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Abstract. Caste is usually thought to be determined entirely in the adult stage in most
primitively eusocial wasps and bees. A pre-imaginal caste bias has however been recently
discovered in the primitively eusocial wasp Ropalidia marqinata. This study also suggested
that reigning queens and possibly other adults may influence the production of new queens
and implied at least partial support to the parental manipulation or sub-fertility hypothesis
for the evolution of insect sociality. The interest of these results prompted an attempt at
their reconfirmation. Complete reconfirmation has now been obtained using data from an
independent experiment and two additional methods of data analysis. We therefore
conclude that caste is at least partly determined prior to eclosion in the primitively
eusocial wasp Ropalidia marginata which lacks morphological differentiation between egg
layers and non-egg-layers,

Keywords. Ropalidia marqinata; social wasps; caste determination; evolution of sociality.

1. Introduction

Evolution of altruistic behaviour is one of the prime concerns of sociobiology.
Eusocial insects such as ants, bees and wasps, which are characterized by overlap of
generations, co-operative brood care and reproductive caste differentiation, show
the most extreme forms of altruism and hence are often favoured as model systems
in sociobiology. Of these, primitively eusocial insects such as many species of bees
and wasps lack morphological differences between reproductive and non
reproductive castes and thus show considerable flexibility in the social roles that
individuals may adopt. For this reason, such species are particularly suited for
asking questions concerning the forces that mould the evolution of worker
behaviour.

Most studies on these species however have assumed that caste is entirely
determined in the adult stage. To verify this assumption, an experiment was set up
to test the null hypothesis that 'all eclosing females in the primitively eusocial wasp,
Ropalidia marginata (Lep.) (Hymenoptera: Vespidae) are potentially capable of
laying eggs'. Of the 197 freshly eclosed females tested in this experiment, only about
50% built nests and laid eggs, although all animals were isolated from conspecifics
and were provided with ad libitum food since eclosion. This result therefore
permitted rejection of the null hypothesis and suggested that caste is at least partly
determined prior to eclosion. In addition, the number of empty cells on the nest
from which an animal ecloses and its own rate of feeding during adult life were
found to be good predictors of the probability that it would become an egg-layer.
The presence of empty cells may be considered an indication of the queen's
declining condition. These findings were therefore interpreted to mean that

141



142 Raghavendra Gadagkar et al

potential workers are produced when the queen of a colony is young and healthy or
has a high influence on her colony for other reasons. Conversely, potential egg
layers were thought to be produced when the queen is old and unhealthy or her
influence is otherwise low (Gadagkar et al 1988).

Because of the interest of these results and certain features of our methodology,
we have considered it worthwhile to repeat the experiment. Here a complete
reconfirmation of all our previous results using data from a new experiment and
employing two additional methods of data analysis is reported.

2. Materials and methods

2.1 Experimental procedures

All experiments were performed using the primitively eusocial wasp R. marqinata
whose biology and social organisation have been described in some detail
(Gadagkar 1980, 1985, 1990; Gadagkar et al 1982; Gadagkar and Joshi 1983).
Naturally occurring nests were collected from around Bangalore (13°00' Nand
77°32' E), cleared of adults and maintained in the laboratory. Females eclosing from
these nests were isolated into individual 22 x 11 x 11 em ventilated plastic jars. The
animals so isolated were provided with a piece of soft wood as a source of building
material and were provided an ad libitum diet of final instar Corcyra cephalonica
larvae, honey and tap water from the same source. Records were maintained of the
number of C. cephalonica larvae consumed by each animal throughout the
experiment. The animals were observed for signs of nest-building and egg laying
every day. Our experimental procedures are described elsewhere in more detail
(Gadagkar et al 1988).

2.2 Data analysis

2.2a Logistic regression analysis: Each animal in our experiment was classified
either as an egg-layer or a non-egg-layer. This classification thus yields a binary
variable (which shall henceforth be' called the dependent variable). We have
therefore used the method of logistic regression analysis (Shanubhogue and Gore
1987) rather than simple linear regression analysis to analyse two models. In each
model, several variables (which shall be referred to as independent variables)
associated with each animal such as the number of eggs, larvae, etc. on its parental
nest; its own feeding rate during adult life and indices of its body size were modelled
to influence the probability of egg laying by females such that:

In (Pj(l-p)] = Po. +E Pi Xi'
This can be rewritten as

p=efJ.+T.fJ'X'jl +efJ.+T.fJ,x,.

