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Division of labor in work shifts 
by leaf‑cutting ants
Pedro B. Constantino1*, Veronica S. Valentinuzzi2 & André F. Helene1

Foraging rhythms in eusocial insects are determined by the colony´s overall pattern. However, in 
leaf‑cutting ant workers, individual rhythms are not fully synchronized with the colonies’ rhythm. The 
colony as a whole is nocturnal, since most worker activity takes place at night; however some workers 
forage during the day. Previous studies in individualized ants suggest nocturnal and diurnal workers 
coexistence. Here observations within the colony, in leaf‑cutting ants, showed that workers have 
differential foraging time preference, which interestingly is associated to body size and differential 
leaf transportation engagement. Nocturnal ants are smaller and less engaged in leaf transportation 
whereas diurnal ants are bigger and more engaged in leaf carriage. Mechanisms underlying division of 
labor in work shifts in ants are still unknown but much can be extrapolated from honeybees; another 
social system bearing a similar pattern. A collective organization like this favors constant exploitation 
of food sources while preserving natural individual rhythm patterns, which arise from individual 
differences, and thermal tolerance, given by the size polymorphism presented by this species.

Eusocial insect behavior is commonly analyzed in two distinct but not independent biological levels; these are 
(1) individual and (2)  collective1–6. The first concerns behavior of individuals as autonomous entities, owners 
of a nervous system, capable of information integration and responsiveness to environmental  stimuli7–10. The 
second concerns the colony as a unit capable of complex collective behaviors that may or may not directly reflect 
the behaviors of each  individual11–14.

Self-organization models settle as a powerful tool to explain how collective behaviors emerge from countless 
interactions between individuals within a  colony15,16. Individual behaviors are treated as a simple response to 
the environment in these  models17. However, such assumption does not allow a deeper evaluation of the physi-
ological and behavioral aspects of the individual.

Foraging is an example of a collective behavior displayed by colonies that involve individual behavioral 
 components2,6,18,19. Colonies of social wasps, bees and ants have a preferential foraging phase that describes 
species as nocturnal or  diurnal20–26. It is expected that the relationship between light–dark cycles and foraging 
rhythms to be given by the physiological system of endogenous  oscillator27. These oscillators are typically based 
in self-regulated clock genes feedback  loops28,29. Since genes are involved, the foraging rhythm would be expected 
to be inheritable, individual and common to all individuals, as workers are siblings and have a higher degree of 
kinship due to haplodiploid sexual  determination30,31. However, this is not the case in leaf-cutting ants.

Leaf-cutting ants build long foraging trails between nests and food  sources32–34. Previous studies described 
the foraging pattern of Atta cephalotes as nocturnal, since foraging trails had higher ant flows during the dark 
 phase35,36. However a small, but not negligible number of ants were observed during the light phase. Either these 
ants are arrhythmic or the workers are able to divide labor in work shifts.

Chronobiological experiments showed evidence that Camponotus compressus ants have the endogenous 
mechanism required to divide labor in work  shifts37. Despite the fact that these data was collected in isolated 
individuals, which can disrupt the natural behavior of a social  organism38, it is important evidence of a complex 
mechanism that underlies individual behavior to collective synchronization.

In the present work another approach was used to identify if leaf-cutting ants are work shifters. To do so, 
groups of ants from laboratory kept colonies (12:12 LD cycle) were marked in four distinct 2-h shifts (two dur-
ing the light phase and two during dark phase). The distribution of these marked ants was then observed for the 
following five consecutive days after marking. Other variables measured were total ant flow, to characterize the 
colony’s foraging rhythm, and total leaf transportation to measure foraging efficiency during the different phases. 
Since leaf-cutting ants have a high degree of  polymorphism39,40, ant size was also quantified and the relationship 
between size, physiology and behavior was proposed to explain the results.
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Materials and methods
Six Atta sexdens colonies kept in laboratory were used. Two weeks before the beginning of the experiment, 
each colony was moved to the test room for adaptation to a highly controlled environmental condition—tem-
perature: 25  ± 1 ºC; relative humidity: 70 ± 2%; photoperiod: 12:12 LD (lights on at 06:00 h). The colonies were 
kept in plastic trays (H × L × W: 65 × 45 × 25 cm) and the fungus garden was raised in a plastic cylinder (D × L: 
24 × 25 cm) inside the plastic tray. A 1.5 m wooden bridge connected the colony tray with a same size but empty 
tray, hereinafter referred as foraging tray. Fresh Acalipha sp. leaves were offered ad libitum as food source (Fig. 1). 
Experiments were 6 days long: one marking day and five observation days.

