Collective behavior relies on interactions among individuals who have neural
substrates supporting the exchange and processing of social information (Gordon, 2021).
The collective acquisition and processing of information in animal groups suggest that
individuals form a “colonial mind.” Over the past decades, studies of individual and
collective cognition have received a lot of attention (Couzin, 2009; Simons and Tibbetts,
2019). However, little is known about how the two systems interact. For instance, while
collective cognition necessarily emerges from individual cognition, individual cognitive
abilities are not correlated to collective cognitive abilities (Feinerman and Korman,
2017). Studying cognitive processes across levels of biological organization thus requires
a better understanding of the mechanisms of cognition at each level and within an
evolutionary context. This necessitates analyzing how animals use social information in
different contexts or understanding the neural adaptations associated with group living
and ecological challenges. For this research topic, we brought together researchers in
neuroscience and collective animal behavior to further examine these aspects of the
colonial mind.

Social information transfer can yield fitness benefits to individuals (Krause et al.,
2010). For instance, grouped animals often respond faster and more accurately to
changes in environmental or social circumstances than isolated conspecifics (Sumpter,
2010). While these cognitive advantages were long considered exclusive to the most
socially advanced animals, recent studies show collective cognition can be beneficial
across the animal kingdom, even in loosely social species. For instance, Morchen
et al. demonstrate that organgutans, which are less social than other apes, learn
about new environments through social information gathered from local individuals
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when migrating. Ferreira et al. showed how social information
influences individual reactions in gregarious fruit flies under
threatening situations.

By contrast, the mechanisms underlying the transition
from solitary to group living are much less understood.
Several physiological changes may have contributed to division
of labor in highly social species. Sasaki et al. provide a
comparative perspective to understand how neurotransmitters
and hormones evolved to support eusociality. The authors
compiled literature from eusocial and non-social insects and
provided support for the “ovarian ground plan hypothesis”
(Amdam et al, 2004), suggesting ovarian function and
behavior is physiologically separated into reproductive and non-
reproductive forms. They also provided support for the “split-
function hypothesis” (West-Eberhard, 1996), which proposes
that juvenile hormone, ancestrally involved in reproduction,
evolved to have an additional role in worker division of
labor (Sasaki et al.).

Neuroanatomical comparisons can also inform researchers
about how animals transitioned from solitary to social life. The
“social brain hypothesis” posits that increasing levels of sociality
are associated with larger brains to support the processing
of more social information (Dunbar, 1998). However, the
distributed cognition of highly integrated groups with division
of labor may alleviate the cognitive load on the individuals,
and potentially reduce their neural requirements (Gronenberg
and Riveros, 2009). Testing this hypothesis in eusocial insects
has so far produced mixed results (O’Donnell et al, 2015,
2019; Kambhi et al, 2016; Sayol et al, 2020). The variation
in behaviors and life histories that characterize sociality may
be part of the reason for the inconsistencies observed. For
instance, many socio-cognitive behaviors once thought to be
specific to social species, such as the recognition of individual
identity or social learning, have recently been described in
non-social animals and may be primarily related to foraging
and mating (Poissonnier et al.). Researchers therefore should
be more selective in the behaviors associated with sociality in
comparative studies.

Accordingly, several studies began to focus on specific
characteristics of sociality to better understand how the
brain evolves to support particular social behaviors. For
example, Caponera et al. defined five characteristics of
sociality (intragroup competition, relationship differentiation,
task
specialization and redundancy) and included an example

information sharing, dominance hierarchies, and
of how to apply these criteria in a comparison of social and
subsocial spiders. The authors found that task redundancy in
social spiders was correlated with a reduction in the arcuate
body, a brain region involved in mechanosensory integration
(Steinhoff et al, 2017). In a similar analysis, Godfrey et
al. showed that differences in olfactory processing regions

associated with nestmate recognition are positively correlated
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with colony size across Leptomyrmecini ant species. As in the
social brain hypothesis, the authors proposed that increased
colony size is associated with a greater need for nestmate
recognition; however, they focused specifically on the circuitry
that supports this behavior.