Values of Po and Pi associated with each independent variable were obtained using
the maximum likelihood criterion:

L= (,Ii Pi) (, IT (1-PJ),
1=1 ,=",+1
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where p is the probability of becoming an egg-layer, 1-p the probability of becoming
a non-egg-layer, /30 the intercept, /3i the regression coefficients, Xi the independent
variables, L the likelihood, animals 1 to m the egg-layers, and animals m+ 1 to n the
non-egg-layers.

2.2b Comparison oj means: Mean values of independent variables for egg-layers
were compared with those for non-egg-layers using a t test. Because some of the
independent variables may not be normally distributed, we have also compared
means using the non-parametric Mann-Whitney U-test.

2.2c Correlation analysis: Although the dependent variable is binary in nature,
a corresponding variable which is not binary is the proportion of egg-layers among
the animals eclosing from each nest. The association of this variable with those
independent variables concerning the nests such as number of eggs, larvae, etc. was
investigated by computing Kendall's rank correlation coefficient.

3. Results

3.1 Need for reconfirmation

The experiment described in Gadagkar et al (1988) showed that about half the
animals tested became egg-layers and the other half non-egg-layers. The correlates
of becoming an egg-layer or a non-egg-layer were investigated by performing what
is sometimes known as a 'fishing expedition'. In other words, we had no specific
hypothesis about which variables may be influencing the probability of an animal
becoming an egg-layer. All variables for which data were available were tested and
2 out of 15 so tested were found to be significantly correlated with an animal's
probability of becoming an egg-layer. Therefore the confidence one may entertain in
such a result is perhaps limited. On the other hand, the results obtained by
Gadagkar et al (1988) were novel and somewhat unexpected. Besides, they led to
the discovery of the phenomenon of pre-imaginal caste bias in a primitively eusocial
insect which lacks morphological caste differentiation. Although the extent of pre
imaginal caste bias seen cannot by itself account for eusociality in this species, these
results imply at least some support for the parental manipulation (Alexander 1974)
or sub-fertility (West-Eberhard 1975)hypothesis for the evolution of eusociality. All
these factors prompted us to seek a reconfirmation of these results.

3.2 Two methods of reconfirmation

We have attempted to reconfirm the results of Gadagkar et al (1988) by the
combination of two methods. First the experiment was repeated using a new set of
animals from a new set of nests. Secondly, the possible involvement of the same
variables was studied using two additional statistical techniques, viz. (i) comparison
of mean values of independent variables for egg-layers and those for non-egg-layers
and (ii) estimating correlation coefficients between the independent variables and
the proportion of egg-layers among the animals eclosing from each nest. These two
techniques and the original technique of logistic regression analysis have now been
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applied to data from each of the two experiments as well as for data pooled from
the two experiments.

3.3 Strategies to deal with results from different statistical tests and different
experiments

One obvious problem that would arise when the same variables are studied by
different statistical techniques or by using data from independent experiments is
that the results may not be identical. The following strategy was used to deal with
such potentially confirming or conflicting results.

When conflicting results were obtained within the same experiment but between
different statistical tests, the variables involved were treated with suspicion and only
those variables which were shown to be significant by all statistical tests were
considered important.

Our strategy to deal with results from replicate experiments has been somewhat
dilTerent. First, a new experiment was performed under conditions identical to those
in the first experiment. Secondly, data pooled from both experiments were
reanalysed, This gave us 3 sets of results namely those from experiment 1, from
experiment 2 and from data pooled from experiments I and 2. Only those variables
which were significant in the pooled data as well as in at least one of the individual
experiments were accepted as being important in influencing the outcome of the
experiment.

3.4 Logistic regression analysis

Results of both models using logistic regression are in table 1 and those pertaining
to experiment 1 are from Gadagkar et al (1988). In experiment 1, three variables,
viz. number of empty cells on parental nest, an animal's feeding rate during its
adult life and its ocello-ocular distance (an index of body size) had coefficients
which were significantly different from zero (P < 0·05). In the second experiment,
only feeding rate has a regression coefficient which is significantly different from
zero (P<0·05). When data pooled from the two experiments are analysed, 3
variables, viz. number of pupae, number of empty cells and feeding rate are found
to have coefficients significantly different from zero (P < 0·05). Using the strategy
outlined in the previous section, we consider the roles of number of empty cells and
feeding rate as having been reconfirmed. This strategy requires that the two other
variables, viz. ocello-ocular distance and number of pupae not be considered
important at this stage. It might be mentioned here that similar results are obtained
if the proportion of empty cells is considered instead of the absolute number of
empty cells.