Marking. Ant marking took place in what will be called day 0. Four, 2-h-long intervals (called “work shifts”) 
were selected within a 24 h cycle as follows—During the light phase: L1 (10:00–12:00) and L2 (14:00–16:00); 
and during the dark phase: D1 (22:00–00:00) and D2 (02:00–04:00). These shifts were chosen to avoid proximity 
to the dark–light and light–dark transitions. During each selected shift interval, loaded ants returning from the 
foraging tray were removed from the trail and manually marked with a SHARPIE oil-based  ink41. Each group 
was marked with a unique pattern allowing identification in posterior observations.

Observation. At the end of the foraging trail a LOGITECH c920 HD Pro Webcam connected to a computer 
running the surveillance software ISPY was placed (Fig. 1). The schedule function was used to record 2-h-long 
videos during the same work shifts when marking took place. Videos were recorded daily during the five con-
secutive days that followed marking. For night recording we used red LED lamps that only emit electromagnetic 
waves of > 650 nm, and less than 1 lx of intensity, which are invisible to ants, since they do not have photorecep-
tors to this  wavelength42.

Videos were analyzed collecting the following data: (1) total number of marked ants from each group that 
crossed the bridge; (2) total number of leaves carried. These data allowed comparison of the number of marked 
ants in each shift within a day and between days. In each video, an (3) estimated value of the total flow was 
obtained by counting the total number of ants that crossed the bridge during 12 random minutes within the 
120 min video interval.

A correlation between ant flow and leaf transportation was made using data from total number of leaves 
carried and the total estimate ant flow for each light or dark condition. This correlation, here named foraging 
efficiency, allows analysis of the colony’s retrieving food effort and how it varies during the different phases.

Ant measurements. During the observations it appeared that ants marked on light phase and night phase 
were from different sizes. Since leaf-cutting ants presents a high degree of polymorphism it seemed reasonable to 
assume that this difference could have a biological significance. Thus, ants were digitally measured on replica 5 
and 6 since a metric scale was placed in the webcam field view, to test the hypothesis of morphological difference 
among day ants and night ants. This metric scale was used to standardize pixel length obtained from IMAGEJ 
measure function taken from whole body of ants passing through. Body length from 705 ants distributed on the 
four shifts during the five testing days was measured using IMAGEJ software. Those 705 ants were selected from 
400 frames of videos from 2 out of 6 replicas.

Figure 1.  Experimental setup schematics. (a) Spatial disposition of colonies areas, highlighting nest tray, 
connective bridge and foraging tray. (b) Selected work shifts from 24 h period: L1 (10:00–12:00) and L2 
(14:00–16:00) and during the dark phase D1 (22:00–00:00) and D2 (02:00–04:00). Note that work shifts are far 
from crepuscular phase and are disposed 2 h apart in same lighting condition and 12 h apart in opposite light 
condition.
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Statistical analyses. Collected data were from observed ants in different shifts and days. Since data were 
not normally distributed, to compare the number of ants observed in different shifts and days, a set of general-
ized linear mixed model (GLMM) were fitted using a Poisson distribution. Number of marked observed ants 
was the response variable and as fixed effects it was used ‘work shift’ (L1, L2, D1 and D2) and ‘observation day’ 
(1, 2, 3, 4 and 5); experimental colony was used as random factor. The model that accounted for interactions 
between fixed factors was used, since there was this kind of interactions (see results below). Following with the 
model analysis a post-hoc test was made to determine overall patterns within fixed factors. To analyze overall 
ant flow regardless of marked ants a Kruskall-Wallis (KW) test was performed with a Dunn post-hoc test for 
multiple comparisons between groups. Linear regression analyses were performed to compare the correlation 
between total estimated ant flow and total leaf transportation during the light or dark phase. Ant size data were 
normally distributed, so analysis of variance (ANOVA) was performed followed by a Tukey post-hoc analyses for 
multiple comparisons. All the graphs and analyses were performed in R version 3.5.1. Anova, Tukey’s post-hoc 
test, Kruskall–Wallis test and linear regression analyses were available in basic stats package. Dunn’s post-hoc 
test was available in ‘FSA’ package. GLMM analyses were performed using the ‘glmer’ function in ‘lme4’ package 
and ‘emmeans’ function in ‘emmeans’ package for post-hoc tests. Graphs were made using ‘ggplot2’ package.

