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            Abstract
The initial fitness benefits of group living are considered to be the greatest hurdle to the evolution of sociality1, and evolutionary theory predicts that these benefits need to arise at very small group sizes2. Such benefits are thought to emerge partly from scaling effects that increase efficiency as group size increases3,4,5. In social insects and other taxa, the benefits of group living have been proposed to stem from division of labour5,6,7,8, which is characterized by between-individual variability and within-individual consistency (specialization) in task performance. However, at the onset of sociality groups were probably small and composed of similar individuals with potentially redundantâ€”rather than complementaryâ€”function1. Self-organization theory suggests that division of labour can emerge even in relatively small, simple groups9,10. However, empirical data on the effects of group size on division of labour and on fitness remain equivocal6. Here we use long-term automated behavioural tracking in clonal ant colonies, combined with mathematical modelling, to show that increases in the size of social groups can generate division of labour among extremely similar workers, in groups as small as six individuals. These early effects on behaviour were associated with large increases in homeostasisâ€”the maintenance of stable conditions in the colony11â€”and per capita fitness. Our model suggests that increases in homeostasis are primarily driven by increases in group size itself, and to a smaller extent by a higher division of labour. Our results indicate that division of labour, increased homeostasis and higher fitness can emerge naturally in social groups that are small and homogeneous, and that scaling effects associated with increasing group size can thus promote social cohesion at the incipient stages of group living.
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                    Fig. 1: Behavioural variation as a function of group size.


Fig. 2: Specialization as a function of group size.


Fig. 3: Results and predictions of the theoretical model.


Fig. 4: Fitness increases with group size.
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Extended data figures and tables

Extended Data Fig. 1 Ant detection algorithm.
a, Example cropped frame showing one 16-worker colony after image correction. b, Colour-tag detection. The highlighted numbered zones are image regions containing pixels that were assigned a high probability for tag colours (green, blue, orange or pink) by a Bayesian classifier. c, Candidate ant detection. The highlighted numbered zones correspond to contiguous regions containing colour tags and pixels that were assigned a high probability for ant colour (that is, cuticle) by the classifier. d, Candidate ant orientation. Candidate ants are aligned using the segment connecting the two colour tags, and oriented (head down versus head up) on the basis of the relative position of cuticle- and tag-probability maxima (black stars on brown and blue lines, respectively) along the main axis of each region. e, Final IDs after using Munkresâ€™ variant of the Hungarian assignment algorithm. Labels indicate colour IDs (thoraxâ€“abdomen; G, green; B, blue; O, orange; P, pink). Ants shown as examples in d are labelled in red. All assignments shown are correct, but one ant is missed (arrow). This panel is identical to Fig.Â 1a. f, Correlation between r.m.s.d. calculated from automated versus manual assignments for one 16-worker colony. The r.m.s.d. was computed from a subset of frames in the brood-care phase. nâ€‰=â€‰(number of automated detections)/(number of manual detections). Pearsonâ€™s râ€‰=â€‰0.95, Pâ€‰<â€‰0.001.


Extended Data Fig. 2 The r.m.s.d. and fitness in genotype B.
a, Individual r.m.s.d. values for all workers of genotype B. Ants from the same colony are vertically aligned. The dashed line represents the expected r.m.s.d. assuming a uniform distribution of an antâ€™s positions. b, The dynamics of brood development as a function of group size in genotype B. The proportion of the brood in successive developmental stages (colours) in colonies of sizes 1â€“16 is shown. Wide and narrow bars indicate first and second brood generations, respectively. Black line, worker survival (meanâ€‰Â±â€‰s.e.m.).


Extended Data Fig. 3 The r.m.s.d. and spatial fidelity to the nest.
a, Correlation between individual r.m.s.d. and individual distance to the brood (meanâ€‰Â±â€‰s.e.m.) over the first brood-care phase in one colony of 16 workers (Spearmanâ€™s râ€‰=â€‰0.93, Pâ€‰=â€‰0; nâ€‰=â€‰16 ants). Behavioural traits are based on 209 manually tracked frames. Sample sizes (n) indicate the number of frames in which each ant was manually identified. Manual tracking was used here because the automated tracking algorithm does not allow us to locate the brood. b, Individuals with low r.m.s.d. (r.m.s.d.â€‰<â€‰12 in Fig.Â 1b) have high spatial fidelity to the nest area. Each circle represents the spatial distribution of an ant (grey dots) with respect to the brood pile (shaded blue areas) in the brood-care phase. Panel titles indicate colony identity (for example, A8_3 is the third replicate colony of genotype A and size 8), ant identity (for example, BO for blueâ€“orange) and individual r.m.s.d. In each colony, the brood pile was manually annotated every three days (that is, if the brood-care phase lasted nine days, three brood piles zones were manually annotated; zones could overlap or not, depending on how much the brood pile moved).


