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How to Design Experiments in Animal Behaviour∗
8. How Do Wasps Decide Who Would Be the Queen? Part 2
Raghavendra Gadagkar

Continuing to explore the fascinating world of the Indian paper wasp Ropalidia marginata, in this article, we will ask how
wasps choose their queens in another context. In the previous article in this series, we saw how a simple experiment revealed that wasps fight, i.e., indulge in dominance-subordinate
interactions, and the winner becomes the queen and the
loser becomes the worker. This was in the context of new
nest foundation. But context matters. When the same wasps
once again have to decide who will be their next queen
if the first one dies or is experimentally removed, the same
rules do not hold. The wasps in a mature colony continue
to show dominance-subordinate interactions and can even be
arranged in a dominance hierarchy, but the dominance ranks
of the wasps do not predict who their next queen will be.
How they choose their next queen in this context continues
to be an enduring mystery. In this article, I will describe four
simple experiments that have helped us come close to nailing the culprit, although I must confess that we have not yet
found the smoking gun—the chase is on, and we are hot on
the trail—please join in!
In describing the four experiments below, I will use the following
pattern. For each experiment, I will begin by asking a question,
provide some necessary background information, outline the experimental design, state the predictions, describe the results and
finally, answer the question raised at the beginning.
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Experiment 1
Question
How does the queen signal her presence to her workers?

Keywords

Ropalidia

marginata,

paper

wasp, potential queen, queen
pheromone,

dominance

haviour, cryptic successor.

In R. marginata,
however, the queen is a
remarkably meek and
docile individual who
seldom shows any
dominance behaviour
and rarely interacts with
her workers. We can
only be really sure who
the queen is when we see
her lay eggs. This raises
many interesting
questions.
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Background
We have already seen in the last two articles [1, 2] that Ropalidia marginata wasps live in colonies consisting of a single fertile
queen and several non-reproducing workers. This species is classified as primitively eusocial because the queens and workers cannot be distinguished morphologically (Figure 1). In other primitively eusocial species, the queen is usually a very aggressive
and highly interactive individual, showing dominance behaviour
and bullying her workers. It is believed that by such bullying,
queens inhibit their workers from reproducing and ensure that
they work for the colony. In R. marginata, however, the queen
is a remarkably meek and docile individual who seldom shows
any dominance behaviour and rarely interacts with her workers.
We can only be really sure who the queen is when we see her lay
eggs. This raises many interesting questions. Why do the workers accept her as their queen? How does she manage to inhibit
worker reproduction and maintain reproductive monopoly? How
does she ensure that the workers actually work and do not laze
away? Indeed, how do the workers even know that they still have
a queen and a healthy one at that? In other words, how does the
queen signal her presence to her workers, if she is not actually
bullying them from time to time? The experiment that I will describe in this section is meant to answer this last question. This
was a rather massive and tedious experiment that was conducted
by my PhD student Annagiri Sumana, with help from two other
PhD students Sujata Deshpande and Anindita Bhadra (Figure 2,
upper row). We hypothesized that the queens of R. marginata
signal their presence to their workers by means of pheromones.
Queens in highly eusocial species are known to do so. A honeybee queen with tens of thousands of workers does not of course
physically interact with them or bully them; instead, she produces
volatile pheromones which the workers smell and thus detect the
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Figure 1. A large nest of
Ropalidia marginata, showing how we uniquely mark
the wasps for individual
identification, using spot of
paint of different colours on
different parts of their body
[Photo: Souvik Mandal].

presence of their queen, and indeed, her health. Then why not
the same in R. marginata? Even though it is a primitively eusocial species, R. marginata queens may produce pheromones, and
the species may be intermediate between primitively and highly
eusocial levels of organization. In order to find and study such
pheromones, it would be helpful to know whether they are volatile
or non-volatile; both kinds of pheromones are known in other animal species.
We do know that workers in R. marginata are aware of the presence of their queen because they change their behaviour within
minutes of the experimental removal of the queen from their nest
—one of the workers becomes hyper-aggressive and begins to
show very high levels of dominance behaviour toward all the remaining workers. This hyper-aggressive worker will immediately
stop being aggressive and go back to work if the queen is returned.
If the original queen is not returned, however, she will reduce her
aggression gradually and become the next queen of the colony in
about a week. Hence, we have labelled such a hyper-aggressive
individual as the potential queen (PQ). We have exploited this
very striking response of the workers to the presence or absence
of their queen to understand how they might sense her.
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Figure 2.

Photo gallery
of my five PhD students
and one post-doc, who conducted the four experiments
described in this article.
Upper row, from left to
right: Annagiri Sumana, Sujata Deshpande and Anindita Bhadra; lower row,
from left to right: Aniruddha Mitra, Kannepalli Chandrasekhar and Alok Bang.