Results
Collective foraging characterization. The colony as a whole had a preferential phase with a strong noc-
turnal foraging activity: mean number of ant flow was 1659 individuals during the light phase (work shifts L1 
and L2) and 3271 during the dark phase (work shifts D1 and D2). It is also possible to observe that total ant flow 
varied among the selected work shift intervals. Colony activity was bigger during work shift D1 (mean number 
of ants: 3952) and smaller during work shift L1 (mean number of ants: 1509) (ant flow KW: χ2 = 33.324, df = 3, 
p < 0.001) (Fig. 2).

Number of marked ants. A total number of 678 ants were marked throughout 6 replicas. The distribution 
of marked ants by replica and work shift can be found at Table 1. There were an uneven number of ants marked 
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Figure 2.  Total ant flow, regardless of marked ants, observed in each work shift for the 5 observation days. 
Boxplots represents the distribution of marked ants observed for the 5 day period and for the 6 colonies 
analyzed. Note that ant flow was bigger during night, especially for work shift D1, than day (ant flow KW: 
χ2 = 33.324, df = 3, p < 0.001). Letters above boxplots indicate statistically different distributions in a Dunn’s post-
hoc test of a Kruskal–Wallis test at p < 0.05.

Table 1.  Number of marked ants in each work shift of each replica.

L1 L2 D1 D2

Replica 1 30 46 48 19

Replica 2 21 17 14 9

Replica 3 49 29 61 29

Replica 4 23 31 25 23

Replica 5 31 12 15 15

Replica 6 35 39 28 29

Mean 31.5 29 31.8 20.7

SD 10.03 12.85 18.84 7.94
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in each replica. This is mostly due to foraging activity differences in different work shifts and also in different 
engagement in foraging activity for different lighting conditions (see “Discussion” below for a deeper evalua-
tion).

Temporal division of foraging behavior in work shifts. In Fig.  3a–d, it is possible to observe the 
distribution of marked ants in each selected work shift interval. The results show that both work shift and obser-
vation day had an effect on reappearance of marked ants (see below). Ants that were marked foraging at any of 
the four intervals during day 0 tended to forage during the same interval at the following five days. It is worth 
pointing out that lighting condition, rather than the work shift, was more important to explain reappearance.

Ants marked on L1 tended to forage more often in the L2 phase (GLMM: z = 22.68, p < 0.001), as does the 
ants marked on L2 (GLMM: z = 14.11, p < 0.001). Post-hoc analysis showed that both of these groups foraged 
less frequently at phase D2. On the other hand ants marked on D1 tended to forage more often in the D1 phase 
(GLMM: z = 11.69, p < 0.001), as does the ants marked on D2 (GLMM: z = 10.37, p < 0.001). Post-hoc analysis 
showed that both of these groups foraged less frequently at phase L1. There was a preferential work shift for 
foraging and another that was rejected in antiphase, that is, 12 h apart from each other. While during the inter-
mediate work shifts, an intermediate foraging level was observed, as post-hoc analysis within fixed factor ‘work 
shift’ (letters above boxplots in Fig. 3).

GLMM analyses detected interactions between fixed factors ‘work shift’ and ‘observation day’. (Ants L1: work 
shift × observation day, z = − 6.085, p > 0.001; Ants L2: work shift x observation day, z = − 2.384, p = 0.017; Ants 
D1: work shift × observation day, z = 2.613, p = 0.008; Ants D2: work shift × observation day, z = 2.459, p = 0.013). 
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Figure 3.  Distribution of marked ants in each work shift for the 5 observation days. Boxplots represents the 
distribution of marked ants observed for the 5 day period and for the 6 colonies analyzed. (a) Ants marked on 
L1 tended to forage at L2 work shift; (b) ants marked on L2 tended to forage at L2 work shift; (c) ants marked 
on D1 tended to forage at D1 work shift; (d) ants marked on D2 tended to forage at D1 work shift. Letters above 
boxplots indicate statistically different distributions using Tukey method for comparing a family of 4 estimates.



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8737  | https://doi.org/10.1038/s41598-021-88005-0

www.nature.com/scientificreports/

Posterior analyses showed that this interaction is due to an overall reduction in reappearance of marked ants 
in later observation days regardless of the work shift. Thus, the effect of work shift is still a strong predictor of 
reappearance of marked ants.

Foraging efficiency. A mean of 4.4% of returning ants were carrying a leaf fragment. Although it is a small 
proportion, it is consistent with previous observations of foraging efficiency in leaf-cutting ants. However, forag-
ing efficiency, defined as proportional number of ants engaged in carrying (i.e., number of loaded returning ants 
as a function of total flow), changes with time of day. During daytime this proportion (5.4%) was consistently 
bigger than nighttime (3.4%) (Fig. 4) (lm:  F(1, 116) = 18.926, p < 0.001) meaning that there was a higher propor-
tional engagement on food collection during the day relative to the night.

