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Abstract 
In many social hymenopterans, workers of different ages engage in different tasks; younger workers remain inside the nest as 
intranidal workers, while older workers go outside the nest as extranidal workers (i.e., age polyethism). Previous studies have 
shown that ovarian activity is diminished in old, extranidal workers, but it remains unclear whether workers’ reproductive 
ability persists for life or whether they exhibit post-reproductive lifespans. In this study, we investigated the age-dependence 
of worker reproductive ability in a monomorphic ponerine ant Diacamma cf. indicum. In Diacamma ants, all females in a 
colony have reproductive ability, but effective reproduction is limited to one or a few dominant females, and the remaining 
females act as sterile helpers. Using long-term laboratory rearing, we investigated whether worker reproductive ability lasts 
throughout a worker’s lifetime. The ages of workers were accurately tracked, and the reproductive ability of young and old 
workers was examined by creating several gamergate-less sub-colonies. Results showed that at least one individual in each 
sub-colony developed ovaries, even in the sub-colonies that solely consisted of very old workers (> 252 days old). Interest-
ingly, in the presence of younger workers, old workers rarely showed ovarian development. Besides age, we found a positive 
correlation between the amount of fat (i.e., nutritional condition) and ovarian development in old workers. Our data suggest 
that reproductive activity of old workers is low but maintained throughout their life in Diacamma.

Significance statement
Females of social animals, such as cetaceans, are known to stop reproducing before the end of their lifespan. It is suggested 
that the reproductive ability of ant queens does not decline and is maintained throughout their lives; however, it is unclear 
whether this is also true in ant workers. We maintained ant colonies for more than 500 days and then tested whether the 
reproductive ability of ant workers is maintained throughout their lifespan. Even in small groups composed of only very old 
workers (> 252 days old), at least one individual in each group always reproduced actively. Interestingly, the presence of 
young workers seemed to suppress the reproduction of old workers. In addition, fat content was positively associated with 
the individual’s reproductive potential.

Keywords Worker reproduction · Age polyethism · Reproductive senescence · Hymenoptera · Diacamma

Introduction

Age-related division of labor is common in the social 
hymenopteran species. Young workers mostly perform 
intranidal tasks such as brood care, whereas old work-
ers perform extranidal tasks such as foraging and defense 
(Wilson 1971; Oster and Wilson 1978; Seeley 1982; 
Gordon 1996). Therefore, old workers tend to engage in 
riskier tasks (Robinson 1992). The age-related change is 
also observed in physiological characters. In workers of 
bees and ants, fat content and/or fat bodies (an indicator of 
the nutritional status) decrease with age (Blanchard et al. 
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2000; Toth and Robinson 2005; Bernadou et al. 2015). 
Meta-analyses in ants have shown that old workers gener-
ally have regressed ovaries compared to young workers 
(Pamminger and Hughes 2017), implying that old workers 
may retain less reproductive potential. The low nutritional 
condition and degenerated ovaries characterize the eco-
logical and physiological features of old workers.

In the case of ant queens, it is suggested that the reproduc-
tive ability is maintained throughout their lives. The queen 
of Cardiocondyla obscurior continues to produce broods 
until just before the end of her life (Heinze and Schrempf 
2012; Jaimes-Nino et al. 2022). So far, however, it remains 
largely unknown whether the very old workers still retain 
reproductive ability in social hymenopterans. One prediction 
is that old females have lost their reproductive ability, imitat-
ing the prolonged lifespan after menopause in social animals 
such as cetaceans, humans and some aphids, in which post-
menopause old females play roles in nursing, social hunting, 
and defense (Uematsu et al. 2010; Ellis et al. 2018). Alter-
natively, old workers might still retain reproductive ability 
so that they can produce unfertilized eggs in cases when the 
queen and young workers are lost from the colony. Under 
the condition in which post-reproductive altruism is more 
beneficial and/or continuation of the reproductive effort is 
more costly, the extension of the post-reproductive lifespan 
can be favored by selection (Bourke 2007; Cant and John-
stone 2008).