Experimental Design
Sumana, Sujata and Anindita brought 22 naturally occurring nests
of R. marginata to the Vespiary and transplanted each of them
into closed, wood and wire mesh cages of dimension 30 X 30
X 30 cm, fed them with Corcyra cephalonica larvae, honey and
water, and offered them a piece of soft wood to build their nests
(Figure 3). The wasps do well under these conditions, display behaviour indistinguishable from that in natural nests, and produce
both male and female adult offspring. As is our usual practice,
they uniquely marked all the wasps with spots of coloured paint
(see Figure 1), censused the population and maintained a map of
the nest and its brood every day. After the nests had settled well
in their cages, the student trio began the experiment, which lasted
for three days for each nest.
On day 1, they conducted behavioural observations for six hours
to record the various behaviours shown by the wasps. Following methods standardized in the lab, they used a set of unbiased sampling methods to record the behaviour of every wasp
[3]. Their special interest was to compute the frequency per hour
at which each wasp shows dominance behaviour to every other
wasp. These observations also allowed them to identify the queen
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Figure 3.

Sujata Deshpande at work using the laboratory cage used in experiment 1.

of the colony. If the queen does not lay an egg and thus give her
identity away when we are making observations, we generally
remove one of the eggs with a fine forceps, and this usually motivates her to lay an egg in that cell.
On day 2, they temporarily removed all the adult wasps, placed
them in individual glass vials, and cut the nest in two halves, taking care to leave a roughly equal amount of brood in each half.
They then inserted a wire-mesh between the two nest halves so
that the wasps could not move across the mesh. Next, they reintroduced all the workers, one by one, on one or the other side
of the mesh, by tossing coins and randomly assigning them to
the left or the right side. Finally, they similarly tossed a coin
and introduced the queen randomly to one of the two sides. Thus
they now had two nest fragments, one with half the workers and
the queen (the queen-right side) and the other with the remaining
half of the workers but without the queen (the queen-less side).
Following this procedure, they repeated six hours of observation,
paying equal attention to all the wasps on both sides of the mesh.

Thus they now had two
nest fragments, one with
half the workers and the
queen (the queen-right
side) and the other with
the remaining half of the
workers but without the
queen (the queen-less
side).

On day 3, they moved the queen from its original side to the opposite side, leaving the workers undisturbed and repeated another
day’s observations as before.
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Predictions
In designing this
experiment, we had
clear-cut predictions that
would unambiguously
distinguish between the
two possibilities—
whether the queen
pheromone is volatile or
non-volatile.

In designing this experiment, we had clear-cut predictions that
would unambiguously distinguish between the two possibilities—
whether the queen pheromone is volatile or non-volatile.
Prediction 1: If the queen pheromone is volatile, it should freely
diffuse across the mesh partition, so that wasps on both sides of
the mesh should be able to smell their queen as on the previous day, and both nest fragments should thus behave like normal
queen-right colonies.
Prediction 2: If the queen pheromone is non-volatile, wasps on
the queen-less side should behave as if they have lost their queen,
i.e. one individual should become hyper-aggressive and display
PQ-like behaviour. If this happens, then, as a further confirmation, the behaviour of the wasps should change on day 3. The new
queen-less side which was queen-right and had no PQ on day 1,
should now behave like a queen-less colony and have a PQ. The
new queen-right side that was queen-less on day 2, should now
behave like a queen-right colony—the previous day’s PQ should
reduce her aggression and go back to work (Figure 4).

Figure 4. Schematic representation of Experiment 1.
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Results
The results could not have been more clear-cut. In all experiments, prediction 2 was upheld. On day 1, a queen was identified
in every colony, and there was no PQ. On day 2, the queen-right
side behaved like a normal colony, with a normal queen and no
PQ. The queen-less side, however, had a clearly hyper-aggressive
individual, who was indistinguishable from hyper-aggressive PQ’s
from previous experiments where the queen was removed altogether—let us call her PQ1. On day 3, the previous day’s queenless side now behaved like a queen-right nest and the previous
day’s PQ (PQ1) lost her aggression, as expected. And, also as
expected, the previous day’s queen-right side now behaved like
a queen-less colony, with a clearly hyper-aggressive PQ—let us
call her PQ2. Once the particular individuals that became hyperaggressive (PQ1 and PQ2) on the two sides, on days 2 and 3 respectively, we could retrospectively examine their levels of dominance behaviour when they were not behaving like PQs. Thus
nobody showed high levels of dominance behaviour (hereafter I
will use ‘dominance behaviour’ and ‘DB’, interchangeably) on
day 1, not the queen, not the day-2’s PQ1 nor the day-3‘s PQ2.
On day 2, only PQ1 showed significantly high levels of DB and
not the queen or PQ2. On day 3, only PQ2 showed significantly
high levels of DB, not the queen, nor the PQ1 (Figure 5) [4].

The results could not
have been more
clear-cut. In all
experiments, prediction
2 was upheld.

