






spontaneous behaviors such as flocking of plant-animal worms [23] or ordered motion of Cali-

fornia blackworms [24] have been demonstrated in other condensed biological systems. How-

ever, the specific circumstances and adaptive advantages, under which these behaviors occur,

differ greatly from the exploratory or escape function displayed by floating fire ant rafts.

Spontaneous ordering is also well-documented in non-living active matter systems and

indicates that no agent-intent is necessary to spur comparable formations [25–27]. Perhaps

most similarly, Janus particles entrapped by lipid membranes have been shown to generate

remarkably analogous geometries to these ant rafts due solely to stochastic, synchronous

motion [28]. This occurs when a few neighboring Janus particles simultaneously apply force to

the boundary that causes an acute increase in local edge curvature and runaway tether growth.

Along these lines, in our previous work we treated freely active fire ants as decentralized self-

propelled particles in confinement. We demonstrated that the trajectory persistence length of

freely active ants is greater than the dimensions of the rafts they walk on. Under these “strongly

confined” conditions, it is known that self-propelled particles cluster near the convex edges of

their containment geometries [25,29]. Employing a coarse-grained continuum model of ants

on protrusions based on the work of Fily, et al. (2014) [25], we postulated a mechanism

through which local breaks in convex symmetry at the rafts’ edges may induce a runaway feed-

back loop whereby the locally higher curvature causes clustering of free ants, and the higher

concentration of free ants causes a higher local edge deposition rate. Yet, we also demonstrated

that a higher concentration of free ants alone does not lead to the elongated morphologies

observed in the experimental system and there must exists some mechanism that biases the

direction in which ants bind into the structural network [14]. While the hypothesized source

of this bias is a first or second-order effect of the directional motion of free ants on protrusions

[14], its true origins remain unclear and whether such protrusion may form in ant rafts due

solely to local interaction rules alone is uncertain. However, further exploration through the

continuum model is limited by smoothing assumptions that prohibit the investigation of phe-

nomena such as individual ant behavior, heterogeneities, and discrete size effects. Additionally,

exploration of this bias through experimentation is limited by factors such as small sample

sizes (since protrusions must be allowed to occur spontaneously without interference), diffi-

culty in image-tracking the position of free ants, and the inability to measure variables such as

ant self-propulsion force. For these reasons, a discrete modeling approach such as that taken

by Vutukuri, et al. (2020) [28] or other researchers in the study of ant species [30–35] is

warranted.

We here develop and employ a 2D, ant-inspired, agent-based, numerical model in which

the behavior of every single ant in the structural and freely active layer is discretely captured.

In matching the statistical behavior of agents to ants in both layers, we use this model to dem-

onstrate that a set of local interaction rules predicts the emergence of spontaneous protrusion

growth in the absence of any long-range communication or external gradients. These rules

confirm that biased motion of free agents occurs on protrusions given the condition of strong

confinement and local alignment interactions, and this directional motion facilitates the run-

away growth of said protrusions, as hypothesized previously [14]. Furthermore, we use this

model to investigate another unexplored phenomenon: oscillatory phase changes in fire ant

rafts between highly eccentric periods of outwards expansion accompanied by protrusion

growth, and recessive periods in which the rafts assume more rounded or elliptical shapes (Fig

1A–1C). Comparable cyclical changes in the mechanical properties of 3D aggregations of fire

ants have been documented and attributed to shifts in the activity level of the overall popula-

tion [36–38]. We find here that morphological phases of ant rafts may similarly be modulated

through the activity level of freely active ants on their surface as characterized by a dimension-

less activity parameterA. This parameter represents the competition between ants’ self-
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13. Adams BJ, Hooper-Bùi LM, Strecker RM, O’Brien DM. Raft Formation by the Red Imported Fire Ant,

Solenopsis invicta. J Insect Sci. 2011; 11. https://doi.org/10.1673/031.011.17101 PMID: 22950473

14. Wagner RJ, Such K, Hobbs E, Vernerey FJ. Treadmilling and dynamic protrusions in fire ant rafts. Jour-

nal of The Royal Society Interface. 2021. https://doi.org/10.1098/rsif.2021.0213 PMID: 34186017

15. Ryan GL, Watanabe N, Vavylonis D. A review of models of fluctuating protrusion and retraction patterns

at the leading edge of motile cells. Cytoskeleton. 2012; 69: 195–206. https://doi.org/10.1002/cm.21017

PMID: 22354870

16. Simon C, Kusters R, Caorsi V, Allard A, Abou-Ghali M, Manzi J, et al. Actin dynamics drive cell-like

membrane deformation. Nat Phys. 2019; 15: 602–609. https://doi.org/10.1038/s41567-019-0464-1

17. Zimmerman SP, Asokan SB, Kuhlman B, Bear JE. Cells lay their own tracks–optogenetic Cdc42 activa-

tion stimulates fibronectin deposition supporting directed migration. J Cell Sci. 2017; 130: 2971–2983.