Previous studies of ants suggested that old workers have 
lost their reproductive ability. In the clonal ant Pristomyrmex 
punctatus, young workers perform intranidal tasks and egg-
laying, while old workers become helpers performing extra-
nidal tasks. When only external workers are experimentally 
isolated, they do not reproduce, even under well-nourished 
conditions (Tsuji 1988; 1990). In some queenless ponerine 
ants, young workers tend to be dominant egg-layers whereas 
old workers are usually subordinate and do not lay eggs (Ito 
1993; Higashi et al. 1994; Walsum et al. 1998; Monnin and 
Peeters 1999). On the other hand, in the clonal queenless 
ponerine ant Platythyrea punctata, external workers began 
to lay eggs in the absence of internal workers (Bernadou 
et al. 2015). Unfortunately, however, these previous studies 
were only able to approximate the ages of workers based 
on cuticular color (Bernadou et al. 2015) or task roles (i.e., 
intranidal or extranidal) (Tsuji 1988; 1990). Cuticular color 
or chemical concentration can be used as a rough indicator of 
age, but not an accurate age marker (Hartmann et al. 2019). 
Additionally, the social compositions of workers’ ages have 
not been considered. It is still unclear whether aging itself 
reduces worker reproductive ability or if the presence of 
younger individuals (i.e., age structure) socially suppresses 
the reproduction of old workers (Ito 1993; Higashi et al. 
1994; Walsum et al. 1998). To fill the above knowledge gaps, 
it is essential to accurately track worker ages and control the 

age structures. Thus, we conducted the study using a queen-
less ponerine ant Diacamma cf. indicum.

Diacamma cf. indicum is a monomorphic ant that has 
morphologically identical functional queens (i.e., gamer-
gates) and workers. In this species, whether the worker 
becomes a queen or worker is determined by a dominance 
hierarchy. All Diacamma females have a pair of wing-like 
appendages that determine their caste, called ‘‘gemmae’’ 
(Fukumoto et al. 1989; Peeters and Higashi 1989). In each 
colony, only one female retaining the gemma becomes a 
gamergate (i.e., mated worker). The gamergate cuts off 
the gemmae of newly eclosed females, thus turning them 
into workers. Gemma-mutilated females lose their abil-
ity to mate, but they still maintain the ability to produce 
unfertilized eggs that develop as males (Allard et al. 2005). 
Worker reproduction is mostly suppressed in the presence of 
a gamergate but occurs when a gamergate is absent (Fuku-
moto et al. 1989; Peeters and Tsuji 1993). The mean lifes-
pan of workers of this species is 208 ± 15 days (Tsuji 1996). 
As typical in other social hymenopterans, young workers 
(< a few months old) are intranidal, and old workers are 
extranidal (Nakata 1995; Fujioka et al. 2019). In addition, 
worker fat content decreases with age, supporting the low 
nutritional state of old workers (Fujioka et al. in prep; this 
study). The histological observation did not detect oocytes 
in the ovaries of old workers (> 6 months old), implying 
that old workers have lost reproductive ability (Okada et al. 
2010). Considering these studies, we hypothesize that old 
workers have lower reproductive ability and may be in a 
post-reproductive state.

In this study, variable ages were separated from the 
queen-right colony to make experimental orphan colonies 
wherein workers typically start egg-laying in about 11 days 
(Fukumoto et al. 1989; Peeters and Tsuji 1993; Okada et al. 
2010). To evaluate the effect of age structure on ovarian 
development, we created three conditions: young workers 
only (pure-young treatment), old workers only (pure-old 
treatment), and a mixture of young and old workers (mixed 
treatment). The mixed treatment is the most natural condi-
tion since young and old workers co-exist like in normal col-
onies. Under these colony compositions and age-controlled 
conditions, we investigated the age-dependence of worker 
reproductive ability, fat content, and aggressive dominance 
behavior.

Materials and methods

Insect

A total of six colonies of Diacamma cf. indicum were exca-
vated in Sueyoshi Park (Naha), Kenmin-no mori (Onna), 
and Tama-gusuku (Nanjyo) in Okinawa, Japan, from 2018 
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to 2021. Colonies containing one gamergate (i.e., functional 
queen) and 73–164 workers were reared in plastic cases 
(24 × 17.5 × 10 cm) with artificial nests made of moistened 
plaster and Petri dishes (diameter 9 cm). The nests were 
kept at 25 ± 3 °C under 12L:12D light/dark conditions 
(light, 8:00–20:00), fed frozen crickets, and a commercial 
feed Pro-Jelly (KB Farm, Japan) three times a week. Water 
was supplied ad libitum. In this study, we painted all newly 
emerged workers’ thorax and abdomen every 2 weeks using 
an enamel marker (TAMIYA, Japan) over 1 year so that the 
exact ages of all workers could be followed by thoracic and 
abdominal color. The mean lifespan of workers of this spe-
cies is 208 ± 15 days (Tsuji 1996), and therefore, rearing for 
1 year or more is sufficient to follow the lifetime physiologi-
cal transition.