Answer
The queen signals her presence to her workers by producing a
non-volatile pheromone.
Experiment 2

The queen signals her
presence to her workers
by producing a
non-volatile pheromone.

Question
How do the wasps detect the queen’s non-volatile pheromone?
Background
If the queen pheromone in this species is non-volatile, how do the
workers detect it? The honey bee queen pheromone is volatile
and the air in the colony is impregnated with it, making it easy
for workers to detect the presence of their queen. The attrac-

RESONANCE | November 2019

1293

SERIES ARTICLE

Figure 5.
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Dominance Behaviour
(Frequency/hour)

Mean and
standard deviation of the
frequency per hour of
dominance behaviour of
the queen, potential queen
1 (PQ1) and potential
queen 2 (PQ2) on day 1
(unmanipulated
colony),
day 2 (after dividing the
colony) and day 3 (after
exchanging the queen) (n =
12 colonies). Comparisons
are by Wilcoxon matchedpairs signed-ranks test and
significantly different values
(P < α, where α is set to
0.0023 after Bonferroni correction) are indicated using
different letters. (Redrawn
with permission from A.
Sumana, S.A. Deshpande,
A. Bhadra and R. Gadagkar,
Workers of the primitively
eusocial wasp Ropalidia
marginata do not perceive
their queen across a wire
mesh partition, J. Ethol.,
Vol.26, pp.207–212, 2008).
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tion of the workers to the volatile queen pheromone of the honey
bee queen is so impressive that you can remove the queen and
place her a little away from the hive and see that the workers will
move over to where she now is. This is used by some people to
conjure up a trick and grow a bee beard—they place the queen
bee in a cardboard box and tie the box to their chin, and workers
will automatically come and settle around the cardboard box and
make a beard on the wearer’s face! More profitably, other people
chemically synthesise the queen pheromone and spray it on orchards, making nearby bees to visit the orchard in search of their
queen and incidentally pollinate the flowers there. This can result
in impressive increases in the yield of fruits from the orchards
and whopping increases in profits [5]. But in R. marginata, the
queen pheromone is non-volatile. The first hypothesis we considered was that it is transferred from the queen to the potential
queen by direct physical contact. This requires that the PQ interacts with the queen more often than it takes for her to realize the
queen’s absence. The PQ behaves in a manner that she realizes
the absence of her queen in no more than 30 minutes. But the
queen being such a non-interactive individual, her rates of interaction with the PQ are inadequate to account for the rapidity with
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which the PQ realizes the queen’s absence. Maybe the queen
pheromone reaches the PQ through a relay from other workers
who may interact with the queen more frequently. A computation of the shortest path from the queen to the PQ shows that
even this is not adequate to account for the rapidity of the PQ’s
change in behaviour from a quiet individual to a strikingly hyperaggressive one [6]. Another hypothesis is that the queen applies
her pheromone to the nest surface. Indeed, the queen frequently
rubs her abdomen on the nest. But where is the pheromone produced? We hypothesized that it is produced in the Dufour’s gland
residing in the queen’s abdomen and delivered through a duct that
opens on the underside of the abdomen. Everything seemed to fit
our imagination, but of course, there was no evidence. It is precisely to test these speculations and find evidence, one way or
the other, that my research team which included my PhD students
Anindita Bhadra, Sujata Deshpande, Aniruddha Mitra and Annagiri Sumana, and post-doc Kannepalli Chandrasekhar (Chandu)
(Figure 2) designed and conducted Experiment 2.
Experimental Design

We hypothesized that it
is produced in the
Dufour’s gland residing
in the queen’s abdomen
and delivered through a
duct that opens on the
underside of the
abdomen. Everything
seemed to fit our
imagination, but of
course, there was no
evidence.

The experiment we designed is called a bio-assay. In a bio-assay,
we confirm the presence of a chemical of interest by showing that
it induces the expected biological response. Here, the chemical in
question was expected to be contained in the Dufour’s gland. So
we prepared a crude extract of the Dufour’s gland, by dissecting
the wasps, removing their Dufour’s gland and macerating it in 30
µl insect Ringer’s solution (a mild salt solution). And the biological response we assayed was the behaviour of the PQ. We have
seen that the PQ becomes hyper-aggressive upon removal of the
queen and reduces her aggression upon return of the queen. The
question we asked was whether the PQ would similarly reduce her
aggression in a queen-less colony, if we applied a crude extract
of the Dufour’s gland, instead of returning the queen. In other
words, does the crude extract of the queen Dufour’s gland mimic
the queen? Such experiments always need safeguards to prevent
being misled by the expected result caused by something other
than what we have postulated. One must build in such safeguards
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Such experiments
always need safeguards
to prevent being misled
by the expected result
caused by something
other than what we have
postulated. One must
build in such safeguards
no matter how unlikely
that something else may
appear and even we
cannot postulate
‘something else’ that
might lead to the same
result. These safeguards
are called controls.