3.5 Comparison of means

The mean values of each variable for egg-layers were compared with those for non
egg-layers as another method of detecting the correlates of egg laying. Our
conclusions arising from such comparisons using a parametric r-test (shown in
table 2) are similar to those from logistic regression analysis. Once again, the roles
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of number of empty cells and feeding rate are reconfirmed. Because some of the
variables may not be normally distributed, a non-parametric comparison of means
using the Mann-Whitney V-test was also performed. These results (shown in
table 3) permitted the same conclusions as the logistic regression analysis and
parametric comparison of means. In experiment 2, the mean values of the number
of females on the parental nest were significantly different between egg-layers and
non-egg-layers but such a result was not obtained either in experiment I or in the
pooled data. In experiment 2 and in the pooled data, the number of males on the
parental nest is significantly different between egg-layers and non-egg-layers but this
variable is not considered important because it did not have a coefficient significantly
different from zero in the logistic regression analysis.

3.6 Correlation analysis

As far as variables associated with the parental nest (such as number of eggs, larvae,
etc.) are concerned, there is yet another way in which the association of such
variables with egg laying and non-egg laying by the experimental animals can be
investigated. This is to compute the proportion of egg-layers among animals
eclosing from each nest and calculate Kendall's rank correlation coefficients
between this quantity and each variable. Such an analysis shows that number of
empty cells is significantly correlated with the proportion of egg-layers eclosing
from each nest (table 4). Three other variables, viz. the number of pupae, number of

Table 3. Results of non-parametric comparison of means.

Data from experi- Data from experi- Data pooled from
ment 1 ment 2 experiments 1 and 2

Variables U Z U Z U Z Remarkst

No. of eggs 4790·50 0'1522 690·50 -1,6998 9387:00 -0,7018
No. of larvae 4661·50 -0'4767 630·50 - 2'2583* 8804·50 -1'5561
No. of pupae 4850·50 -0,0013 780·50 -0'8662 9756-00 -0'1543
No. of parasitized 4767·00 -0,2599 588·50 2'9719*** 9031·50 1'4725

cells
No. of empty 3838·50 2·5527· 521·00 3'3136*** 7164·00 4-0115*** Accept

cells
No. or males 4782·50 -0,2276 520·00 3'8954*** 8711·50 2'1805*
No. of females 4833·50 -0,0440 623·50 -2'3224* 9330-00 -0'7865
Feeding rate 3213·50 4,0970*** 898·00 2'6879** 7579·00 4,8130*** Accept
Inter-ocular 4283-00 -1,5339 1286·00 0·0882 10344·00 -1'1780

distance
Ocello-ocular

distance 4068·50 -2'0626* 1145·00 1-1267 10345·00 -1'1768
Head width 4657·50 -0-4876 1241·50 -0,3849 10728·50 -0'5980
Head length 4652·50 -0-4999 1201·00 -0,6583 10556·50 -0,8289
Mesoscutum 4421·50 -1,0807 1295·00 0·0236 10501·50 -0'9023

width
Mesoscutum 4730-50 -0,3023 1277·50 0·1411 11058·50 -0'1523

length
Wing length 4280·50 -1-4290 1142·50 1·0485 10749·50 -0'5665

tBased on the strategies described in section 3·3.
*0-05> P> 0·0I; **0·0I > P> 0·005; ***P< 0'005.
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Table 4. Kendall's rank correlation coefficients between proportion of egg-layers eclosing
from each nest and other variables associated with the nests.

Data from experi- Data from experi- Data pooled from
ment I ment 2 experiments I and 2

Variables r Z r Z r Z Remarks t

No. of eggs 0·0220 0'1435 0-1633 0·9772 0-1466 1-3139
No. of larvae 0·0220 0'1435 0-0995 0·5951 0·0963 0·8632
No. of pupae 0·1733 1·1290 0-3080 1·8425 0·3087 2,7673**
No. of parasitized -0·0702 -0,4575 0-4739 2·8351*** 0·2515 2-2545*

cells
No. of empty cells 0·2622 1·7081 0·3580 2,1416* 0-3231 2,8966*** Accept
No. of males -0,1283 -0,8359 0·4561 2·7286** 0-2583 2-3154*
No. of females 0·1470 0·9575 0·0066 0·0396 0'1784 1·5994

tBased on the strategies described in section 3·3.
*0·05>P>0·01; **0·01;;>P>O·OO5; **"P~O·OO5.

parasitized cells and number of males are also significantly correlated but by the
criteria laiQ down in section 3-3, we do not accept these variables as being
important at this stage.