Individual identification of workers

Individual identification number tags were attached for all 
workers on the back of the thorax at least 2 days before 
observation experiments. The tags were made of water-
proofed paper of 2  mm2, and they were glued to the dor-
sal side of the alitrunk by instant glue (3M Japan, UPC: 
04519001907820). Based on the notion that oocytes and 
nurse cells of workers of this species are regressed at 6 
months or older (Okada et al. 2010), workers younger than 
180 days were defined as young workers. In order to test 
the very old workers’ reproductive ability, workers of inter-
mediate age (days 181 to 250) were not used in our experi-
ment. Workers older than 251 days were used as old work-
ers. The mean age of young workers was 89.6 days (range, 
0–166 days; n = 192), and that of old workers was 353.3 days 
(range, 259–604 days; n = 208).

From six original colonies, workers were allocated to 
three types of treatments with different age structures; Mixed 
groups included two categories, consisting of 8 young work-
ers (Mixed young treatment, MY, n = 10 colonies), 8 old 
workers (Mixed old treatment, MO, n = 10 colonies). Pure-
old treatment consists of 16 old workers (PO treatment, n = 8 
colonies), and pure-young treatment consists of 16 young 
workers (PY treatment, n = 7 colonies). Each experimen-
tal sub-colony originated from the nestmates of the same 
mother colony. A detailed allocation of sub-colonies is 
summarized in supplementary table S1. Sub-colonies were 
reared in the same way as described above but smaller artifi-
cial nests were used (diameter 6cm). The nests were covered 
with red film to imitate dark conditions.

Observation of dominance interaction

We observed dominance interactions among workers (i.e., 
bite and jerk behavior except for antennal boxing, Peeters 
and Tsuji 1993) in each sub-colony for 15 days, since a 

previous study showed that Diacamma workers develop ova-
ries within about 2 weeks after isolation from the gamergate 
(Peeters and Tsuji 1993). Observations were conducted for 
30 min per day. We recorded the attacker and attacked indi-
viduals and attacking frequencies based on the tag number. 
All observations were conducted between 11:00–17:00.

If more than half the individuals died in either of the 
pure sub-colonies (PO and PY treatments), or more than four 
young workers or old workers died in the mixed treatments, 
the observation was stopped and such colonies were omitted 
from the analysis (one sub-colony, m7) was omitted from the 
analysis). Individuals dead during the 15-day experimen-
tal period were likewise excluded from the analysis (num-
ber of dead individuals: MO;10/80, PO;14/128, MY;6/80, 
PY;4/112; Table S1).

During the observation of dominance interaction, all 
workers were given random numbers, and sub-colonies 
were also given random alphabets, so the observations were 
blinded entirely with regard to group compositions.

Ovary dissection and evaluation of reproductive 
state

The previous study showed that some workers isolated from 
the mother colony began oviposition in 7–15 days, and then 
after 4–6 weeks, only one worker kept developing her ova-
ries in an isolated sub-colony (Peeters and Tsuji 1993). 
Thus, in order to quantify reproductive ability, we focused 
on the physiological states of workers 15 days after isola-
tion. All individuals were frozen (− 20 °C), and the ovarian 
state was subsequently checked by dissection. Dissection 
was performed in 1 × PBS, and individual ovaries were pho-
tographed using a stereo microscope (S9i, Leica, Germany). 
Individual ovarian development was ranked into five scores 
based on previous studies (Heinze et al. 1992; Schilder et al. 
1999); Score 1: completely undeveloped ovaries with no 
oocytes; Score 2: ovaries with at least one or more immature 
oocytes; Score 3: ovaries with at least one or more mature 
oocytes; Score 4: ovaries with terminal oocyte larger than 
the adjacent nurse cell; Score 5: ovaries containing well-
developed oocytes and one or more eggs.

