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Abstract

Eusocial insects are characterised by a reproductive caste differentiation such that egg-laying is restricted to a small number
of queens. The majority of the colony members function as non-reproducing workers and gain indirect fitness by rearing the
offspring of the reproductives. In primitively eusocial species, some workers can also get direct fitness by sneaking in some
eggs in the presence of the queens, replacing the queens and becoming new queens, or initiating new nests. Here we aimed
to understand the factors that permit some workers to gain direct fitness and alter the number of workers doing so, using the
primitively eusocial wasp Ropalidia marginata. We transplanted 12 naturally occurring colonies into large laboratory cages
where there was adequate space for the workers to leave their natal nests and initiate new colonies. We compared six control
colonies that we provided with ad libitum food placed near the nest to six test colonies in which we hand-fed the wasps in
addition to the ad libitum food. Wasps in test colonies consumed more food, showed more aggression, replaced their queens,
and initiated new nests significantly more often than those in control colonies. When considering all 12 colonies, the rates of
queen replacement and nest foundation were significantly positively correlated with food consumption rates. The additional
nutrition gained by hand-fed wasps appears to help workers in test colonies to develop their ovaries and lay eggs, implying
that they are nutritionally castrated in control colonies.
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Introduction

The differentiation of colony members into reproductive and
non-reproductive castes is one of the defining features of
eusociality (Wilson 1971). It is now widely accepted that
the evolution of the non-reproductive worker caste is facili-
tated by the indirect fitness gained by helping closely related
reproductive castes and their offspring (Gadau and Fewell
2009). In primitively eusocial species, however, workers
can reproduce in the future, either by replacing the present
queens of their colonies or by leaving their nests to found
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new nests (Gadagkar 2001; Brahma et al. 2019; Southon
et al. 2020). In a few species of primitively eusocial bees and
wasps, workers also lay eggs in the presence of the queen
(Gadagkar and Joshi 1982; Tsuchida et al. 2003, 2020; Lead-
beater et al. 2011; Andrade et al. 2016). This implies that
in addition to indirect fitness gained at present, workers can
also gain direct fitness in the future (Ross and Matthews
1991).

The possibility of direct fitness gains by workers is one
of the major reasons behind queen-worker conflicts in many
primitively eusocial insect societies that are characterised
by a strong reproductive skew with one or a few individuals
monopolising the reproduction (Field and Cant 2009). Low
genetic relatedness between queens and workers, which can
be due to polyandrous queens or high rates of queen replace-
ments (Gadagkar et al. 1993; Heinze 2004), is an important
reason for such reproductive conflicts. In some species of
primitively eusocial bees and wasps, unrelated individu-
als are present in a colony, and they share a fraction of the
direct fitness benefits along with the dominant reproduc-
tive individual(s) (Gadagkar et al. 1993; Queller et al. 2000;

@ Springer


http://orcid.org/0000-0002-7041-6664
http://orcid.org/0000-0002-9275-9051
http://orcid.org/0000-0003-1828-7348
http://orcid.org/0000-0002-0328-9378
http://crossmark.crossref.org/dialog/?doi=10.1007/s00040-021-00835-3&domain=pdf

320

J. U.Krishnan et al.

Leadbeater et al. 2011; Andrade et al. 2016). The age of
the workers (Strassmann and Meyer 1983; Field et al. 1999;
Sumner et al. 2010; Bang and Gadagkar 2012; Taylor et al.
2020), their position in the colony’s dominance hierarchy
(Molina and O’Donnell 2008a; Unnikrishnan and Gadagkar
2017; Fiocca et al. 2020a) and their nutritional status (Gad-
agkar et al. 1991; Hunt 1991; Molina and O’Donnell 2008a;
Shukla et al. 2013; Brahma et al. 2018a; Fiocca et al. 2020a)
are known to influence their chances of becoming future
reproductives and gaining direct fitness, either on their natal
nests or by founding new nests. With this knowledge, we
should be able to manipulate one or more of these factors
and correspondingly increase or decrease the probabilities
that workers will gain direct fitness by replacing their queens
or leaving to found new nests.

