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Abstract Age-based polyethism, wherein young indi-
viduals perform tasks within the nest and later transition
to outside activities, is common among many social
insects. This division of labor ensures the safety of
workers with longer residual lifespans, such as brood
caring nurses, and exposes only old individuals to in-
creased extrinsic mortality risks. It appears however,
that lifespan in workers is also shaped by intrinsic
factors, such as senescence. The transition from nurse
to forager is accompanied by various physiological and
behavioral changes and seems to represent a crucial step
in determining the subsequent life history of the indi-
vidual. Here we investigate the daily activity pattern and
detailed division of labor in colonies of the clonal ant
Platythyrea punctata to better understand the dynamics
of age polyethism in this peculiar species.We found that
P. punctata colonies were mostly active during the day.
At night, few workers were observed out of their nests.
Workers showed a decrease in brood care and aggres-
sive behavior over time.With increasing age individuals
spent more time outside the nest and were more fre-
quently observed walking. However, the transition to
outside tasks did not follow a consistent time pattern in
all colonies. Workers transitioning at a younger age

seemed to die earlier than workers that began to forage
later in life.
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Introduction

The elaborate division of labor of eusocial insects, such
as ants, bees, wasps, and termites, is one important
factor responsible for their ecological and evolutionary
success (Wilson 1971, 1985; Hölldobler and Wilson
1990).Within a colony, reproduction is allocated to only
one or a few highly fertile individuals. Non-
reproductive workers perform colony maintenance
tasks, such as brood-care, colony defense, and foraging
(Oster and Wilson 1978). Non-reproductive division of
labor may be associated with variation in body size and
morphology, differences in genotype, experience, or
social feedback (Jeanson and Weidenmüller 2014). In
addition, many eusocial insect species also display tem-
poral or age-based polyethism, wherein workers succes-
sively pass through phases of performing specific tasks
as they age (Oster and Wilson 1978; Robinson 1992;
Beshers and Fewell 2001). Young individuals typically
focus on tasks in the nest and switch to working outside
when they are older (Wilson 1971; Oster and Wilson
1978). This transition involves considerable behavioral,
transcriptomic, and physiological changes, including
altered hormone and protein levels, a decline in immu-
nity, and accelerated aging (Robinson 1987; Page and
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Peng 2001; Amdam et al. 2004; Giray et al. 2005; Smith
et al. 2011; Bernadou et al. 2015).Most of these changes
seem to be reversible to some extent, and the option to
accelerate or delay the behavioral development of
workers might help colonies to more easily adapt to
changes in colony demography and environmental con-
ditions (Robinson 1992). However, young workers
forced to forage prematurely and older foragers
returning to nursing are often less efficient (Robinson
et al. 1992; Toth and Robinson 2005; Amdam et al.
2005; Page and Amdam 2007; Giehr et al. 2017). In any
case, the age at the transition from inside to outside tasks
represents an important regulator of colony dynamics
and performance, and on the individual level it strongly
influences residual lifespan of the worker (Sakagami
and Fukuda 1968; Guzmán-Novoa et al. 1994; Rueppell
et al. 2007, 2008, 2009; Santana Vieira et al. 2010;
Kwapich and Tschinkel 2016).

The pone r i n e an t Pla t y t hy r ea punc ta t a
(Formicidae) is a suitable system for investigations
about what proximately underlies division of labor
among monomorphic individuals and the conse-
quences of division of labor on lifespan (Bernadou
et al. 2015, 2018). In most studied populations of this
ant, colonies do not contain mated queens or
gamergates (mated workers). Instead, all unmated
workers are in principle capable of producing female
offspring from unfertilized eggs by thelytokous par-
thenogenesis (Heinze and Hölldobler 1995; Brunner
et al. 2009). Young workers establish rank orders
through aggressive behaviors such as antennal boxing
and biting (Heinze and Hölldobler 1995; Hartmann
et al. 2003). In each colony only one or occasionally a
few dominant workers begin to lay eggs, while all
other workers refrain from reproduction. Reproduc-
tive workers live significantly longer than their coeval
non-reproductive nestmates (Hartmann and Heinze
2003). Division of labor among non-reproductive
workers appears to follow a typical age-based
polyethism (Hartmann and Heinze 2003; Bernadou
et al. 2015). Foragers are usually older than nurses
but at least some of them are able to revert to nursing
and egg laying. This reversal appears to slow down
their senescence relative to other individuals of the
same age (Bernadou et al. 2015). Beyond these two
studies, however, few data are available on task
partitioning through the lifespan of P. punctata indi-
viduals, and detailed information about the pace of
behavioral transitions is still lacking.