Figure 1A shows the proportion of egg-layers eclosing from each nest as a
function of the number of empty cells in that nest. Although, the number of empty
cells is statistically significantly correlated with the proportion of egg-layers (table 4,
row 5), there is much scatter in the data, preventing us from discerning any simple
relationship between the two variables. A major source of error in this data must
arise on account of our attempt to compute proportion of egg-layers for nests from
which a very small number of animals were tested (in several cases only one or two
animals were tested). For this reason, we have deleted all nests from which 6 or
fewer animals were tested. Now our estimates of proportion of egg-layers will have
less error and the nature of the relationship between proportion of egg-layers and
empty cells should be easier to unravel. Figure 1B shows that animals have a small
probability (-0'28) of becoming egg-layers even when the number of empty cells is
zero and that the probability of becoming an egg-layer rises rapidly to about 0·6
when the number of empty cells is 20 and later rises gradually to about 0·9 when
the number of empty cells reaches about 80.

4. Discussion

Gadagkar et aJ (1988) demonstrated a pre-imaginal bias in the caste of female
R. marqinata by showing that only 97 out of 197 females tested under laboratory
conditions initiated nests and laid eggs while the remaining died without doing so.
The results presented here reconfirm a substantial pre-imaginal caste bias because
in a new experiment with 102 animals, only 53 laid eggs and the remaining 49 died
without doing so. Gadagkar et at (1988) also concluded that the number of empty
cells on the parental nest and an animal's feeding rate during its adult life are useful
in predicting whether an animal will become an egg-layer or a non-egg-layer. The
role of these variables was not postulated beforehand but, as is often inevitable in
dealing with complex systems, all available variables were tested and these two were
found to be significant.
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Figure 1. Scatter plot showing the proportion of egg-layerseclosing from each nest versus
the number of empty cells on that nest (A). The two variables are significantly correlated as
seen from Kendall's coefficient of rank correlation (P<o-OO5; see table 4, row 5). The
excessive scatter in the data is on account of our attempt to estimate the proportion of
egg-layers for nests from which a very small number of animals were tested. The
relationship between proportion of egg-layers and number of empty cells is seen more
dearly when nests from which only 6 or fewer animals were tested are deleted (B). The
solid line is computed using the equation In Y=0'2710*ln (I + X)-1'2861 which was fitted
using the method of least square. r2 = 0·8501. The slope 0-2710 has a standard error of
0'0430 and is thus significantly different from zero at p<o-OOOI.

Complex systems often cannot be tackled by methods other than such 'fishing
expeditions' but it may be argued that one's confidence in the role of any variable
detected through such a method is not as high as it would be if its involvement
were postulated beforehand on a priori grounds (see Martin and Bateson 1986,
pp 134-135 for a discussion ofthis issue). For this reason an attempt was made to
reconfirm these results both by performing additional statistical tests as well as by
repeating the experiment and performing the original and new statistical tests on
data from the new experiment and on data pooled from both experiments. In doing
so, we were, as might be expected, confronted with minor discrepancies in the
results between experiments and between statistical techniques. Here the rather
conservative strategy of accepting only those results which were validated by all
statistical techniques in at least one individual experiment and in the pooled data
was adopted. Inspite of such reconfirmation, our approach here was to first detect
variables that may be important and then construct hypotheses as to their possible
mode of involvement in pre-imaginal caste bias. It is for this reason that a
conservative strategy which may lead to an error of rejecting an important variable
rather than to the converse error of accepting an unimportant variable, was
adopted.

Using this strategy, we reconfirm the association of the number of empty cells
present on the parental nest and an animal's feeding rate during adult life with its
probability of becoming an egg-layer. Such reconfirmation strengthens our model
for pre-imaginal caste bias (Gadagkar et al 1988) which suggests that a declining
influence of the queen leads to the accumulation of empty cells as well as to the
production of daughters who are programmed to feed more and become egg-layers
while a high influence of the queen leads to fewer or no empty cells and the
production of daughters programmed to feed less and become workers. Thus caste
is atleast partly determined prior to eclosion even in a primitively eusocial wasp
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such as R. marqinata which lacks morphological differences between egg-layers and
non-egg-layers.
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