Among the factors affecting future direct fitness gains
by workers, we focussed on the nutritional status of the
workers, especially because this can be easily modified. In
social insects, nutritional intake in adults influences their
reproductive physiology (Hunt 1991; Shukla et al. 2013;
O’Donnell et al. 2018). Studies in primitively eusocial wasps
have shown that adult nutrition affects the dominance status
of workers (Tibbetts and Curtis 2007; Fiocca et al. 2020b)
and their potential to become a reproductive in the future
(Brahma et al. 2018a; Fiocca et al. 2020b). According to the
dominance-nutrition hypothesis (Markiewicz and O’ Donnell
2001), dominant individuals develop their ovaries by avoid-
ing energy-intensive work such as foraging, which are left
to the subordinate individuals (Molina and O’Donnell 2009;
Brahma et al. 2018b). One way to give subordinate individu-
als a chance of gaining direct fitness is through supplemental
feeding of the colony, which we hypothesise will lead to an
increased frequency of workers opting to gain direct fitness.
This hypothesis has not been adequately tested yet, although
it is known that adult nutrition is an important factor in
determining the future reproductive potential of workers.
Here we tested this hypothesis by experimentally augment-
ing adult nutrition. For this, we used colonies of the tropi-
cal, primitively eusocial wasp, Ropalidia marginata, which
has a perennial colony cycle and where workers regularly
replace their queens in a conflict-free system of queen suc-
cession (Bhadra and Gadagkar 2008; Gadagkar 2017). Upon
the natural death or experimental removal of the queen, one
and only one worker becomes temporarily hyper-aggressive
and assumes the queen position within about a week. Pre-
determined potential queens in waiting are not challenged by
others and also frequently leave their natal nests, either soli-
tarily or in groups, to found new colonies of their own (Gad-
agkar 2001, 2009; Brahma et al. 2019). However, unlike in
some other primitively eusocial bees and wasps, workers in
R. marginata colonies do not lay eggs in the presence of the
queen (Gadagkar 2001). Although only queens have fully
developed ovaries with mature eggs, some workers can also
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have slight ovarian development in presence of the queen
(Gadagkar 2001). A previous study showed that adults that
consumed more food had better developed ovaries (Shukla
et al. 2013).

Materials and methods
Experimental set-up

We collected twelve naturally occurring post-emergence
nests of R. marginata (see Table S1 for details of the
transplanted parent nests), including all adults and brood,
from Bangalore (12.97°N, 77.59°E), India and trans-
planted each into a separate walk-in cage (dimensions:
2.13mx2.13 mx2.13 m). We have previously shown that
both queen turnovers and new nest foundations can be stud-
ied conveniently in these large walk-in cages (Brahma et al.
2019). We conducted the study in two parts, the first part
from February to June 2018 and the second part from Febru-
ary to July 2019. For both the years, all nests were collected
in the months of February and March and were transplanted
inside the walk-in cages. We uniquely marked every female
wasp using quick-drying Testors® enamel paints and main-
tained nest-maps to record the composition and position
of brood at the time of transplantation. We marked newly
eclosed individuals every day and recorded their age and
updated the nest-maps every week. We provided an ad libi-
tum supply of larvae of the rice moth Corcyra cephalon-
ica, dilute honey and water in each cage at a single feeding
station and replenished them every day. We also provided
pieces of soft wood as a building material. We made a cen-
sus of the adult wasps every evening between 2000 and
2100 h to record all the live wasps and their resting positions
relative to the transplanted parent nest or any newly initiated
nests inside the walk-in cages. In each nest, we identified
the queen based on her egg-laying. We measured the life
span of a parent nest as the number of days elapsed between
our transplanting the nest into the walk-in cage and the nest
being abandoned by all the wasps.