Though insect societies have been studied for many
decades, there is still a lack of primary sociometric data
for many species (Tschinkel 1991; Hartmann et al.
2003; Brunner et al. 2009; Kellner et al. 2013). Here,
we therefore document in detail the daily activity pat-
terns of P. punctata colonies and age-associated behav-
ioral changes in workers. We investigated how chrono-
logical age affects task allocation and how life-history
components (i.e. lifespan, age of first foraging, and
foraging span) interacted among them. In particular,
we tested how the transition to foraging affects the
residual lifespan of individual workers (Guzmán-
Novoa et al. 1994; Rueppell et al. 2007, 2008, 2009).

Material and Methods

Study Species and Colony Maintenance

Colonies of Platythyrea punctata were collected in
Puerto Rico in 2012 (PR09: Parcelas Vieques,
18°25'9.01"N, 65°49'42.34"W; PR25: Luquillo,
18°22'53.83"N, 65°43'41.13"W; PR42: Yuquyiu,
18°20'48.78"N, 65°43'47.76"W, see below). Colonies
have since been maintained in the laboratory either at
room temperature (23–26 °Cwith a 12 h light:dark cycle
for the experiment on age-based division of labor,
lifespan and its components, see below) or in climate
chambers (22–26 °C with a 12 h light:dark cycle for the
experiment on activity patterns) in plastic boxes (L x W
x H: 20 cm x 20 cm x 9 cm) with a plaster floor, which
was regularly moistened. Chambers dug in the plaster
and covered by glass plates and black plastic film served
as nests. Colonies were fed with diluted honey, small
cockroaches or fruit flies three times per week. Water
was provided ad libitum in a plastic tube plugged with
cotton wool (Bernadou et al. 2018). Prolonged lab rear-
ing did not seem to have visible effect on colony
behavior.

Activity Patterns of Colonies

To determine the activity levels of colonies, we calcu-
lated the mean percentage of ants found outside the nests
of nine colonies every hour over a four-day period
(mean colony size [CI95%]: 83.44 [63.57-103.31]
workers). One hour before starting the experiment, col-
onies were fed with diluted honey, cockroaches or fruit
flies, and the plaster was moistened (colonies were fed
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only once over the four-day period). To easily assess the
number of ants outside the nest on the pictures, all debris
(dead ants and cockroaches /Drosophila carcasses from
previous feeding) were removed, the black plastic film
covering the nest was replaced by a red one and the
water tube was replaced by humidified cotton wool
placed in a small Petri dish (the cotton was regularly
moistened to provide water ad libitum). Colony activity
was recorded with a camera (Panasonic® LUMIXmod-
el DMC-FZ1000, autofocus mode) fixed on an adjust-
able stand and centered 75 cm above the colony. All
experiments started around 12:00 i.e., four hours after
temperatures had increased from night to day condi-
tions, and pictures were taken every 20 min over a
period of four days (3 pictures per hour, 216 pictures
in total per colony). At night, photos were taken with an
optical flash. For two colonies, we missed one and 36
pictures due to erroneous programming of the camera.
For each picture, we counted the number of individuals
found outside the nest and calculated, based on colony
size, the mean percentage of individuals outside for each
hour.