Extended Data Fig. 4 Effect of the larvae-to-workers ratio on behaviour and brood developmental time.
The number of workers was constant at 4, and the number of larvae varied between 4 and 16, so as to obtain larvae-to-workers ratios of 1, 2 or 4. a, Mean colony r.m.s.d. increased with the larvae-to-workers ratio (log-transformed r.m.s.d.: Ï‡2â€‰=â€‰5.00, Pâ€‰=â€‰0.03). b, Larval time to eclosion was unaffected by the larvae-to-workers ratio (time to eclosion transformed by (time to eclosion)5: Ï‡2â€‰=â€‰0.17, Pâ€‰=â€‰0.68). Sample sizes indicate the number of colonies in which at least one larva reached adulthood. In both panels, box plots represent the median (thick horizontal line); the lower and upper hinges correspond to the first and third quartile, respectively. The upper whiskers extend from the upper hinge to the largest value no further than 1.5Ã— interquartile range from the hinge; the lower whiskers extend from the lower hinge to the smallest value no further than 1.5Ã— interquartile range from the hinge.


Extended Data Fig. 5 Methods for behavioural analyses.
a, Resampling scheme. Ninety-five per cent confidence intervals were generated by resampling individual r.m.s.d. values from one colony of size 16 at a time. In the example here, the generation of confidence intervals for behavioural variation (standard deviation of r.m.s.d.) in colonies of size 6 is shown. The same method was used to generate confidence intervals for mean colony behaviour (mean r.m.s.d.). bâ€“e, Computing specialization. b, Daily individual r.m.s.d. values in one colony of size 8. c, Daily individual r.m.s.d. ranks. d, Pairwise rank correlation matrix between days of the first brood-care phase. Values highlighted in red indicate rank correlations (Spearman, nâ€‰=â€‰16 ants) between consecutive days, which are averaged to compute short-term behavioural consistency. e, Mean r.m.s.d. ranks per brood-care phase used to compute long-term behavioural consistency.


Extended Data Fig. 6 Behaviour of the fixed threshold model.
One hundred replicates were simulated per group size. Parameterization: mâ€‰=â€‰2, Î·â€‰=â€‰7, Î¼â€‰=â€‰10, Ïƒâ€‰=â€‰0.1, Ï„â€‰=â€‰0.2 and Î´â€‰=â€‰0.6, corresponding to the filled circle symbol in Fig.Â 3b. a, Frequency of task 1 performance (measured across a simulation run) by individual ants at different group sizes; each point represents an ant and ants from the same colony are vertically aligned. b, Behavioural variation (standard deviation of individual task performance frequencies) across all 100 replicates for each group size, averaged over both tasks and shown relative to group size 16. c, Specialization in task performance relative to group size. Each point represents one colony, and the line represents the mean value (Â±s.e.m.) across all 100 replicates for each group size. In b, c, model output is in black and experimental data are in red. d. Mean values (Â±s.e.m.) of the rank correlation, task entropy and task consistency metrics across all 100 replicates at each group size.


Extended Data Fig. 7 The effect of stochasticity and specialization on proxies for fitness.
One hundred replicates were simulated per group size. Parameter settings for the deterministic model can be found in theÂ Supplementary Methods; departures from deterministic model parameters are as in Extended Data Fig.Â 6. a, Short-term (single time step) stimulus fluctuations averaged across both tasks are shown across group sizes and for all models. b, Short-term (single time step) fluctuations in task performance frequency (measured by the proportion of the colony performing each task), averaged across both tasks, are shown across group sizes and for all models. c, Task neglect averaged across both tasks is shown across group sizes and for all models. In aâ€“c, points represent the described averages, which have been further averaged (meanâ€‰Â±â€‰s.e.m.) across nâ€‰=â€‰100 replicate colonies of a given size. d, e, Relationship between specialization and short-term stimulus fluctuations (d) or short-term fluctuations in task performance frequency (e), in the full model when controlling for group size. Each point represents one simulated colony.


Extended Data Fig. 8 Behavioural homeostasis increases with group size.
a, Day-to-day fluctuations in colony mean r.m.s.d. (meanâ€‰Â±â€‰s.e.m.) decrease with group size (Ï‡2â€‰=â€‰21.30, Pâ€‰=â€‰3.93Â Ã—Â 10âˆ’6). Asterisks represent colony-level data. b, Mean spatial fidelity increases with group size. Black, colony mean r.m.s.d. as a function of group size (meanâ€‰Â±â€‰s.e.m.). Blue, 95% confidence intervals under the null hypothesis of no group-size effect on individual behaviour, generated by resampling individuals from colonies of size 16 (Extended Data Fig.Â 5a). Sample sizes are as in a. In both panels, data for genotypes A and B are pooled.


Extended Data Fig. 9 Task neglect.
a, Manually annotated nest area (blue) and control area (red) generated by rotating the nest area by 180Â° around the centre of the Petri dish. b, Task neglect (meanâ€‰Â±â€‰s.e.m.) decreases with group size. The proportion of frames in which no ant was found near the brood as a function of group size. Black, observed task neglect. Red, expected task neglect. c, Effective task neglect (meanâ€‰Â±â€‰s.e.m.) decreases with group size (Ï‡2â€‰=â€‰13.36, Pâ€‰=â€‰2.57Â Ã—Â 10âˆ’4). The difference between observed and expected task neglect is shown as a function of group size. Sample sizes are as in b. In b, c, data for genotypes A and B are pooled and asterisks represent colonies.