Data collection

Each year we randomly designated three colonies as ‘con-
trol” and three as ‘test’. While we supplied the control nests
with ad libitum food as described above, we additionally
hand-fed the wasps in the test nests. In the test nests, we
offered Corcyra cephalonica larvae, using a forceps, to every
adult wasp until it refused to take any more, and repeated this
procedure twice a day, once in the morning (between 0800
and 1000 h) and once during the late afternoon (between
1500 and 1700 h). Since we hand-fed every wasp in the test
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colonies until it refused to take any more, it was impossible
to have any kind of sham control.

In both control and test nests, we counted the number of
C. cephalonica larvae remaining unconsumed every day at
the feeding station and calculated the number consumed as
the difference between this and the number provided on the
previous day (for the control nests) and added this to the
number of hand-fed larvae in the test nests. We divided the
total number of larvae consumed each day by the number
of wasps present on that day to obtain the per-capita food
consumption for that day and then averaged over all days of
the experiment. In 2018, we collected 2.5 h of quantitative
behavioural data, twice a week, in each walk-in cage, focus-
ing on all individual wasps, whether on the parent nest, on
a newly initiated nest or somewhere in between. In each
such 2.5 h period, we randomly intermingled 13, five min-
ute bouts of manually recording all occurrences of selected
behaviours, including dominance-subordinate behaviours,
and 12 scans during which we recorded the behavioural
state of all individuals at that instant (Gadagkar 2001). The
behaviour recordings were made between 0800 and 1800 h,
when the wasps are most active (Gadagkar 2001). We con-
tinued the behavioural data collection until all wasps aban-
doned the parent nest. We monitored the cages daily for new
nest initiations with at least one egg in them. We monitored
all parent nests to record queen turnovers, i.e., when the
previous queen was absent and a new individual had been
observed to lay at least one egg. We calculated per-capita
rates of queen turnover and new nest initiations by dividing
the number of respective events by the total number of wasps
seen on the parent nests during the course of the experiment.

Data analyses

Using R-Studio (version 3.6.0), we fitted linear regression
models to (a) compare control and test colonies with respect
to colony duration, per-capita food consumption, queen turn-
overs and new nest initiations, and (b) to examine the effect
of per-capita food consumption on colony tenure, queen
turnover, new nest initiations and dominance behaviour. We
included the year of the experiment as a predictor variable in
all the fitted models. We used the “DHARMa” package (ver-
sion 0.3.3.0) in R to check for the overdispersion and non-
uniformity of residuals in the fitted models in (a) and (b).

Results

At the time of transplantation, all the 12 R. marginata colo-
nies were in their post-emergence phases with a median of
214.5 cells (median; control =214.5, test=209.5; Table S1),
130.5 brood which included eggs, five larval instars and
pupae (median; control =129.5, test=148; Table S1) and

39.5 females (median; control =42.5, test=239; Table S1).
Control and test colonies did not significantly differ in terms
of colony size (Mann Whitney-U test; p=0.69), amount
of brood (Mann Whitney-U test; p=0.19) or number of
females (Mann Whitney-U test; p=0.34) at the time of
transplantation.

Test nests, where the wasps were hand-fed in addition
to being supplied with ad libitum food at the feeding sta-
tion, consumed significantly more food than control nests,
in which the wasps only had access to the ad libitum supply
of food (linear model; p <0.0001; Fig. 1A; Table S2). On
a per-capita basis, the wasps in the test nests consumed on
average 1.9-fold more food than those in the control nests.
The life spans of the test nests (mean=+s.d.=65.8+17.7
days) were significantly shorter than those of the control
nests (109.2 +10.6) (linear model; p =0.0009); Fig. 1B;
Table S2).