https://doi.org/10.1242/jcs.205948 PMID: 28754687

18. Poujade M, Grasland-Mongrain E, Hertzog A, Jouanneau J, Chavrier P, Ladoux B, et al. Collective

migration of an epithelial monolayer in response to a model wound. Proc Natl Acad Sci USA. 2007; 104:

15988–15993. https://doi.org/10.1073/pnas.0705062104 PMID: 17905871

19. Beaune G, Stirbat TV, Khalifat N, Cochet-Escartin O, Garcia S, Gurchenkov VV, et al. How cells flow in

the spreading of cellular aggregates. Proc Natl Acad Sci U S A. 2014; 111: 8055–8060. https://doi.org/

10.1073/pnas.1323788111 PMID: 24835175

20. Alexandre G. Chemotaxis Control of Transient Cell Aggregation. J Bacteriol. 2015; 197: 3230–3237.

https://doi.org/10.1128/JB.00121-15 PMID: 26216846

21. DuChez BJ, Doyle AD, Dimitriadis EK, Yamada KM. Durotaxis by Human Cancer Cells. Biophysical

Journal. 2019; 116: 670–683. https://doi.org/10.1016/j.bpj.2019.01.009 PMID: 30709621

22. Wen JH, Choi O, Taylor-Weiner H, Fuhrmann A, Karpiak JV, Almutairi A, et al. Haptotaxis is cell type

specific and limited by substrate adhesiveness. Cell Mol Bioeng. 2015; 8: 530–542. https://doi.org/10.

1007/s12195-015-0398-3 PMID: 26640598

23. Worley A, Sendova-Franks AB, Franks NR. Social flocculation in plant–animal worms. Royal Society

Open Science. 2019; 6: 181626. https://doi.org/10.1098/rsos.181626 PMID: 31032020

24. Ozkan-Aydin Y, Goldman DI, Bhamla MS. Collective dynamics in entangled worm and robot blobs.

PNAS. 2021; 118. https://doi.org/10.1073/pnas.2010542118 PMID: 33547237

Computational exploration of treadmilling and protrusion growth observed in fire ant rafts

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009869 February 17, 2022 30 / 32

https://doi.org/10.1016/j.cis.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30504078
https://doi.org/10.1038/s41567-018-0262-1
https://doi.org/10.1016/j.jtbi.2017.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28939347
https://doi.org/10.1039/c6sm00063k
http://www.ncbi.nlm.nih.gov/pubmed/27040612
https://doi.org/10.1371/journal.pone.0095112
http://www.ncbi.nlm.nih.gov/pubmed/24759886
https://doi.org/10.1371/journal.pone.0156681
http://www.ncbi.nlm.nih.gov/pubmed/27271037
https://doi.org/10.1371/journal.pone.0008967
http://www.ncbi.nlm.nih.gov/pubmed/20126462
https://doi.org/10.5334/fce.81
https://doi.org/10.1080/19768354.2018.1497708
https://doi.org/10.1080/19768354.2018.1497708
http://www.ncbi.nlm.nih.gov/pubmed/30460107
https://doi.org/10.1007/s00265-016-2237-5
https://doi.org/10.1073/pnas.1016658108
http://www.ncbi.nlm.nih.gov/pubmed/21518911
https://doi.org/10.1673/031.011.17101
http://www.ncbi.nlm.nih.gov/pubmed/22950473
https://doi.org/10.1098/rsif.2021.0213
http://www.ncbi.nlm.nih.gov/pubmed/34186017
https://doi.org/10.1002/cm.21017
http://www.ncbi.nlm.nih.gov/pubmed/22354870
https://doi.org/10.1038/s41567-019-0464-1
https://doi.org/10.1242/jcs.205948
http://www.ncbi.nlm.nih.gov/pubmed/28754687
https://doi.org/10.1073/pnas.0705062104
http://www.ncbi.nlm.nih.gov/pubmed/17905871
https://doi.org/10.1073/pnas.1323788111
https://doi.org/10.1073/pnas.1323788111
http://www.ncbi.nlm.nih.gov/pubmed/24835175
https://doi.org/10.1128/JB.00121-15
http://www.ncbi.nlm.nih.gov/pubmed/26216846
https://doi.org/10.1016/j.bpj.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30709621
https://doi.org/10.1007/s12195-015-0398-3
https://doi.org/10.1007/s12195-015-0398-3
http://www.ncbi.nlm.nih.gov/pubmed/26640598
https://doi.org/10.1098/rsos.181626
http://www.ncbi.nlm.nih.gov/pubmed/31032020
https://doi.org/10.1073/pnas.2010542118
http://www.ncbi.nlm.nih.gov/pubmed/33547237
https://doi.org/10.1371/journal.pcbi.1009869


25. Fily Y, Baskaran A, Hagan MF. Dynamics of self-propelled particles under strong confinement. Soft

Matter. 2014; 10: 5609–5617. https://doi.org/10.1039/c4sm00975d PMID: 24965311
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