Ant size. During the four work shifts of the five observation days, 705 unmarked ants were measured. Day 
ants (work shifts L1 and L2) were consistently bigger in size than night ants (work shifts D1 and D2) (ANOVA: 
 F(3, 701) = 88.04, p < 0.001). As Fig. 5 shows there is no difference in size between work shifts in the same lighting 
condition. In other words, what seems to influence ant size is phase rather than the work shift.
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Figure 4.  Leaf transportation as a function of total ant flow for the two lighting conditions. Note that foraging 
efficiency, given by the slope of the curves, varies between day and night (lm:  F(1, 116) = 18.926, p < 0.001). 
Foraging during day, although less frequent, is more efficient. Inserted boxplot indicates the amount of leaf 
transported during day and night.
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Figure 5.  Boxplots showing body size (cm) distribution of ants measured in each selected work shift (ANOVA: 
 F(3, 701) = 88.04, p < 0.001). Letters above boxplots indicate statistically different distributions in a Tukey’s post-hoc 
test of an ANOVA.
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Discussion
Results clearly show two different colony activity states: (i) A high-flow nocturnal activity of smaller individuals 
but with a proportionally lower number of ants engaged in carrying leafs; and (ii) a diurnal low-flow activity of 
bigger ants but with a proportionally higher number of ants engaged in carrying. These results are in agreement 
with and expand data presented in previous work that show that Atta sp. colonies have a preferential nocturnal 
foraging behavior with a small but considerable number of ants foraging during the light  phase35,36.

The observation of marked ants shows that night ants and day ants do not have the same foraging time pref-
erence. As Fig. 3A–D shows, marked ants have a preference to forage in the same lighting conditions as during 
the marking day 0. The lighting condition is the defining factor influencing foraging behavior, rather than work 
shift. L2 and D1 ants prefer to forage in the same work shift as in day 0, however L1 and D2 ants prefer to forage 
during work shifts L2 and D1, respectively.

There is a striking feature about these results that must be addressed. Although  literature35,36 and our data 
show that the main activity for the whole colony takes place in night phase, there were a considerable number 
of marked ants wandering both in L1 and L2 phases. There were also more ants marked in L1 and L2 than in D1 
and D2. It seems contradictory, however, as Fig. 4 shows, there is a higher flow during night, but, fewer ants are 
engaged to foraging. Also, as Fig. 3 shows, although fewer ants were marked, night phases had higher reappear-
ance of D1 and D2 ants. Thus, these collective pattern may have biased the number of marked ants, but, it only 
sustain our hypothesis about two different colony states, since it is a measure of differential ants engagement to 
foraging in different day phases.

Since the observed colonies revealed these two activity states that clearly correlated with phase, and that ants 
appearing in each state were also different in size, it is reasonable to assume that the colonies activity expresses 
a natural temporal division of labor in work shifts. This organization is particularly interesting for a system that 
works around the clock. Assuming the biological need to rest, ants that work nonstop would have a lower life span 
and a reduced task  performance43–45. Therefore, division of labor in work shifts in leaf-cutting ants allows for a 
continuous colony activity that respects natural individual biological rhythms but assures efficiency of the colony.

Data shows a substantial difference in day-night ratio of foraging activity from laboratory to environmental 
 conditions36. It may be possible that such variations could happen in nature as a response to seasonal variations. 
However, our experiments were carried in controlled conditions of photoperiod, temperature and humidity. 
This means that our results present an unbiased, unmasked expression of colony activity  rhythm27. Hence the 
differences observed in natural and laboratory conditions.

Moreover, division of labor in work shifts of leaf-cutting ants is possible because there are individuals with 
particular associations between activity and lighting conditions. This was demonstrated in previous studies. 
Different Camponotus workers show a naturally expressed diurnal, nocturnal or even arrhythmic activity pat-
terns, depending on the  individual37. Also, they can adjust activity to address different feeding times and social 
 contexts46. Similarly, Diacamma sp. nurses are able to change their activity pattern when paired to different brood 
types (i.e., eggs, larvae or pupae) 47. These data strongly suggest that activity rhythms in ants can be plastic and 
match either the internal state or environmental stimuli.