no matter how unlikely that something else may appear and even
we cannot postulate ‘something else’ that might lead to the same
result. These safeguards are called controls. We planned two
types of controls. The first control involved repeating an identical
experiment but applying just the Ringer’s solution instead of the
Dufour’s gland extract. This would rule out any unexpected and
unknown effect of the experimental procedures that might make
the PQ reduce her aggression. The second, even more important
control, involved applying the crude extract of the Dufour’s gland
dissected from a worker rather than a queen. Another important
safeguard that I must emphasize has to do with avoiding human
bias while making behavioural observations. All the observations
were done in the blind, i.e., the observer did not know whether
it was the queen extract, the worker extract or the Ringer’s solution that had been applied during any given trial. The experiment
involved 3 sessions lasting 36 minutes each.
Session 1. Observe a normal colony (with all the wasps marked
for individual identification as usual) and identify the queen.
Session 2. Remove the queen identified in session 1 and record
the dominance behaviour of all the wasps to identify the PQ.
Session 3. Apply either the queen’s Dufour’s gland extract, the
worker’s Dufour’s gland extract or the Ringer’s solution and observe the behaviour of all the wasps (not just the PQ).
Only one thing can be applied at any given time and what is to
be applied at any given is best decided randomly. And a nest can
be used only once. We used 25 separate nests in all, eight for applying the queen extract, nine for applying the worker extract and
another eight for applying the Ringer’s solution. The reader can
imagine that conducting this experiment required expert coordination and time management, not unlike the situation in an operation theater—observe the colony, remove the queen and a random
worker, observe the queen-less colony during which time, also
dissect the removed queen or worker and prepare the Dufour’s
gland extract, apply the extract and observe again, with no time
to be lost. Anindita, Sujata, Aniruddha and Chandu braced them-
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selves up to the task, with an efficient division of labour among
themselves—Anindita would make the behavioural observations
while Sujata, Aniruddha and Chandu would perform the dissections and prepare the required extracts in time and apply them to
the nest. Yes, it worked, as we will see below.
Prediction
Our predictions were straightforward. The hyper-aggressive PQ
should drop her aggression in response to the application of the
queen’s Dufour’s gland but not upon the application of the worker
Dufour’s gland extract, nor upon the application of the Ringer’s
solution.
Results
Our results were no less clear-cut. Nobody showed dominance
behaviour in session 1. In session 2, the PQ significantly increased her rate of dominance behaviour compared to session 1.
And in session 3, she reduced her rate of dominance behaviour
significantly compared to session 2, only in the experiments where
the queen extract was applied and not when either the worker extract or the Ringer’s solution was applied (Figure 6) [7].
Answer
1. The queen’s Dufour’s gland is the source of her pheromone.
2. The workers detect the non-volatile pheromone of the queen
because she applies it to the nest surface (and we can do it too!)
Experiment 3
Question
Do the wasps know who their next queen would be?
Background
Perhaps the most fascinating observation we have made on R.
marginata is that as soon as we remove the queen, one of the
workers reveals herself as the queen’s next successor. First, she
becomes hyper-aggressive and soon, she will become a full-fledged
queen and start laying eggs and maintain reproductive monopoly,
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Figure 6. Mean and stan-
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dard deviation of the frequency per hour of dominance behavior exhibited by
the potential queen from
Ropalidia marginata nests
in the three sessions of
the bioassay (Queen-right,
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n = 8, 9, and 8, respectively) when the nest was
exposed to queen Dufour’s
gland macerate, worker Dufour’s gland macerate or
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Comparisons are by Wilcoxon
matched-pairs signed-ranks
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Different letters denote significant differences among
bars (P < 0.05). (Reproduced with permission from
A. Bhadra, A. Mitra, S.
A. Deshpande, K. Chandrasekhar, D. G. Naik, A.
Hefetz and R. Gadagkar,
Regulation of Reproduction
in the Primitively Eusocial
Wasp Ropalidia marginata:
on the Trail of the Queen
Pheromone, J Chem Ecol,
Vol.36, pp.424–431, 2003).