Increased investment in olfactory processing is also
associated with nestmate interactions in the social wasp Polistes
dominula (Gandia et al.). In this species, females have larger
antennal lobes, while males have larger optic lobes, the
primary olfactory and visual processing regions, respectively
(Gronenberg, 2008). These differential neural investments
correspond to the importance of social interactions in group
living for females and the reliance on vision in mating for
males. Similarly, reproductive females may have a greater need
for group interactions than female workers that primarily
forage, and had larger mushroom bodies, a region involved in
higher order sensory integration (Fahrbach, 2006). Thus, it is
important to account for variation in behavior within the social
group. Brain region size of individuals within groups appears
to have adapted to the sensory requirements associated with
the individuals’ specific behavioral requirements (e.g., Arganda
et al., 2020).

While social context undoubtedly shapes cognitive and
neural function, sociality exists within a broader context
of the environment, which also may affect neural circuitry
(Healy, 2021). Non-social behaviors such as navigation (Sayol
et al., 2020) and foraging (Farris and Roberts, 2005; Farris,
2008; Sheehan et al, 2019) have been shown to influence
neural investment. Azorsa et al. used the “ecological brain
hypothesis,” which states that the brain evolves to account
for the cognitive challenges associated with foraging and
processing food (DeCasien et al, 2017; Lihoreau et al,
2019; Simons and Tibbetts, 2019), to discuss how predation
foraging ecology may interact with group living to affect
the sensory
the species.

requirements and cognitive processing of

Comparative analyses of brain size in relation to the socio-
ecology of social insects can provide insight for findings
in other organisms. Through a study of fossil records in
early humans, DeSilva et al. suggest that there has been a
recent decrease in brain size in humans. Using observations
from comparative studies of ant neuroanatomy, these authors
propose that the trend they observed may be associated with
characteristics of collective behavior such as increased sociality,
sharing of information, and group decision-making (but see
comment by Villmoare and Grabowski and response by DeSilva
et al. about potential issues of using rare fossil records for
such analyses).

The studies in this collection seek to understand how
behavioral and neural characteristics enable individuals to
engage in social behaviors and how social organization,
or collective behavior, may alter individual cognition. They
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take advantage of the approaches previously mentioned to
nicely illustrate how research on the evolution of brains and
cognition has recently moved from broad correlations between
brain sizes and social organization (Dujardin, 1850; Dunbar,
1998) to more detailed considerations of the neuroethology
of specific socio-cognitive behaviors (Lihoreau et al., 2012;
Godfrey and Gronenberg, 2019). Future research will have
to account for variation in cognition across group members
(Naug and Tait) and life history strategies that characterize
the group.

Recent studies, including those in this collection, have
progressed our understanding of the neural underpinnings
of collective cognition, but more can still be done. While
the diversity of animal models used in collective cognition
is increasing (i.e. social insects, Drosophila, primates), an
important effort should be made to broaden the scope
further with species comparisons across the spectrum of social
organization. The application and tuning of tools such as
statistical brain atlases (Arganda et al.) will make these large-
scale comparative studies feasible and accurate. Ultimately, a
better understanding of the neurobiology of collective minds
across the animal kingdom, including humans, may be useful
for developing more efficient collective decisions, more robust
artificial systems (e.g., Ebert et al., 2020), and more informed
interactions with wildlife.

Author contributions

All authors listed have made a substantial, direct,

and intellectual contribution to the work and approved it
for publication.

References

Amdam, G. V., Norberg, K., Fondrk, M. K., and Page, R. E. (2004). Reproductive
ground plan may mediate colony-level selection effects on individual foraging
behavior in honey bees. Proc. Natl. Acad. Sci. U. S. A. 101, 11350-11355.
doi: 10.1073/pnas.0403073101

Arganda, S., Hoadley, A. P., Razdan, E. S., Muratore, I. B., and Traniello, J. F. A.
(2020). The neuroplasticity of division of labor: worker polymorphism, compound
eye structure and brain organization in the leafcutter ant Atta cephalotes. ]. Comp.
Physiol. A 206, 651-662. doi: 10.1007/s00359-020-01423-9

Couzin, I. D. (2009). Collective cognition in animal groups. Trends Cogn. Sci.
13, 36-43. doi: 10.1016/j.tics.2008.10.002

DeCasien, A. R, Williams, S. A., and Higham, J. P. (2017). Primate
brain size is predicted by diet but not sociality. Nat Ecol Evol 1, 0112.
doi: 10.1038/541559-017-0112

Dujardin. (1850). Mémoire sur le systéme nerveux des insectes. Ann. Sci. Nat.
Zool. 14, 95-206.