The mechanisms underlying division of labor in work shifts remain unknown, but some hypothesis can be 
extrapolated from other social insects. Honeybee nurses and foragers have a different relation between activity 
and environmental cycles: nurses are younger and work around the clock inside the beehives caring for the queen 
and juveniles, while foragers are older and diurnal, seeking and retrieving food outside the  colony48. This pattern 
is closely related to worker’s physiology, for instance in nurses, clock genes are not expressed  rhythmically49,50 
and they have lower levels of juvenile hormone compared to foragers. On the other hand, foragers have a strong 
diurnal activity pattern, clock genes that are rhythmically expressed and higher levels of juvenile  hormone51. It is 
worth pointing out that biological rhythms arise in foragers only when workers begin to face the cyclic environ-
ment. A similar physiological pattern could rule division of labor in leaf-cutting ants.

The workers patriline is another aspect to be considered in this discussion. As in honeybees, queens of leaf-
cutting ants mate with several males before founding a colony (i.e. polyandry). This means that workers are 
offspring from the same mother but carry genes from different fathers. In honeybees this differential patriline 
influences in the workers’ time-foraging  preference52.

Although the genetic aspects of behavior are promising, no gene was studied. The only difference detected 
between day (L1 and L2) and night ants (D1 and D2) is body size. Leaf-cutting ants have a high degree of poly-
morphism which implies differences in metabolism, physiology and  behavior18,39,40,53,54. Day ants are bigger 
than night ants (Fig. 5). It is possible that this morphological difference reflects an adaptation to environmental 
conditions faced by workers during their foraging time. It is known that for insects, including ants, there is a 
relationship between body mass and thermal resistance: bigger bodies are more resistant to high temperatures 
and to dehydration than smaller  bodies55–57. As Atta sexdens ants belong to a tropical environment and forage 
in long trails above the ground it is reasonable to hypothesize that bigger workers, whose thermal resistance is 
higher, were selected to forage during daytime while smaller workers, less tolerant to heat, were selected to for-
age during nighttime. Obviously, this hypothesis requires premises that natural selection acts on the individuals 
rather than on the colony itself, which is still an unsolved evolutionary  challenge58–61.

Division of labor in work shifts allows a continuous exploitation of food sources. As Fig. 4 shows, despite 
small, there were always a number of ants returning to the nest carrying leaf fragments; this is compatible with 
field  observations35,36. However, the colony’s foraging effort and efficiency were different at each time phase (3.4% 
during the dark phase; 5.4% during light phase). Even though more leaves were fetched during nighttime, the 
proportion of loaded ants returning to the nest was bigger during daytime (Fig. 5).

Moreover, previous studies show that foraging tasks are partitioned between two body size castes. Bigger 
ants frequently transport leaf fragments that were cut by other ants, while smaller ants cut and transport their 
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own  fragments62. As discussed above, bigger ants are present in trails more frequently during the light phase, 
which implies more transport. Meanwhile, during the night smaller ants could cut leaf fragments leaving them 
to be transported by other ants. Since night flow is higher, total leaf transport is expected to be higher as well. 
However, day flow is made by bigger ants, whose engagement in transport is proportionally bigger. Hence the 
pattern observed in Fig. 4; ants proportionally carrying more leaf during day than night, although the absolute 
number of leaf transported is bigger during night.

Division of labor in work shifts were described only in higher social organizations such as  bees43,49,52,  ants37,47 
and  humans63. There is a possibility that this pattern emerges only in social organizations due to an intrinsic need 
of nonstop activity (i.e. constant care of others). Therefore, it could be an adaptation to life in society.

Results presented here elucidate how leaf-cutting ants, whose foraging trails bear workers around the clock, 
are capable of dividing labor in work shifts. Such results were obtained observing workers foraging behavior 
within colonies in a controlled environment. It was possible to establish how workers with different activity pat-
terns organize themselves during collective foraging. These data agree with previous results in leaf-cutting ants as 
well as other eusocial species, such as bees and other ant species. Our results contribute to a better understand-
ing of how individuals within a colony can divide labor temporally opening possibilities for novel research in 
behavioral genetic and physiology of eusocial insects.