b

300

b

250

b
b

b

200
c
150
100
a
50
a

a
0

QR QL

T

Queen gland

QR QL

T

Worker gland

QR QL

T

Ringer’s
solution

until she is in turn replaced by someone else. There are two remarkable features of this phenomenon. One is the predictability
of the act of queen replacement and the other ironically enough,
is the unpredictability of the identity of the individual who will
replace the queen. While we can be sure of the identity of the
queen’s successor within 30 minutes of removing the queen, we
cannot predict who will take on that role as long as the original
queen is present. The predictability of the phenomenon of queen
succession is on solid grounds. In all healthy colonies, one of the
workers will invariably become hyper-aggressive upon removal
of the queen. In many experiments, we have confirmed that such
hyper-aggression is a reliable proxy for who will become the real
egg-laying queen a week later. The unpredictability of the identity of the successor, during the presence of the old queen, is also,
unfortunately, on pretty solid ground! We have performed many
experiments with the explicit goal of predicting the successor before the removal of the queen, but so far, we have drawn a blank.
The PQ, we always learn in retrospect, is a fairly non-descript
individual. She is not unique by any criteria, not by her behavioural profile, even when plotted in multi-dimensional space
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of many behaviours, not by her position in the dominance hierarchy of the colony, and not even by the residual development of her
ovaries (some workers show some rudimentary development of
their ovaries, not in any way comparable to an egg-laying queen,
though). I must confess that I feel a certain thrill in this mystery
and entertain a certain amount of pride in these wasps that I have
been familiar with for over 50 years now—they are tough wasps,
worthy of any investigator! In the face of this defeat, we asked a
different, what seemed to many, as an even tougher question. We
do not know who the next queen would be, but do the wasps themselves know who their next queen would be? Experiment 3, that
I will describe below, was an attempt to answer this seemingly
impossible question. And the challenge was taken up by my PhD
student Anindita Bhadra, whom we have already encountered in
both experiments 1 and 2, described above.
Experimental Design
On the face of it, the question we have asked sounds like it may
be beyond the reach of science—at least present-day science. ‘Do
the wasps know?’. Can we know what they know? Can we know
the mind of a wasp? The answer I think is yes, but let us break
the question in two parts. Is there an heir-designate who will take
over as the next queen? Does everyone in the colony know who
she is? If so, only the heir-designate, and no one else, should
respond to the loss of the queen by becoming hyper-aggressive.
The hyper-aggression of the PQ should be unidirectional, i.e, nobody should fight back, nobody should show dominance to the
PQ—after all she is the heir-designate, and they know it. We already know that the hyper-aggression of the PQ is unidirectional,
but is there an heir designate in the first place? We considered
many potential strategies to design an experiment to answer this
question. Finally, one idea seemed worth testing. Remove the
queen, identify the PQ and put the queen back. We know that the
PQ will lose her aggression and go back to being a worker. Now
remove the queen again, the following day. If the individual who
became the PQ on the previous day was indeed the heir-designate,
the same individual should become the PQ again. We performed
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There are two re
markable features of this
phenomenon. One is the
predictability of the act
of queen replacement
and the other ironically
enough, is the
unpredictability of the
identity of the individual
who will replace the
queen.

I must confess that I feel
a certain thrill in this
mystery and entertain a
certain amount of pride
in these wasps that I have
been familiar with for
over 50 years now—they
are tough wasps, worthy
of any investigator!
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this experiment and found that the same individual becomes the
PQ upon the second removal of the queen. However, we soon
realized that this result has an alternate explanation and does not
prove that there is an heir-designate. Imagine that there is no heirdesignate and that a randomly chosen individual becomes the PQ
the first time the queen is removed. Now, it is possible that this
individual who became the PQ for a short period is no longer the
same. She may have some advantage over the others on account
of her experience and this by itself may make it more likely that
she will become the PQ when the queen is removed again. So,
we needed a better experiment that does not permit alternate explanations. And here’s what we hit upon.
First, let us assume that there is an heir-designate and that all the
wasps know who she is. Now, let us predict the behaviour of the
wasps in response to our experimental manipulation. Our idea
was to make a ‘wrong’ wasp (who is not the heir-designate) think
that she is the heir-designate and then make her realize that she
is not the heir-designate, by bringing her face-to-face with the
real heir-designate. To accomplish this, we resorted once again
to the mesh experiment used in Experiment 1 and separated half
the randomly chosen workers and the queen on one side of a wire
mesh partition from the remaining workers (without the queen),
on the other side. If the heir-designate happens by chance, to be
on the queen-less side, she should become hyper-aggressive (PQ)
and should not be challenged by anybody from her side. Let us
call her PQ1. But she is supposed to be the heir-designate for
the whole colony and not just for her side only and everybody,
even on the other side of the mesh, should know that. So if we
make the PQ1 and the queen to exchange sides, the PQ1 should
now face no challenge from anybody on the other side either. She
should remain an unchallenged PQ on both sides as long as we
keep the queen away from her. But this can happen by chance
alone in only about half the experiments. If we repeat this experiment several times, then in about half the experiments, the heirdesignate should end up on the queen-right side, by chance alone.
Now she cannot become hyper-aggressive because the queen is
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present on her side. On the queen-less side, however, the ‘best’
individual (however she is defined) should become a PQ and be
unchallenged on her side. Let us call her PQ1 again. This PQ1
however, is not the heir-designate for the whole colony. The real
heir-designate is sitting on the opposite side. Now if we make the
queen and the PQ1 switch sides and thus bring the PQ1 face-toface with the true heir-designate, in the queen’s absence, the PQ1
should lose her aggression and the true heir-designate should become hyper-aggressive and be unchallenged by anybody from her
side, including the PQ1. Let us call her PQ2. But that is not the
end of the story. The acid test for the true heir-designate is that
she should not be challenged on the opposite side either when
we move her there and bring the queen back to her original side.
If the wasps will tolerate all this messing around with them, we
could test our assumptions that there is an heir-designate and that
all the wasps know who she is. Anindita was confident and went
right ahead and did the experiments. But let us state our predictions more clearly.
Predictions
Prediction 1: In half the experiments, the first wasp to become
hyper-aggressive (PQ1) should be acceptable to both sides and
there should be no PQ2. In the remaining half of the experiments,
PQ1 should be unacceptable to the opposite side, and a second
PQ (PQ2) should emerge on that side.
Prediction 2: PQ2 should be acceptable to both sides and we
should never see a PQ3—there should be only two PQs if we cut
the nest in two parts.
Results
These experiments are not easy to perform, but Anindita managed to complete eight experiments successfully. And her results
were clear. In three of her eight experiments, there was no PQ2.
PQ1 remained unchallenged on both sides. This must correspond
to the situation where the heir-designate happened to be on the
queen-less side. But in the remaining five experiments, a PQ2
emerged when she moved the PQ1 to the opposite side. This must
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Figure 7. The queen Q–PQ
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exchange experiment. (Upper) A typical experiment
in which the PQ1 was the
cryptic successor. The frequency per hour of dominance behavior exhibited by
the queen, PQ1, and Max
worker (MW, defined as the
worker showing maximum
aggression) on day 1 in
the normal colony and on
the queen-right (QR) and
queen-less (QL) fragments
in the 3 sessions on day 2
are shown. (Lower) A typical experiment in which the
PQ2 was the cryptic successor. The frequency per hour
of dominance behavior exhibited by the queen, PQ1,
PQ2, and Max worker on
day 1 in the normal colony
and on the queen-right and
queen-less fragments in the
3 sessions on day 2 are
shown. (Redrawn with permission from A. Bhadra and
R. Gadagkar. We know that
the wasps ‘know’: cryptic
successors to the queen in
Ropalidia marginata, Biol.
Lett., Vol.4, pp.634–637,
2008, Copyright 2008, The
Royal Society).