Fat content measurement

After gaster dissection, the remaining body parts (i.e., head, 
alitrunk, and legs) were subjected to fat content analysis 
based on the methanol-chloroform method (Barnes and 
Blackstock 1973; Idogawa et al. 2017). Since whole body 
fat contents can be finely estimated from fat contents in 
the thorax (Bernadou et  al. 2020), we used thorax and 
head fat content to characterize overall nutritional status. 
Worker bodies except for the gaster were individually put 
into glass vials, then dried at 65 °C for 2 days, and the dry 
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mass weighed to the nearest 0.01 mg with an MS105 ultra-
microbalance (Mettler-Toledo, Switzerland). Subsequently, 
fat was extracted using solvent (2:1 mixture of chloroform 
and methanol, Wako, Japan) by soaking the dried samples 
for 4 days in 1 ml of solvent at room temperature. After 
fat removal, the ants were dried at 65 °C for 2 days and 
weighed again to measure their lean mass. The body fat con-
tent was characterized as a body-fat percentage as follows: 
(dry mass − lean mass) × 100/dry mass.

Statistical analyses

Considering the non-Gaussian data distributions, whether 
ovarian development, fat content, and dominance behav-
ior frequency differed among worker groups (MO, PO, 
MY, and MO) were tested using the Steel–Dwass multiple 
comparison tests using the function NSM3 implemented in 
R (package: NSM3; Schneider et al. 2022). The effect of 
treatment was additionally confirmed by generalized linear 
mixed models (GLMM) that account for the potential effect 
of sub-colonies as a random factor. Ovarian development 
scores were ordinal dependent variables, so we applied an 
ordered logistic error distribution in the clmm function of 
the “ordinal” package (Christensen 2023). For dominance 
behavior (i.e., count data), we used a Poisson error distribu-
tion in the glmer function of the “lme4” package (Bates et al. 
2015). Fat content data did not comply with the assumptions 
of normality, so we used gamma error distribution in the 

glmer function of the “lme4” package (Bates et al. 2015). By 
using a Tukey HSD pairwise multiple comparison method 
(lsmeans function of the “lsmeans” package; Lenth 2016) 
the differences among worker groups (MO, PO, MY, and 
MO) were tested in the GLMM analyses. In all the mod-
els, “social_category” (MO, PO, MY, and PY) was given 
as a fixed effect factor, and “subcolony” was considered as 
a random factor (Supplemental Information 1). Spearman’s 
rank correlation test was used to determine whether age, fat 
content, and dominance behavior frequency correlated with 
ovarian development for each treatment.

We considered p < 0.05 as the statistically significant 
threshold. All analyses were performed with R statistical 
software version 4.2.3 (R Core Team 2023).

Result

Ovarian development

The degree of ovarian development in relation to age is 
summarized in Fig. 1. The percentage of individuals with 
well-developed ovaries (scores of 4 or 5) was 5.7% (4/70) 
for mixed treatment old workers (MO), 70.2% (52/74) for 
mixed treatment young workers (MY), 23.7% (27/114) for 
pure old workers (PO), and 60.2% (65/108) for pure young 
workers (PY). Notably, in the PO treatment (Fig. 1b), at 
least one, and often several workers had well-developed 

Fig. 1  Visualization of the 
age distribution and ovarian 
development of individuals in 
each sub-colony. Plots on the 
same line indicate individuals 
in the same sub-colony. The 
horizontal axis indicates the 
age of the individuals. Ovarian 
development level is shown in 
five color levels
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ovaries (Fig. 1b; Table S1). Ovarian development of old 
workers was consistently lower than that of young workers, 
regardless of age structure. While no significant difference 
in ovarian development was detected between the PY and 
MY treatments, MO workers had significantly lower ovarian 
development than PO workers, suggesting that old workers’ 
ovarian development was suppressed under age-mixed con-
ditions (Fig. 2). This result was also confirmed by GLMM 
(Supplemental Information 1).

In our experiment, the oldest worker that had well-devel-
oped ovaries was 464 days old, far exceeding the mean 
worker longevity of 209 days reported for this species (Tsuji 
1996). There was a significant negative correlation between 
age and ovarian development when young and old work-
ers were pooled together in the mixed treatment. However, 
within each age category, no correlation between age and 
ovarian development was detected, implying that age vari-
ation within the same age categories has no effect on the 
variation of ovarian development (Fig. S1a).