Received: 8 October 2019; Accepted: 31 August 2020

References
 1. Roces, F. Individual complexity and self-organization in foraging by leaf-cutting ants. Biol. Bull. 202, 306–313 (2002).
 2. Cerdá, X., Angulo, E., Boulay, R. & Lenoir, A. Individual and collective foraging decisions: A field study of worker recruitment in 

the gypsy ant Aphaenogaster senilis. Behav. Ecol. Sociobiol. 63, 551–562 (2009).
 3. Dussutour, A., Deneubourg, J.-L., Beshers, S. & Fourcassié, V. Individual and collective problem-solving in a foraging context in 

the leaf-cutting ant Atta colombica. Anim. Cogn. 12, 21–30 (2009).
 4. Leboeuf, A. C. & Grozinger, C. M. Me and we: The interplay between individual and group behavioral variation in social collec-

tives. Curr. Opin. Insect Sci. 5, 16–24 (2014).
 5. Feinerman, O. & Korman, A. Individual versus collective cognition in social insects. J. Exp. Biol. 220, 73–82 (2017).
 6. Frank, E. T. & Linsenmair, K. E. Individual versus collective decision making: Optimal foraging in the group-hunting termite 

specialist Megaponera analis. Anim. Behav. 130, 27–35 (2017).
 7. Menzel, R., Leboulle, G. & Eisenhardt, D. Small brains, bright minds. Cell 124, 237–239 (2006).
 8. Leadbeater, E. & Chittka, L. Social learning in insects—From miniature brains to consensus building. Curr. Biol. 17, 703–713 

(2007).
 9. Giurfa, M. Cognition with few neurons: Higher-order learning in insects. Trends Neurosci. 36, 285–294 (2013).
 10. Guerrieri, F. J. & D’Ettorre, P. Associative learning in ants: Conditioning of the maxilla-labium extension response in Camponotus 

aethiops. J. Insect Physiol. 56, 88–92 (2010).
 11. Gordon, D. M. The dynamics of the daily round of the harvester ant colony (Pogonomyrmex barbatus). Anim. Behav. 34, 1402–1419 

(1986).
 12. Goss, S., Aron, S., Deneubourg, J. L. & Pasteels, J. M. Self-organized shortcuts in the Argentine ant. Naturwissenschaften 76, 579–581 

(1989).
 13. Gordon, D. M. The organization of work in social insect colonies. Nature 380, 121–124 (1996).
 14. Czaczkes, T. J. et al. Composite collective decision-making. Proc. Biol. Sci. 282, 20142723 (2015).
 15. Bonabeau, E., Theraulaz, G., Deneubourg, J.-L., Aron, S. & Camazine, S. Self-organization in social insects. TREE 12, 188–194 

(1997).
 16. Boomsma, J. J. & Franks, N. R. Social insects: From selfish genes to self organisation and beyond. Trends Ecol. Evol. 21, 303–308 

(2006).
 17. Camazine, S., Deneubourg, J.L., Franks, N.R., Sneyd, J., Theraulaz, G., Bonabeau, E. Self-Organization in Biological Systems. 

(Princeton University Press, 2003).
 18. Constant, N., Santorelli, L.A., Lopes, J.F.S., Hughes, W.O.H. The effects of genotype, caste, and age on foraging performance in 

leaf-cutting ants. Behav. Ecol. 23, 1284–1288 (2012).
 19. Feinerman, O. & Traniello, J. F. A. Social complexity, diet, and brain evolution: Modeling the effects of colony size, worker size, 

brain size, and foraging behavior on colony fitness in ants. Behav. Ecol. Sociobiol. 70, 1063–1074 (2016).
 20. McCluskey, E.S. Circadian-rhythms in male-ants of five diverse species. Science (80- ) 150, 1037–1039 (1965).
 21. North, R. D. Circadian rhythm of locomotor activity in individual workers of the wood ant Formica rufa. Physiol. Entomol. 12, 

445–454 (1987).
 22. Cros, S., Cerdá, X., Retana, J., De, E. U. & De, C. F. Spatial and temporal variations in the activity patterns of Mediterranean ant 

communities. Écoscience 4, 269–278 (1997).
 23. Bellusci, S. & David, M. M. Circadian activity rhythm of the foragers of a eusocial bee (Scaptotrigona aff depilis, Hymenoptera, 

Apidae, Meliponinae) outside the nest. Biol. Rhythm Res. 32, 117–124 (2001).
 24. Narendra, A., Reid, S.F., Greiner, B., Peters, R.A., Hemmi, J.M., Ribi, W.A. et al. Caste-specific visual adaptations to distinct daily 

activity schedules in Australian Myrmecia ants. Proc. Biol. Sci. 278, 1141–1149 (2011).
 25. Yilmaz, A., Aksoy, V., Camlitepe, Y. & Giurfa, M. Eye structure, activity rhythms, and visually-driven behavior are tuned to visual 

niche in ants. Front. Behav. Neurosci. 8, 205 (2014).
 26. Nickele, M. A., Filho, W. R., Pie, M. R. & Penteado, S. R. C. Daily foraging activity of Acromyrmex (Hymenoptera: Formicidae) 