Day2.3

correspond to the situation where the heir-designate was originally on the queen-right side. And she never saw a PQ3 (Figure
7). Thus, both the predictions were upheld. Perhaps the most
important result is not revealed by the statistics. It was truly remarkable that the PQ2 was unchallenged—she did not receive
a single act of aggression when she emerged, not from the rest
of the workers and not even by the PQ1 who had recently been
hyper-aggressive herself, and not on the opposite side, which had
recently witnessed a different hyper-aggressive individual. This
is what gave us confidence that all the wasps, even the PQ1, knew
who the real heir-designate was.
Answer
There is an heir-designate and all the wasps know who she is. We
labelled the heir-designate as a ‘cryptic successor’ and we were
proud to publish a paper with the title “We know that the wasps
‘know’: cryptic successors to the queen in Ropalidia marginata
[8].

Experiment 4
Question
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Is there a reproductive queue?
Background
The results of the three experiments described so far paint the picture of a very well-organized society. The queen does not physically bully her subordinates, but simply signals her presence and
health by producing a non-volatile pheromone, which she applies
to the nest surface so that her workers need not even have to come
in contact with her. From an evolutionary point of view, this suggests that it is also in the interest of the workers to know if they
have a healthy queen and obey her. It is surely the mark of an
efficient society if the workers work on their own and do not need
top-down control. More remarkable still, the workers have a Plan
B, if the queen dies. They have organized themselves so as to
have agreed on an heir-designate who will take over as the next
queen, unchallenged. My next PhD student Alok Bang (Figure 2,
lower right panel) and I wondered whether this society is so wellorganized that they have agreed not just on one heir-designate but
several of them, each of whom know when their turn would come,
or is this too much wishful thinking? There is no better way to
find out than to experiment.
The question we were asking was a simple one. When we remove
the queen, we can identify the PQ by her hyper-aggression within
30 minutes. What would happen if we immediately removed this
PQ also? One possibility is that the colony would not be ready
for this calamity—the loss of two successive queens, and even
before the second one starts laying eggs, may not be so common
in nature. Hence, there might be chaos and some kind of scramble
competition with several individuals trying to become queens or
the wasps would just remain queen-less and abandon the nest. If
our wishful thinking was correct, however, the colony would be
prepared for such a severe test of their organization and would
throw up a previously agreed upon, and therefore, unchallenged
PQ2. Stretching our luck, we might even find that the immediate
removal of the PQ2 would yield an unchallenged PQ3, and so on.
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There is an
heir-designate and all the
wasps know who she is.
We labelled the
heir-designate as a
‘cryptic successor’ and
we were proud to
publish a paper with the
title “We know that the
wasps ‘know’: cryptic
successors to the queen
in Ropalidia marginata
[8].