We recorded a total of 40 queen turnover events, of which
37 occurred in the test nests and three occurred in the control
nests. Both total and per-capita numbers of queen turno-
vers were significantly higher in test nests compared to the
control nests (total: linear model; p <0.0001; Fig. 1C; per-
capita: linear model; p <0.0001; Fig. 1D; Table S2). We
recorded the initiation of 40 new nests, of which 30 were
initiated by wasps leaving the test nests and ten by wasps
leaving the control nests. Once again, both total and per-
capita nest initiation were significantly greater in test nests
compared to the control nests (total: linear model; p=0.001;
Fig. 1E; per-capita: linear model; p=0.009; Fig. 1F;
Table S2). Year of experiment did not have any significant
effect on any of the response variables.

Considering all test and control nests together, the life
span of the parent nests decreased significantly with increas-
ing per-capita food consumption (linear model; p=0.01;
Fig. 2A; Table S3). The number of queen turnover events,
both total (linear model; p=0.01; Fig. 2B; Table S3) and
per-capita (linear model; p =0.0005; Fig. 2C; Table S3),
increased significantly with increasing per-capita food con-
sumption. Similar trends were shown by the total (linear
model; p=0.007; Fig. 2D; Table S3) and per-capita num-
bers (linear model; p=0.0004; Fig. 2E; Table S3) of new
nest initiation. Frequency per hour of dominance behaviour
shown on the parent nests also increased significantly with
the per-capita food consumption in the by the individuals on
the parent nests (linear model; p =0.02; Fig. 2F; Table S3).
None of the fitted linear models were overdispersed or had
non-uniform residuals.
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Fig. 1 Comparisons between test and control nests. All comparisons »
are done using linear models and are significant at «=0.05. a average
per-capita food consumption (p <0.0001); b parent colony duration
(p=0.0009); ¢ number of queen turnovers (p <0.0001); d per-capita
queen turnover (p<0.0001); e total number of new nests initiated
(p=0.001); f per-capita nest initiation (p =0.009)
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In this study, we used a previously established process of
transplanting natural colonies of R. marginata into large
walk-in cages (Brahma et al. 2019) to investigate whether
more nutrition would reduce the levels of cooperative behav-
iour in the colonies. We compared control colonies where
we provided ad libitum food kept at a feeding station nearby
with test colonies in which we hand-fed all adult wasps to
satiation every day, in addition to the ad libitum food we
provided at the feeding station. Test nests had a significantly
shorter life span than control nests; this is not surprising
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consumed 1.9 times more food per-capita, and showed a
12-fold increase in queen-turnovers and a fourfold increase
in new nest initiations in the test nests as compared to the
control nests. In other words, excess food made the wasps
less cooperative and more selfish.

In the test nests, we fed every wasp as long as it accepted
food. Thus, we had no control over the duration of feed-
ing and therefore could not have sham controls. Feeding the
test nests itself was extremely labour intensive and it was
not possible for us to devote additional time for the sham
controls. Moreover, the wasps usually become aggressive
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we can say is that we tried our best to cause as little distur-
bance as possible. Most of the time, the wasps did not even
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Fig.2 Change in different response variables with change in aver- »
age per-capita food consumption. Fitted linear models are significant
at a=0.05. a parent colony duration (p=0.01); b number of queen
turnovers (p=0.01); ¢ per-capita queen turnover (p=0.0005); d total
number of new nests initiated (p=0.007); e per-capita nest initiation
(p=0.0004); f frequency per hour of dominance behaviour (p=0.02)

see the forceps but a morsel of food simply appeared close
to the nest which they picked up. We routinely marked every
wasp with two or more spots of colour paints. Such mark-
ing should cause much greater disturbance than the feed-
ing and yet we have never seen any aggressive behaviour,
queen turnover or leaving the nest, in response to the mark-
ing. Although we tried our best to minimise the disturbance
and have reasons to suspect that there was no significant
disturbance, we cannot entirely rule out the possibility that
disturbance may have been one of the factors in accounting
for our results. We will continue to explore the possibility of
controlling for possible disturbance in future studies.

What might be the proximate and ultimate
explanations for this phenomenon?