Age-based Division of Labor, Lifespan and its
Components

Eight to nine callow workers from the three different
colonies (mean colony size [CI95%]; PR09: 201.12
[190.51-211.73]; PR25: 166.5 [164.6-168.4] and
PR42: 96.86 [85.45-108.27] workers) were individually
marked with Edding® paint markers on the day of
hatching. The observations started one to three days
after marking (mean [CI95%]: 1.7 [1.33–2.07] days –
workers were marked but not observed over the week-
end) to allow ants to recover from handling. Subse-
quently, the location (inside or outside the nest) and
the behavior of all marked individuals were recorded
by scan sampling (37 types of behavior; Bernadou et al.
2015). The scan sampling sessions were carried out
randomly between 09:00 and 20:00 (minimum time
interval between two consecutive scans of the same
worker: 30 minutes). We observed each ant three times
per day and five days per week (from Monday to Fri-
day). After 12 weeks, we recorded only the location of
marked individuals three times per day and three days
per week (on Monday, Wednesday and Friday) until a
worker’s death. Data on the location of workers during
the first 6 weeks were collected and presented elsewhere
(Appendix 2, Bernadou et al. 2015).

For each worker, we calculated three life-history
components: lifespan (time fromwhen a worker hatched
until its death, in days), age of first foraging (first time a
worker was observed outside the nest, in days), and
foraging span (first time a worker was observed outside
the nest until its death, in days) (Guzmán-Novoa et al.
1994; Becerra-Guzmán et al. 2005; Rueppell et al.
2007).

Statistical Analyses

Activity Patterns of Colonies The mean activity pattern
of colonies per hour was plotted over the four days. The
mean percentages of individuals found outside the nest
per colony during the day and night periods (light:dark
cycles for day 2 and 3) or for the entire days 2 and 3
were compared by paired t-tests. Days 1 and 4 were
excluded from the statistical analysis as we recorded
only 12 hours for each day.

Age-based Division of Labor, Lifespan and its
Components To visually asses the behavioral changes
with age, the most prominent behavioral acts were
grouped into six categories (Bernadou et al. 2015: see
ethogram – Appendix 1): brood care (except “lay
eggs”), aggression, allogrooming (grooming a nestmate
or being groomed), self-directed behaviors (“self-
grooming,” “feed on prey or honey,” and “drink or chew
cotton plug water,” Londe et al. 2016), inactivity (“in-
activity on brood” and “quiescent”) and walking (“walk
or move”). Infrequent behaviors were excluded from the
analysis. The mean percentage of performing a task per
colony was calculated for each week and plotted for the
first 12 weeks.

The percentage of time workers were found outside the
nest per week was analyzed by a linear mixed model
(LME, lmer function, lme4 package: Bates et al. 2015).
The factors “weeks” (linear and quadratic terms), “col-
ony” and their interaction were introduced in the model
as explanatory variables. We included a linear and a
quadratic term tomodel for linear and nonlinear changes
in the time spent outside the nest with age. As we
repeatedly observed the same workers over time, we
included the term “worker identity” as a random factor.

We tested how life-history components (i.e., lifespan,
age of first foraging and foraging span) interacted
among them. We built three different Poisson general-
ized linear models (GLMs) and tested whether the
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factors “colony,” “age of first foraging” (or “foraging
span”), and their interaction influenced the lifespan (or
the foraging span) of individuals. Because of
overdispersion, the standard errors were corrected using
a quasi-GLM model (Zuur et al. 2009).

Statistical analyses were performed by the software R
3.5.3 (R Development Core Team 2016). The least non-
significant terms (P > 0.05) were successively removed
and we compared the nested models by likelihood ratio
tests to obtain minimal models. The P values for the
final models were obtained by the function Anova from
the “car” package (Fox and Weisberg 2011). The as-
sumptions of normality and homoscedasticity were
checked by Shapiro–Wilk test of normality and
Levene’s test for homogeneity of variance respectively.
Data were transformed when necessary.

Results

Activity Patterns of Colonies

The percentage of workers found outside the nest
remained stable and high for two colonies over the
whole observation period (mean [CI95%] percentage of
workers found outside the nest over four days: 55.25
[53.69–56.81] and 59.34 [58.25–60.43] %; Fig. S1).
These latter two colonies were therefore excluded from
subsequent analysis (Fig. 1 and Fig. S1). For the seven
remaining colonies a clear activity pattern was observed:
workers were mostly active during day time with a peak
activity from 13:00 to 19:00 (Fig. 1). The percentage of
workers found outside the nest was significantly higher
during day than night times (mean [CI95%] percentage of
workers found outside the nest from 08 h to 20 h vs.
20 h-08h: 20.91 [15.48–26.34] vs. 12.30 [0.01–24.59]
and 28.63 [24.4-32.86] vs. 16.28 [10.46–22.1] for days
2 and 3 respectively; Fig. 1) (paired t-test, t = 3.77, P =
0.009 and t = 4.73, P = 0.003, N = 07, for days 2 and 3
respectively).