It is surely the mark of
an efficient society if the
workers work on their
own and do not need
top-down control. More
remarkable still, the
workers have a Plan B, if
the queen dies. They
have organized
themselves so as to have
agreed on an
heir-designate who will
take over as the next
queen, unchallenged.
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Figure 8.
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Experimental Design
The experimental design here was rather simple. Identify the
queen, remove her, identify the PQ1, remove her, identify the
PQ2, remove her, identify the PQ3 and so on.
Prediction
Our prediction, based on everything we had known by then about
the efficient social organization of this species and some wishful
thinking, was thus. Upon removal of a PQ within 30 minutes or
so after she becomes hyper-aggressive, the colony will not descend into chaos, with scramble competition and much aggression and egg-laying by many individuals; nor will it simply stop
functioning efficiently and get abandoned. Instead, we predicted
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that upon removal of a PQ, the colony will behave exactly as it
does after removing the queen, namely that one and only one of
the remaining individuals will become hyper-aggressive and remain unchallenged. We hoped that, in this manner, we will be
able to identify several successive PQs and thus discover a long,
well-disciplined reproductive queue.
Results
Alok used 19 nests for each of which, after marking all individuals for identification, he spent two days observing the behaviour
of all the wasps and also identified the queen. On the third day,
he removed the queen at about 8:30 in the morning and continued
behavioural observations for 30–90 minutes to see if a PQ became
evident. He used a strict and objective criterion to decide whether
there was a PQ and if so, who she was—she had to show at least
5 acts of dominance behaviour and at least twice as many acts of
dominance than the next most dominant individual. Detection of
PQs, it turned out, was easy and unambiguous—PQs showed 50–
100 acts of DB per hour and about an order of magnitude more
than the next most dominant individual, within the 30–90 minutes
of observation (Figure 8). More tellingly, PQs rarely received any
dominance behaviour from anybody in the colony (Figure 9). In
this manner, he was able to identify five successive PQs in each
colony. Perhaps there were more PQs lurking in the colony but
he stopped at five, partly because it was too late in the day to
continue the experiment and continuing the experiment after an
overnight gap may introduce other unwanted variables. Alok took
another important precaution while doing this so-called serial PQ
removal experiment. We know that the hyper-aggression of the
PQ is a good proxy for future queenship. We have seen repeatedly (at least with 13 PQs) that the hyper-aggressive individual we
label as the PQ indeed goes on to become the next sole egg layer
of the colony if the original queen is not returned. But can we be
sure that this is also true for all subsequent PQs, PQ2 to PQ5? We
need to be cautious here. We were not sure that removal of the
PQ would lead to more unchallenged PQs in a similarly orderly
fashion. That is why we did the experiment in the first place.
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Figure 9.
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PQ1 might be quite a different phenomenon, having had much
more time to be properly designated as the heir-designate, by due
process (whatever that might be). But subsequent PQs – PQ2 to
PQ5 – emerged within 30–90 minutes of their predecessor PQ being removed and may have, therefore, arisen by quite a different
route, without due process, if we can use that convenient phrase,
for a process that we do not understand yet. Hence Alok explicitly
confirmed that hyper-aggression is as good a behavioural proxy
for the future queenships of all subsequent PQs, as it is for PQ1.
Using an independent set of 16 colonies, he allowed four each
of PQ2, PQ3, PQ4 and PQ5s to mature into egg-laying queens.
In all 16 cases, the PQs identified by the behavioural proxy of
hyper-aggression went on to become the sole egg layers of their
respective colonies [9].
Answer

There is a reproductive
queue of at least five
PQs, but perhaps all the
wasps are lined up in a
queue. What is even
more remarkable is that
they take charge in an
orderly manner and
refrain from becoming
hyper-aggressive out of
turn.
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There is a reproductive queue of at least five PQs, but perhaps all
the wasps are lined up in a queue. What is even more remarkable
is that they take charge in an orderly manner and refrain from
becoming hyper-aggressive out of turn.