Dominance interactions and foraging task

We compared the frequency of dominance interactions in 
different social conditions and age categories (MO, MY, 
PO, and PY). The 15 days of observation showed that old 
workers had significantly lower attack frequency than young 
workers both in pure- and mixed treatments. No difference 
in attack frequency was observed between the MY and PY 
workers. In contrast, MO workers showed significantly lower 
aggression compared to PO workers (Fig. 3a). This result 

was also supported by GLMM (Supplemental Information 
1). Correlation analysis confirmed the significant positive 
relationship between attack frequency and ovarian develop-
ment in all four categories (i.e., MY, MO, PY, PO, Fig. S1b). 
The frequency of being attacked by other workers was con-
sistently higher in young workers than old workers (Fig. 3b; 
Supplemental Information 1).

Fat contents

The fat percentages (fat weight/total dry weight) of old 
workers were significantly lower than those of young work-
ers. No statistical difference was detected in the fat percent-
ages of MY and PY workers. Steel–Dwass test showed that 
MO workers had less fat than PO workers (Fig. 4), but this 
difference was not supported by GLMM (Supplemental 
Information 1), suggesting that the difference between MO 
and PO was subtle. Correlation analysis showed positive 
correlations between ovarian development and fat percent-
ages, except for MY workers (Fig. S1c).

Discussion

In this study, we show that Diacamma workers retain repro-
ductive ability for unexpectedly long periods. Ovarian dis-
sections of 366 workers from 25 sub-colonies showed that 
even the sub-colonies that only consisted of very old workers 
produced some egg-layers (Fig. 1). The previously reported 
worker longevity is 209 days and that of gamergates is 579 

Fig. 2  Comparison of ovarian 
development in different social 
and age conditions. The 4 bar 
charts represent results for MO, 
MY, PO, and PY, respectively. 
The vertical axis shows the 
ovarian development score 15 
days after the creation of the 
sub-colonies. Different alpha-
bets on the charts indicate sta-
tistically significant differences 
between groups by multiple 
comparisons (Steel–Dwass test: 
MO, n = 70; PO, n = 114; MY, 
n = 74, PY, n = 108, df = 3; MO 
vs. PO, p = 0.031; MO vs. MY, 
MO vs. PY, PO vs. MY, PO 
vs. PY, p < 0.001; MY vs. PY, 
p = 0.315)
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days on average (Tsuji 1996). Therefore, workers much older 
than their average lifespan retained reproductive ability. At 
maximum, a 464-day-old worker was found to develop ova-
ries. The fact that sub-colonies solely consisting of very old 
workers (> 180 days old) can always produce reproductive 
workers suggests that Diacamma old workers do not lose 
reproductive ability. Contrary to the initial prediction, our 
data suggest that Diacamma workers retain reproductive 
ability for most of their lifetime, and there are no signs of 
“menopause” in this species.

The maintenance of reproductive potential until late in 
life may not be specific to Diacamma workers. Studies of 
Cardiocondyla obscurior have shown that the reproductive 
ability of ant queens is maintained until just before death 
(Heinze and Schrempf 2012; Jaimes-Nino et  al. 2022). 
Given the superorganismality of social insects, such a pat-
tern is broadly expected in social insect queens (Jaimes-Nino 
et al. 2022). Our current study adds an insight that not only 
queens but also workers can maintain reproductive ability 
late in life, especially in morphologically casteless species 
and/or species in which worker reproduction is frequent and 
functional (e.g., queenless ants).

The reason why Diacamma workers maintain their repro-
ductive potential for such a long period may be related to 
the reproductive ecology and nesting habitat of this species. 