Extended Data Fig. 10 Control experiments.
a, b, Paint-marking did not disproportionately affect small colonies. Red asterisks indicate control colonies composed of unmarked ants; otherwise, data are as in Fig.Â 4b, c. a, Growth in colonies of unmarked ants (meanâ€‰Â±â€‰s.e.m.). Colony growth was unaffected by paint-marking (Ï‡2â€‰=â€‰2.71, Pâ€‰=â€‰0.10), the interaction of paint-marking with group size (Ï‡2â€‰=â€‰0.31, Pâ€‰=â€‰0.58) or the interaction of paint-marking with genotype (Ï‡2â€‰=â€‰0.17, Pâ€‰=â€‰0.68). b, Larval time-to-eclosion in colonies of unmarked ants (meanâ€‰Â±â€‰s.e.m.). Time to eclosion of larvae was increased by paint-marking of the workers (square-root-transformed time to eclosion: Ï‡2â€‰=â€‰8.98, Pâ€‰=â€‰0.003), but paint-marking did not interact with group size (Ï‡2â€‰=â€‰0.09, Pâ€‰=â€‰0.77) or genotype (Ï‡2â€‰=â€‰0.22, Pâ€‰=â€‰0.64). câ€“g, Effects of density on behaviour and fitness. Colonies consisted of 4 or 16 workers (and a matching number of larvae) in small or large Petri dishes (SB and LB, respectively), corresponding to 3 densities (shades of blue). c, Mean spatial fidelity (meanâ€‰Â±â€‰s.e.m.) was affected by group size (Ï‡2â€‰=â€‰6.49, Pâ€‰=â€‰0.01), box size (Ï‡2â€‰=â€‰38.46, Pâ€‰=â€‰5.6 Ã— 10âˆ’10) and density (group size:box size: Ï‡2â€‰=â€‰6.76, Pâ€‰=â€‰0.009). d, Behavioural variation (meanâ€‰Â±â€‰s.e.m.) was affected by group size (Ï‡2â€‰=â€‰7.44, Pâ€‰=â€‰0.006) but not by box size (Ï‡2â€‰=â€‰0.08, Pâ€‰=â€‰0.77) or density (group size:box size: Ï‡2â€‰=â€‰3.50, Pâ€‰=â€‰0.06). e, Behavioural consistency (meanâ€‰Â±â€‰s.e.m.) was not affected by group size (Ï‡2â€‰=â€‰0.03, Pâ€‰=â€‰0.87), box size (Ï‡2â€‰=â€‰0.22, Pâ€‰=â€‰0.64) or density (group size:box size: Ï‡2â€‰=â€‰0.02 Pâ€‰=â€‰0.88). Behavioural consistency was transformed by (behavioural consistencyÂ +Â 0.21)1.5. f, Colony growth (meanâ€‰Â±â€‰s.e.m.) was affected by group size (Ï‡2â€‰=â€‰3.91, Pâ€‰=â€‰0.048), but not by box size (Ï‡2â€‰=â€‰0.04, Pâ€‰=â€‰0.85) or density (group size:box size: Ï‡2â€‰=â€‰1.00, Pâ€‰=â€‰0.32). Colony growth was transformed by (growthÂ +Â 0.4)1.9. Thus, the effect of density is small relative to that of group size, and variation in density alone is therefore very unlikely to have confounded our results. g, Larval time-to-eclosion (meanâ€‰Â±â€‰s.e.m.) was affected by group size (Ï‡2â€‰=â€‰35.74, Pâ€‰=â€‰2.26Â Ã—Â 10âˆ’9) and box size (Ï‡2â€‰=â€‰10.45, Pâ€‰=â€‰0.001) but not by density (group size:box size: Ï‡2â€‰=â€‰0.67, Pâ€‰=â€‰0.41). Time to eclosion was transformed by (time to eclosion)âˆ’0.3. hâ€“j, Removing individuals with more than three ovarioles from analyses did not qualitatively affect our results. h, Mean spatial fidelity of the colony increases with group size. Black, mean r.m.s.d. (Â±s.e.m.) as a function of group size, after excluding individuals with four or more ovarioles. Blue, 95% confidence interval generated by resampling workers from 16-worker colonies (Extended Data Fig.Â 5a). i, Behavioural variation increases with group size. Black, standard deviation in r.m.s.d. per colony as a function of group size (meanâ€‰Â±â€‰s.e.m.), after excluding individuals with more than three ovarioles. Ninety-five per cent confidence intervals and sample sizes are as in a. j, Day-to-day rank consistency increases with group size. Black, mean r.m.s.d. rank correlation coefficients over consecutive days in the first brood care phase as a function of group size (meanâ€‰Â±â€‰s.e.m.), after excluding individuals with more than three ovarioles. Blue, 95% confidence intervals generated by randomizing daily ranks in each colony. In a, b, hâ€“j, data for genotypes A and B are pooled.
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