So, How Do Wasps Decide Who Would Be Their Next Queen?
I wish to return briefly to the main question raised in the title
of this article. As I said in the opening passage, how the wasps
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in a mature colony choose their next queen is a mystery, but we
are gathering helpful clues. Experiment 1 told us that queens advertise their presence by means of non-volatile pheromones. Experiment 2 told us that the queen applies her pheromone to the
nest surface. Experiment 3 told us that even though we cannot
identify the PQ in the presence of the old queen, the wasps themselves seem to know who she is—there is a cryptic heir designate
known to the wasps. And, experiment 4 has told us that there is
a long reproductive queue of PQs waiting their turn to become
future queens. Experiment 4 also somewhat unexpectedly gave
us another vital clue. The serial PQ removal experiments gave
us a sample of 100 PQs with data on their behavior before removing the old queen. Alok also measured the productivities of
some PQs in the experiment where he tested whether the individuals identified as PQs by their hyper-aggression were really future
queens. We had data on their dominance rank, their rates of displaying dominance behavior, the rates at which they built the nest,
fed the larvae, the proportion of time they spent away from their
nests, their body size, their state of ovarian development, their
productivity and their age. Incorporating all these data into a statistical model, we asked whether we could predict the position
of an individual in the reproductive queue, i.e., which individuals would become PQ1, PQ2, PQ3, PQ4 and PQ5. Among all
the variables used only the age of the individual was a significant predictor of the position of an individual in the reproductive
queue. Does this mean that we have solved the problem? Is it
simply the age of the wasp that decides who would be the next
queen? More caution is required before we jump to that conclusion. Age is certainly a statistically significant predictor of
the position of an individual in the reproductive queue, but is it
a perfect predictor? Can we use simply age to line up workers
in a queue, even before removing the queen, and predict which
wasps will successively take over the role of the queen during
a serial PQ removal experiment? The answer, unfortunately, is
that age is not a perfect predictor of the position of an individual in the reproductive queue. They often violate the theoretically
predicted queue based purely on age—individuals often jump the
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Age is not a perfect
predictor of the position
of an individual in the
reproductive queue.
They often violate the
theoretically predicted
queue based purely on
age—individuals often
jump the age-based
queue.
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age-based queue. We counted how many times this happened in
what we called a queue-jumping analysis. Only in 10 out of the
30 cases studied did the oldest individual in the colony become
the next PQ upon removal of her predecessor. Of the remaining 20 cases, 3 individuals became PQs in spite of the presence
of equal-aged individuals and 17 PQs bypassed individuals older
than themselves to become the PQ out of turn, so to speak [9].
PQs seem to be chosen from among the oldest individuals in the
colony but which one from the cohort of old individuals actually
becomes the next PQ, remains a mystery. As I said in the opening
passage, we have not yet found the ‘smoking gun’ but the hunt is
on.

Reflections
None of these
experiments needed any
significant amount of
money or sophisticated
laboratory facilities.
Each one of them could
have been done at any
Indian home or school,
with a garden and a
kitchen table; Perhaps a
toy microscope would
have been helpful. What
they needed instead was
a band of dedicated and
passionate students, and
much background
information.
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Let us reflect on what made these experiments possible and successful. None of these experiments needed any significant amount
of money or sophisticated laboratory facilities. Each one of them
could have been done at any Indian home or school, with a garden
and a kitchen table; Perhaps a toy microscope would have been
helpful. What they needed instead was a band of dedicated and
passionate students, and much background information. In this
case, it was very helpful that my research group has been studying this locally available paper wasp species for decades, building
up a vast and detailed knowledge, on every aspect of the biology
of R. marginata. The cumulative impact of this persistent effort
is reflected in the ease with which we can ask difficult questions
and design clever experiments to answer them. There is often a
mistaken notion that we need to find a virgin territory and an unnecessary worry that everything would have been discovered by
the time we get to the scene. Nothing could be farther from the
truth. It is said that as a child, Francis Crick was worried that everything would have been discovered by the time he grew up. He
need not have worried—even the double-helical structure of DNA
was waiting for him to be discovered! True scientific knowledge
does not annihilate the body of unknowns—it multiplies them.
The more we know, the more there remains to be known and the
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more we can know. Only if you are devoid of imagination should
you worry that everything will soon be already known. Imagination is one of the most important tools for scientific research.
All children are born with a rich capacity for imagination, which
seems to be systematically killed by parents and teachers. I often
encourage my students to read as much fiction as they can to retain and sharpen their skills of imagination. Let us imagine, my
students and I said, that even though R. marginata is a primitively
eusocial species, the queen might have evolved a pheromone. Let
us imagine we said that the queen rubs her pheromone on the
nest. Let us imagine with some courage we said, that the wasps
know who their queen is, even though we do not know. Let us
be bold to imagine we said, that there is a long and disciplined
queue of potential queens patiently awaiting their turn to become
queens. And our bold imaginations paid off. It helps to be a bit
irreverent toward textbooks, established knowledge and received
wisdom. But the question of how the wasps choose their next
queen remains a mystery. Does that worry me? Not at all. The
thrill is also in the journey, not only in the destination. I am prepared to perform a hundred clever experiments and learn more
and more about wasps even if the final answer to the big question
keeps eluding us. That is why science is more thrilling than a
whodunit!

True scientific
knowledge does not
annihilate the body of
unknowns—it multiplies
them. The more we
know, the more there
remains to be known and
the more we can know.
Only if you are devoid of
imagination should you
worry that everything
will soon be already
known.
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