Diacamma colonies consist of a small number of individu-
als, ranging from 30 to 200 (Fukumoto et al. 1989), and col-
onies frequently proliferate by fission. Although the actual 
age structure of dividing colonies is unknown, divided colo-
nies may sometimes have biased age structures, such as con-
taining only old workers, and this may lead the old workers 
to have a chance of reproduction. Additionally, Diacamma 
cf indicum makes shallow, less elaborate nests in unstable 
places such as small cavities under/between stones, and fre-
quently relocates nests. Their shoddily-built nests are vul-
nerable to natural disturbances such as typhoons and floods 
that are common in their habitats (Bhattacharyya et al. 2021; 
Kaur and Sumana 2014; Kolay and Annagiri 2015) Conse-
quently, the catastrophic loss of nest center, that is, the loss 
of the gamergate and intranidal workers may occasionally 
occur in nature. In such a situation, the returning foragers 
should take over the colony by themselves and even if work-
ers cannot mate and can only produce males, they may ben-
efit from producing males by themselves. The presence of 
many potential egg-layers in a colony is considered to reduce 
the risk of catastrophic colony damage (Tsuji 1988; 1990; 
Ravary and Jaisson 2004). The high reproductive plastic-
ity of old workers may be an adaptation to a presumably 
variable colonial age structure and/or compensation for cata-
strophic loss of colony and/or gamergate.
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Fig. 3  A comparison of the frequency of dominance interactions 
among different social conditions. The four histograms represent the 
results of MO, MY, PO, and PY, respectively. Different alphabets 
on the graph indicate statistically significant differences between the 
groups due to multiple comparisons. a Total number of attacks times 
by individual ants during 15 days, 450 min of observation (Steel–
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vs. PY, PO vs. MY, PO vs. PY, p < 0.001; MY vs. PY, p = 0.9649). b 
Total number of attacks received by individual ants during 15 days, 
450 min of observation (Steel–Dwass test: MO, n = 70; MY, n = 74; 
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Within mixed groups, young workers largely monopo-
lized egg production (Fig. 1). This is consistent with pre-
vious studies using other ponerine ants (Ito 1993; Higashi 
et al. 1994; Walsum et al. 1998; Monnin and Peeters 1999). 
In our study, age structure was controlled, and this social 
manipulation showed that PO workers had higher ovarian 
development than MO workers. This means that the low-
ered ovarian activity in old workers is not only due to physi-
ological deterioration but also due to social factors, (i.e., the 
presence of young workers). Since dominance behavior is 
costly (Gobin and Ito 2003; Bocher et al. 2008), and ovar-
ian development takes time (11–14 days, Fukumoto et al. 
1989; Okada et al. 2010), a turnover of reproductive females 
should impose a colonial cost. When an old worker becomes 
a reproductive, the lifetime expectancy of this new reproduc-
tive is short, and thus the costly turnover of the reproductive 
may occur in a short period. The relatively low reproductive 
activity of old workers should enhance the efficient repro-
ductive division of labor that consequently reduces the col-
ony-level cost of reproductive turnovers.

The result also showed that the amount of fat content 
is highly associated with reproductive activity. The body 
fat percentage of old workers was clearly lower than that 
of young workers (Fig. 4). This is consistent with previ-
ous studies in other social hymenopterans (Bernadou et al. 

2015; 2020). While Diacamma workers maintained their 
reproductive potential throughout their lifetime, there was a 
steady deterioration of their nutritional status, which is likely 
strongly age-dependent and inevitable. Correlation analysis 
showed no strong relationship between ovarian development 
and fat percentage in young workers. Interestingly, however, 
a significant correlation was observed in old workers, espe-
cially in PO workers. This suggests that in young workers, 
where all individuals are well nourished, differences in fat 
content among workers have little influence on reproductive 
ability. Instead, the consequence of dominance interaction 
is more fundamental in the determination of reproduction in 
young workers (Fig. 3). In contrast, old workers’ nutritional 
status was generally low due to aging (Fig. 4), but among 
them, the nutritional variability plays a central role in the 
determination of reproductive potential. This pattern is in 
concordance with an idea of the colony-level minimization 
of the cost associated with reproductive turnover.

In this study, we clarified that the reproductive poten-
tial of old workers lasts for a very long period, likely for 
the entire lifetime of workers in a monomorphic ponerine 
ant. Ants have diverse reproductive and caste systems and 
among them, queenless ponerine ants have high worker 
reproductive potential. Worker ovarian activity may be lower 
in queen-worker dimorphic species with ovary-possessing 
workers. For example, Khila and Abouheif (2008) showed 
that workers can lay eggs, but some of these eggs cannot 
develop due to errors in embryogenesis. Such inability of 
worker reproduction may represent an adaptive proximate 
mechanism to maintain social harmony (Khila and Abouheif 
2010). In this study, it is not clear whether the eggs produced 
by old workers of Diacamma are viable or not. The viability 
of the eggs laid by the very old workers should be validated 
in future studies. Investigation of age-dependent deteriora-
tion of worker reproductive ability may help understand the 
diversity and mechanism of social evolution in future works.
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Fig. 4  Comparison of body fat percentage of workers in different 
social and age conditions. The horizontal axis represents the fat con-
tent of workers, which is calculated as a percentage of dry mass, and 
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respectively. Different alphabets on the graph indicate statistically 
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n = 86, df = 3; MO vs. PO, p < 0.01; MO vs. MY, MO vs. PY, PO vs. 
MY, PO vs. PY, p < 0.001; MY vs. PY, p = 0.20)
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