We found also a significant effect of time since the
last feeding on the number of workers found outside the
nest: colonies allocated more workers outside on day 3
than on day 2 (mean [CI95%] percentage of workers
found outside the nest: 16.37 [10.69–22.05] and 21.08
[17-25.16] % for days 2 and 3 respectively; Fig. 1)
(paired t-test day 2 vs. day 3, t = -2.96,P = 0.02,N = 07).

Age-based Division of Labor

Two workers died one and eight days after the marking
probably due to handling and were therefore excluded
from subsequent analyses. Over the 12 weeks of obser-
vation, individually marked workers exhibited a typical
age-based polyethism (Fig. 2). Among the six behavior-
al categories defined, we found that the percentages of
time spent with brood care, aggression, and walking
varied with age. Within all three colonies, the percent-
age of brood care and aggression decreased consistently
with time while that of walking increased (Fig. 2).
Though the pattern was less clear for all colonies, self-
directed behaviors, such as self-grooming or eating,
decreased until the 5th to 6th week and remained nearly
constant afterwards. Over the 12 weeks, workers spent
much time inactive, but neither for inactivity nor for
allogrooming did we observe any clear tendencies
(Fig. 2).

Overall, the percentage of time individuals spent
outside the nest increased significantly and linearly over
time (LME: Χ21 = 50.47, P < 0.001; Fig. 3A). However,
the quadratic effect of week showed a non-significant
trend towards predicting the time spent outside the nest
(LME: Χ21 = 2.92, P = 0.09). The interaction between
weeks and colony (LME: Χ2

2 = 13.39, P < 0.01;

Fig. 1 Percentage of Platythyrea punctata workers found outside
their nest per hour over four days. The thin grey lines represent the
mean number of workers found outside per colony and per hour
(N = 07 colonies tested, two additional colonies were discarded;
see text and Supplementary material, Figure S1). The bold black
line represents the mean number of workers found outside the nest
over all colonies and per hour. Colony activity was recorded by
taking pictures every 20 min. For each picture, the number of
individuals found outside the nest was counted and we calculated,
based on colony size, the mean percentage of individuals outside at
each hour. The hatched areas represent night periods
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Fig. 2 Mean percentage
frequency of Platythyrea
punctata workers from three
different colonies performing a
certain task over a period of 12
weeks (the colors light grey, dark
grey and black represent the
colonies PR09, PR25 and PR42,
respectively). To simplify
graphical presentation, we plotted
the mean percentage per week per
colony

Fig. 3 A Percentage of time per week individual Platythyrea
punctata workers were found outside the nest over 40 weeks.
Eight to nine individuals from three different colonies (the colors
light grey, dark grey and black represent the colonies PR09, PR25
and PR42 respectively) were used. To simplify graphical presen-
tation, we plotted the percentage of time per week per colony with
untransformed data. The percentage of time individuals spent
outside the nest was significantly influenced by week (LME:

Χ2
2 = 50.47, P < 0.001), by the interaction between weeks and

colony (LME: Χ2
2 = 13.39, P < 0.01) and between the quadratic

effect of weeks and colony (LME: Χ2
2 = 15.68, P < 0.001).

Models were run using transformed data (see text). B Lifespan
of P. punctata workers from three different colonies plotted
against the age of the first foraging trip. Survival was influenced
by colony (GLM: Χ2

2 = 74.46, P < 0.001) and by the age of the
first foraging trip (GLM: Χ2

1 = 5.12, P = 0.02)
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Fig. 3A) and between the quadratic effect of weeks and
colony (LME: Χ2

2 = 15.68, P < 0.001; Fig. 3A) were
also significant. The factor colony alone did not influ-
ence the percentage of time individuals spent outside the
nest (LME: Χ2

2 = 2.32, P = 0.31).