leaf-cutting ants. Sociobiology 63, 645–650 (2016).
 27. Aschoff, J. Exogenous and endogenous components in circadian rhythms. Cold Spring Harb. Symp. Quant. Biol. 25, 11–28 (1960).
 28. Hall, J. C. Genetics and molecular biology of rhythms in Drosophila and other insects. Adv. Genet. 48, 1–280 (2003).
 29. Sandrelli, F., Costa, R., Kyriacou, C. P. & Rosato, E. Comparative analysis of circadian clock genes in insects. Insect Mol. Biol. 17, 

447–463 (2008).
 30. Hamilton, W. D. The genetical evolution of social behaviour. I. J. Theor. Biol. 7, 1–16 (1964).
 31. Abbot, P., Abe, J., Alcock, J., Alizon, S., Alpedrinha, J.A.C., Andersson, M. et al. Inclusive fitness theory and eusociality. Nature 

471, E1–E4 (2011).
 32. Kost, C., De Oliveira, E. G., Knoch, T. A. & Wirth, R. Spatio-temporal permanence and plasticity of foraging trails in young and 

mature leaf-cutting ant colonies (Atta spp.). J. Trop. Ecol. 21, 677–688 (2005).
 33. Bochynek, T., Meyer, B. & Burd, M. Energetics of trail clearing in the leaf-cutter ant Atta. Behav. Ecol. Sociobiol. 71, 1–10 (2017).



8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:8737  | https://doi.org/10.1038/s41598-021-88005-0

www.nature.com/scientificreports/

 34. Bouchebti, S., Travaglini, R. V., Forti, L. C. & Fourcassié, V. Dynamics of physical trail construction and of trail usage in the leaf-
cutting ant Atta laevigata. Ethol. Ecol. Evol. 31, 105–120 (2019).

 35. Cherrett, J. M. The foraging behavior of Atta cephalotes L. J. Anim. Ecol. 37, 387–403 (1968).
 36. Lewis, T., Pollard, G.V., Dibley, G.C. Rhythmic foraging in the leaf-cutting ant Atta cephalotes (L.) (Formicidae: Attini). J. Anim. 

Ecol. 43, 129 (1974).
 37. Sharma, V. K., Lone, S. R., Mathew, D., Goel, A. & Chandrashekaran, M. K. Possible evidence for shift work schedules in the media 

workers of the ant species Camponotus compressus. Chronobiol. Int. 21, 297–308 (2004).
 38. Koto, A., Mersch, D., Hollis, B. & Keller, L. Social isolation causes mortality by disrupting energy homeostasis in ants. Behav. Ecol. 

Sociobiol. 69, 583–591 (2015).
 39. Wilson, E.O. Caste and division of labor in leaf-cutter ants (Hymenoptera: Formicidae: Atta) I. The overall pattern in A. sexdens. 

Behav. Ecol. Sociobiol. 7, 143–156 (1980).
 40. Wilson, E.O. Caste and division of labor in leaf-cutter ants (Hymenoptera : Formicidae : Atta) II. The ergonomic optimization of 

leaf cutting. Behav. Ecol. Sociobiol. 7, 157–165 (1980).
 41. Holbrook, C. T., Eriksson, T. H., Overson, R. P., Gadau, J. & Fewell, J. H. Colony-size effects on task organization in the harvester 

ant Pogonomyrmex californicus. Insect. Soc. 60, 191–201 (2013).
 42. Martinoya, C., Bloch, S., Ventura, D. F. & Puglia, N. M. Spectral efficiency as measured by ERG in the ant (Atta sexdens rubropilosa). 

J. Comp. Physiol A 104, 205–210 (1975).
 43. Kaiser, W. Busy bees need rest, too. J. Comp. Physiol. A 163, 565–584 (1988).
 44. Sauer, S., Herrmann, E. & Kaiser, W. Sleep deprivation in honey bees. J. Sleep Res. 13, 145–152 (2004).
 45. Klein, B. A., Klein, A., Wray, M. K., Mueller, U. G. & Seeley, T. D. Sleep deprivation impairs precision of waggle dance signaling 

in honey bees. Proc. Natl. Acad. Sci. 107, 22705–22709 (2010).
 46. Mildner, S. & Roces, F. Plasticity of daily behavioral rhythms in foragers and nurses of the ant Camponotus rufipes: Influence of 

social context and feeding times. PLoS ONE 12, e0169244 (2017).
 47. Fujioka, H. et al. Ant circadian activity associated with brood care type. Biol. Lett. 13, 20160743 (2017).
 48. Klein, B. A., Olzsowy, K. M., Klein, A., Saunders, K. M. & Seeley, T. D. Caste-dependent sleep of worker honey bees. J. Exp. Biol. 