At the proximate level, adult nutrition is required for the
development of ovaries (Molina and O’Donnell 2008a)
and fat bodies (Hunt 1991), and for caste-specific gene
expression (Berens et al., 2015), all of which facilitate
reproduction. As also observed in another primitively
eusocial wasp, Mischocyttarus mastigophorus (Molina
and O’Donnell 2008a), nutrition led to increased expres-
sion of dominance behaviour. In yet another study with
the primitively eusocial wasp, Polistes dominulus, supple-
mental food in addition to ad libitum food led to changes
in facial patterns in workers, such that these workers sig-
nalled higher dominance status (Tibbetts and Curtis 2007).
This may be relevant in R. marginata, where queen suc-
cession is accompanied by intense aggression. Similarly, a
recent study in the primitively eusocial wasp, Mischocyt-
tarus cerebrus, showed that the beta individual in a colony
demonstrated high levels of dominance behaviour before
replacing the alpha and such high dominance behaviour
also led towards ovarian development in these new alpha
individuals (da Silva et al. 2020). In R. marginata, we have
evidence that aggression may be required for the poten-
tial queens to develop their ovaries rapidly (Lamba et al.
2007). Even more telling is our observation in a previous
study that wasps form off-nest aggregations near the feed-
ing stations where they engage in dominance-subordinate
interaction and consume food before deserting their natal
nests to initiate new nests (Brahma et al. 2019). Thus,
the causal chain is likely to go from nutrition to aggres-
sion to ovary development and finally to queen-turnover
or new nest foundation. Our results are in concurrence
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with the dominance-nutrition hypothesis that postulates
that dominance in the colony, nutrition and reproductive
physiology are linked in independent founding species like
the primitively eusocial wasps (Markiewicz and O’Donnell
2001). Studies testing this hypothesis in Mischocyttarus
mastigophorus showed that dominant individuals of the
colony are nutritionally better-off than those which engage
in energy-intensive tasks like foraging and the former
end up developing their ovaries and nutritional storages
(Molina and O’Donnell 2008b; O’Donnell et al. 2018;
Fiocca et al. 2020b).

At the ultimate level, our results fulfil our expectation
of more workers opting to gain direct fitness in the pres-
ence of excess nutrition. Queen turnovers and new nest
foundations are normal phenomena that occur throughout
the year in this tropical species with perennial indeter-
minate colony cycles. It is reasonable to expect that the
wasps will be selected to continuously assess their chances
of obtaining direct fitness either by replacing the queen
of their colony and taking over as the next queen or by
deserting their natal colony to initiate a successful new
colony of their own. Their chances of becoming replace-
ment queens are known to increase with their age (Bang
and Gadagkar, 2012), and their chances of reverting to a
solitary foundress role are known to decrease with their
age and increase with nutrition (Brahma et al. 2018a). We
also have evidence that the wasps are capable of choosing
their nesting strategies based on their brood rearing abili-
ties (Shakarad and Gadagkar 1997).

Nevertheless, it is intriguing that the wasps in the control
nests did not consume more food from the feeding station
and similarly increase their chances of future reproduction
and direct fitness. One possible explanation for this is that
in nature, foraging is likely to be a costly behaviour in terms
of both energy expenditure and predation risk. Foraging is
regulated by a decentralised, self-organised mechanism with
the intranidal wasps conveying information about colony
hunger levels to the foragers through dominance behaviour
(Bruyndonckx et al. 2006; Lamba et al. 2008). It may there-
fore be maladaptive for the wasps in nature to make foraging
trips unless prompted by the intranidal wasps. The wasps
in our walk-in cages may be continuing to adopt strategies
appropriate for their natural environment even though it may
seem maladaptive in the new artificial environment. Consist-
ent with this conjecture, we found that the wasps in the test
colonies consumed much less food from the feeding station
as compared to wasps from the control colonies. Be that as
it may, our results suggest that cooperation is maintained in
natural colonies, at least in part, by a form of nutritional cas-
tration. By releasing them from this nutritional constraint,
we were able to make the wasps more selfish, giving us con-
fidence that we correctly understand at least some of the
factors that maintain social life in R. marginata.
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