Dunbar, R. I. M. (1998). The social brain hypothesis. Evol. Anthropol.
6, 178-190.

Ebert, J. T., Gauci, M., Mallmann-Trenn, F., and Nagpal, R. (2020). “Bayes bots:
collective Bayesian decision-making in decentralized robot swarms,” in 2020 IEEE
International Conference on Robotics and Automation (Paris: IEEE), 7186-7192.
doi: 10.1109/ICRA40945.2020.9196584

Frontiersin Ecology and Evolution

03

10.3389/fevo.2022.1058611

Funding

ML was supported by the CNRS, ANR 3DNaviBee ANR-
19-CE37-002, DTIGA-ADEME LOTAPIS, FEDER ECONECT
MP0021763, and ERC Cog BEE-MOVE GA101002644. SA was
supported by Spanish grants Ayudas destinadas a la atraccion
de talento investigador a la Comunidad de Madrid en centros
de I4+D and Proyecto de Generacién de Conocimiento del
Ministerio de Ciencia e Innovaciéon - PGC2018-101012-A-100.

Acknowledgments

We would like to thank Heikki Helanterd and Simon Tierney
for their Editorial work for articles of this Research Topic that
were contributed by the Editors.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Fahrbach, S. E. (2006). Structure of the mushroom bodies of the insect brain.
Annu. Rev. Entomol. 51, 209-232. doi: 10.1146/annurev.ento.51.110104.150954

Farris, S. M. (2008). Evolutionary convergence of higher brain centers
spanning the Protostome-Deuterostome boundary. Brain Behav. Evol. 72, 106-122.
doi: 10.1159/000151471

Farris, S. M., and Roberts, N. S. (2005). Coevolution of generalist feeding
ecologies and gyrencephalic mushroom bodies in insects. Proc. Natl. Acad. Sci. U.
S. A. 102, 17394-17399. doi: 10.1073/pnas.0508430102

Feinerman, O., and Korman, A. (2017). Individual versus collective cognition
in social insects. J. Exp. Biol. 220, 73-82. doi: 10.1242/jeb.143891

Godfrey, R. K., and Gronenberg, W. (2019). Brain evolution in social insects:
advocating for the comparative approach. J. Comp. Physiol. A 205, 13-32.
doi: 10.1007/s00359-019-01315-7

Gordon, D. M. (2021). Movement, encounter rate, and collective behavior in
ant colonies. Ann. Entomol. Soc. Am. 114, 541-546. doi: 10.1093/aesa/saaa036

Gronenberg, W. (2008). Structure and function of ant (Hymenoptera:
Formicidae) brains: strength in numbers. Myrmecol. News 11, 25-36.

Gronenberg, W., and Riveros, A. J. (2009). “Social brains and behavior - past
and present,” in Organization of Insect Societies: From Genome to Sociocomplexity,
eds J. Gadau, J. H. Fewell (Cambridge, MA: Harvard University Press), 377-401.
doi: 10.2307/j.ctv228vr0t.23

frontiersin.org


https://doi.org/10.3389/fevo.2022.1058611
https://doi.org/10.3389/fevo.2021.766414
https://doi.org/10.3389/fevo.2021.745707
https://doi.org/10.1073/pnas.0403073101
https://doi.org/10.1007/s00359-020-01423-9
https://doi.org/10.1016/j.tics.2008.10.002
https://doi.org/10.1038/s41559-017-0112
https://doi.org/10.1109/ICRA40945.2020.9196584
https://doi.org/10.1146/annurev.ento.51.110104.150954
https://doi.org/10.1159/000151471
https://doi.org/10.1073/pnas.0508430102
https://doi.org/10.1242/jeb.143891
https://doi.org/10.1007/s00359-019-01315-7
https://doi.org/10.1093/aesa/saaa036
https://doi.org/10.2307/j.ctv228vr0t.23
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Kambhi et al.