211, 3028–3040 (2008).
 49. Bloch, G., Toma, D. P. & Robinson, G. E. Behavioral rhythmicity, age, division of labor and period expression in the honey bee 

brain. J. Biol. Rhythms 16, 444–456 (2001).
 50. Bloch, G. The social clock of the honeybee. J. Biol. Rhythms 25, 307–317 (2010).
 51. Bloch, G., Sullivan, J. P. & Robinson, G. E. Juvenile hormone and circadian locomotor activity in the honey bee Apis mellifera. J. 

Insect Physiol. 48, 1123–1131 (2002).
 52. Bernhard Kraus, F., Gerecke, E., Moritz, R.F.A. Shift work has a genetic basis in honeybee pollen foragers (Apis mellifera L.). Behav. 

Genet. 41, 323–328 (2011).
 53. Wilson, E.O. Caste and division of labor in leaf-cutter ants (Hymenoptera: Formicidae: Atta) III. Ergonomic resiliency in foraging 

by A. cephalotes. Behav. Ecol. Sociobiol. 14, 55–60 (1983).
 54. Detrain, C., Pasteels, J.M. Caste differences in behavioral thresholds as a basis for polyethism during food recruitment in the ant, 

Pheidole pallidula (Nyl.) (Hymenoptera: Myrmicinae). J. Insect Behav. 4, 157–176 (1991).
 55. Lighton, J. R. B. & QuinlanJr, M. C. D. H. F. Is bigger better? Water balance in the polymorphic desert harvester ant Messor per-

gandei. Physiol. Entomol. 19, 325–334 (1994).
 56. Cerdá, X. & Retana, J. Links between worker polymorphism and thermal biology in a thermophilic ant species. Oikos 78, 467 

(1997).
 57. Clémencet, J., Cournault, L., Odent, A. & Doums, C. Worker thermal tolerance in the thermophilic ant Cataglyphis cursor (Hyme-

noptera, Formicidae). Insectes Soc. 57, 11–15 (2010).
 58. Gadagkar, R. The evolution of caste polymorphism in social insects: Genetic release followed by diversifying evolution. J. Genet. 

76, 167–179 (1997).
 59. Helms Cahan, S. & Keller, L. Complex hybrid origin of genetic caste determination in harvester ants. Nature 424, 306–309 (2003).
 60. Fjerdingstad, E. J. & Crozier, R. H. The evolution of worker caste diversity in social insects. Am. Nat. 167, 390–400 (2012).
 61. Trible, W. et al. Orco mutagenesis causes loss of antennal lobe glomeruli and impaired social behavior in ants. Cell 170(727–735), 

e10 (2017).
 62. De, T. M. A. et al. Two castes sizes of leafcutter ants in task partitioning in foraging activity. Ciênc. Rural 46, 1902–1908 (2016).
 63. Sharkey, K. M. & Eastman, C. I. Melatonin phase shifts human circadian rhythms in a placebo-controlled simulated night-work 

study. Am. J. Physiol. Integr. Comp. Physiol. 282, R454–R463 (2002).

Acknowledgements
We would like to thank prof. Odair Costa Bueno from UNESP for providing colonies for the experiments. 
This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil 
(CAPES)—Finance Code 001; and also by process code no. 10/51587-3, Fundação de Amparo à Pesquisa do 
Estado de São Paulo (FAPESP).

Author contributions
P.B.C. collected data and prepared figures. All authors designed the experiments. A.F.H. and P.B.C. analyzed the 
data. All authors wrote and reviewed the manuscript.

Funding
This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil 
(CAPES)—Finance Code 001; and part by Fundação de Amparo à Pesquisa do estado de São Paulo—process 
code 10/51587-3.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.B.C.

Reprints and permissions information is available at www.nature.com/reprints.

www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8737  | https://doi.org/10.1038/s41598-021-88005-0

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Division of labor in work shifts by leaf-cutting ants
	Materials and methods
	Marking. 
	Observation. 
	Ant measurements. 
	Statistical analyses. 

	Results
	Collective foraging characterization. 
	Number of marked ants. 
	Temporal division of foraging behavior in work shifts. 
	Foraging efficiency. 
	Ant size. 

	Discussion
	References
	Acknowledgements