Age of Foraging, Foraging Span and Lifespan

The lifespan of P. punctata workers was significantly
influenced by the age at which workers were observed
foraging for the first time (GLM: Χ21 = 5.12, P = 0.02;
see Fig. 3B) and by colony (GLM: Χ2

2 = 74.46,
P < 0.001) but not by the interaction between the two
factors (GLM: Χ22 = 3.96, P = 0.14).

The total lifespan of workers was significantly asso-
ciated with foraging span (GLM: Χ2

1 = 138.69,
P < 0.001), colony origin (GLM: Χ2

2 = 15.25,
P < 0.001), and their interaction (GLM: Χ2

2 = 18.14,
P < 0.001).

Finally, we found a significant effect of colony
(GLM: Χ2

2 = 89.09, P < 0.001) but no effects of age of
first foraging (GLM: Χ21 = 0.53, P = 0.47) and the inter-
action between age of first foraging and colony (GLM:
Χ2

2 = 2.79, P = 0.25) on the foraging span.

Discussion

Age-based polyethism has been described for numerous
species of social insects (ants, e.g. Calabi et al. 1983,
Nakata 1995, Camargo et al. 2007; honey bees, e.g.
Michener 1974; wasps, e.g. Ross and Matthews 1991;
termites, e.g. Hinze and Leuthold 1999) including the
clonal ant Platythyrea punctata (Hartmann and Heinze
2003; Bernadou et al. 2015). In this study we examined
in more detail daily activity patterns of colonies and
division of non-reproductive labor in P. punctata, fo-
cusing on the influence of the age of first foraging on
residual life span.

Though our colonies have been maintained under
laboratory conditions for several years, workers display
a clear activity pattern and are mostly active during the
day. This is consistent with results on the Malaysian
species Platythyrea parallela, which is diurnal with
most individuals being active during midday (Ashikin
and Hashim 2015). On the contrary, workers of the
African species Platythyrea conradti show a peak of
activity around dawn (Dejean 2011). Although the ac-
tivity of our colonies could have been driven by the

day:night temperatures of the climatic chambers, this
explanation can be partly excluded (Ashikin and
Hashim 2015). Colonies allocate more workers outside
the nest as the time since the last feeding day increases.
Therefore, night temperature does not prevent workers
from foraging. Why two colonies did not show a clear
daily activity pattern is unclear. A simple explanation
might be that these colonies contained more workers
and less space in the nest chambers than the other ones
(nest chambers were approximately of the same size
across the nine colonies), forcing workers to stay outside
their nests.

Young workers remained in the nest, where they
nursed the brood and behaved aggressively towards
their nestmates (Bernadou et al. 2015, 2018). Aggres-
sion might be explained by two non-exclusive hypoth-
eses. Most workers in P. punctata can lay eggs; howev-
er, reproduction is monopolized by one, occasionally
several, dominant workers (Heinze and Hölldobler
1995; Hartmann and Heinze 2003; Bernadou et al.
2015). Therefore (1) young workers may try to aggres-
sively secure a high position in the colony’s hierarchy
(Monnin and Peeters 1999). In addition, workers may
attack rival nestmates that have activated their ovaries
despite the presence of a dominant reproductive (“work-
er policing,”Hartmann et al. 2003) and thus stabilize the
division of reproductive labor. Like dominance interac-
tions, policing may increase the aggressor’s rank in the
hierarchy and thus its chance to replace a weakening
established reproductive (Brunner et al. 2009). Alterna-
tively, (2) aggressions might reflect intrinsic quality
differences between workers and ensure that only the
most fecund individuals contribute to a colony’s repro-
duction (Brunner et al. 2009). The link between social
status and egg laying capacities or other intrinsic indi-
vidual qualities, however, remains to be tested. After
about two months of age, the frequency of brood care
and aggression decreased for most workers while the
frequency of walking increased. Young workers that
failed to reach a top position in the hierarchy, moved
towards the nest entrance and switched from tasks inside
the nest to outside tasks (Hartmann and Heinze 2003;
Bernadou et al. 2015).