Healy, S. (2021). Adaptation and the Brain. Oxford, United Kingdom: Oxford
University Press, 162. doi: 10.1093/0s0/9780199546756.001.0001

Kambhi, J. F., Gronenberg, W., Robson, S. K. A, and Traniello, J. F. (2016). Social
complexity influences brain investment and neural operations costs in ants. Proc.
R. Soc. B 283, 20161949. doi: 10.1098/rspb.2016.1949

Krause, J., Ruxton, G. D., and Krause, S. (2010). Swarm intelligence in animals
and humans. Trends Ecol. Evol. 25, 28-34. doi: 10.1016/j.tree.2009.06.016

Lihoreau, M., Dubois, T., Gomez-Moracho, T., Kraus, S., Monchanin, C., and
Pasquaretta, C. (2019). Putting the ecology back into insect cognition research.
Adv. Insect Physiol. 59, 1-25. doi: 10.1016/bs.aiip.2019.08.002

Lihoreau, M., Latty, T., and Chittka, L. (2012). An exploration of the social brain
hypothesis in insects. Front. Physiol. 3, 442. doi: 10.3389/fphys.2012.00442

O’Donnell, S., Bulova, S., DeLeon, S., Barrett, M., and Fiocca, K. (2019).
Brain structure differences between solitary and social wasp species are
independent of body size allometry. J. Comp. Physiol. A 205, 911-916.
doi: 10.1007/s00359-019-01374-w

O’Donnell, S., Bulova, S. J., DeLeon, S., Khodak, P., Miller, S., and Sulger,
E. (2015). Distributed cognition and social brains: reductions in mushroom
body investment accompanied the origins of sociality in wasps (Hymenoptera:
Vespidae). Proc. R. Soc. B 282, 20150791. doi: 10.1098/rspb.2015.0791

Frontiersin Ecology and Evolution

04

10.3389/fevo.2022.1058611

Sayol, F., Collado, M. A., Garcia-Porta, J., Seid, M. A., Gibbs, J., Agorreta,
A., et al. (2020). Feeding specialization and longer generation time are
associated with relatively larger brains in bees. Proc. R. Soc. B 287, 20200762.
doi: 10.1098/rspb.2020.0762

Sheehan, Z., Kamhi, J. F., Seid, M. A., and Narendra, A. (2019). Differential
investment in brain regions for a diurnal and nocturnal lifestyle in Australian
Myrmecia ants. J. Comp. Neurol. 527, 1261-1277. doi: 10.1002/cne.24617

Simons, M., and Tibbetts, E. (2019). Insects as models for studying
the evolution of animal cognition. Curr. Opin. Insect Sci. 34, 117-122.
doi: 10.1016/.c0is.2019.05.009

Steinhoff, P. O. M., Sombke, A. Liedtke, J., Schneider, J. M.,
Harzsch, S, and Uhl, G. (2017). The synganglion of the jumping
spider Marpissa muscosa (Arachnida: Salticidae): insights from histology,
immunohistochemistry and microCT analysis. Arthropod Struct. Dev. 46,
156-170. doi: 10.1016/j.asd.2016.11.003

Sumpter, D. J. T. (2010). Collective Animal Behavior. Princeton, NJ: Princeton
University Press. doi: 10.1515/9781400837106

West-Eberhard, M. J. (1996). “Wasp societies as microcosms
for the study of development and evolution, in Natural History
and Evolution of Paper Wasps (Oxford: Oxford University Press),
290-317.

frontiersin.org


https://doi.org/10.3389/fevo.2022.1058611
https://doi.org/10.1093/oso/9780199546756.001.0001
https://doi.org/10.1098/rspb.2016.1949
https://doi.org/10.1016/j.tree.2009.06.016
https://doi.org/10.1016/bs.aiip.2019.08.002
https://doi.org/10.3389/fphys.2012.00442
https://doi.org/10.1007/s00359-019-01374-w
https://doi.org/10.1098/rspb.2015.0791
https://doi.org/10.1098/rspb.2020.0762
https://doi.org/10.1002/cne.24617
https://doi.org/10.1016/j.cois.2019.05.009
https://doi.org/10.1016/j.asd.2016.11.003
https://doi.org/10.1515/9781400837106
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Editorial: Neuroethology of the colonial mind: Ecological and evolutionary context of social brains
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