The lifespan of non-reproductive workers was about
200 days (but see colony PR42, around 100 days;
Fig. 3), which is consistent with previous estimates
(Hartman and Heinze 2003). Workers that started for-
aging later in life reached a considerably longer total
lifespan. Age of first foraging, i.e. the transition from

J Insect Behav (2020) 33:149–157154



nest activities to outside tasks, is a key determinant of
worker lifespan in social insects and is likely controlled
by several physiological or environmental factors
(Neukirch 1982; Guzmán-Novoa et al. 1994; Rueppell
et al. 2007, 2008). Our results match previous findings
on honey bee workers and confirm the importance of
age of first foraging also for the lifespan of ants (e.g.
Guzmán-Novoa et al. 1994; Becerra-Guzmán et al.
2005; Rueppell et al. 2007, 2008). The fact, that our
colonies were kept in small boxes without predation and
other external mortality risks and foraging distances
were short, also supports the view that the reduced
residual lifespan after the beginning of foraging is not
only caused by external mortality risks or wear and tear.

In honey bees, the age of first foraging is negatively
correlated with foraging span. This was interpreted as
“pre-foraging senescence” (Guzmán-Novoa et al. 1994;
Becerra-Guzmán et al. 2005; Rueppell et al. 2007, 2008,
2009). Indeed, intranidal activities in honey bees, such
as comb construction, nest maintenance, or brood care,
are energetically costly and might result in lipid and
protein depletion before foraging onset (Amdam and
Omholt 2002; Toth and Robinson 2005; Rueppell
et al. 2007). In our study, we could not document a
substantial effect of the age of first foraging on foraging
span: workers did not appear to trade-off foraging span
with days spent inside their nest. The costs of intranidal
tasks might be lower in P. punctata than in bees, e.g.,
brood care activities are probably more limited. We
have also shown that P. punctata foragers can revert to
nursing, egg laying, and regain fat content (Bernadou
et al. 2015, 2020). This suggests that workers are more
flexible (Bernadou et al. 2015, 2020) and that pre-
foraging senescence can be reverted and is limited in
comparison to honey bee workers. For example,
reverted nurses in the honey bee do not rebuild their
lipid stores (Toth and Robinson 2005).

Worker lifespan and the percentage of time spent
outside the nest varied considerably among the colonies.
Environmental effects can be excluded as colonies were
maintained under controlled conditions. The influence
of genetic variation on lifespan and its components, e.g.
age of first foraging, has been repeatedly reported in
honey bees (see e.g. Calderone and Page 1988;
Guzmán-Novoa and Gary 1993; Page and Pankiw
2001; Robinson 2002; Rueppell et al. 2004) and likely
occurs also in P. punctata, as different colonies belong
to different clones. Colony size may be another factor
that indirectly influences the longevity of workers and

its components. On the one hand, in smaller colonies,
young workers might forage earlier but also have higher
workloads, whichmight negatively impact their survival
(Winston and Fergusson 1985; O’Donnell and Jeanne
1992; but seeWolf and Schmid-Hempel 1990; Rueppell
et al. 2009). On the other hand, large colony size may
favor worker specialization and maximizes colony effi-
ciency (Oster and Wilson 1978; Karsai and Wenzel
1998; Gautrais et al. 2002; Holbrook et al. 2011; but
see Dornhaus et al. 2009). Our data support this view:
workers from the smallest colony (PR42) started forag-
ing earlier and had a shorter lifespan than workers from
the largest colony (PR09). In contrast to colonies PR09
and PR42, the results for colony PR25 are more puz-
zling: age of first foraging was not associated with total
worker longevity. This might be due to the percentage of
time workers spent outside the nest, i.e., while it contin-
uously increased in the other two colonies, time spent
outside stabilized over time in PR25. It is tempting to
speculate that more time spent inside the nest reduced
outdoor activities, increased fat content of workers and
slowed down senescence (Bernadou et al. 2015, 2020).

In conclusion, we confirmed and documented daily
activity pattern of P. punctata and age-associated be-
havioral changes in workers. However, this age-based
polyethism as well as lifespan and its components seem
to be highly influenced by colony origin. Whether col-
ony size or genetic background controls these variations
needs further investigation.
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