J. Genet.. Vol. 64. No. 1, July 1985, pp. 41-58. € Printed in India.

Evolution of sex ratios in social hymenoptera: kin selection, local mate
competition, polyandry and kin recognition

N V JOSHI and RAGHAVENDRA GADAGKAR*
Centre for Theoretical Studies and *Centre for Ecological Sciences,
Indian Institute of Science, Bangalore 560012, India.

MS received 24 May 1985

Abstract. A model is constructed to study the effects of local mate competition and multiple
mating on the optimum allocation of resources between the male and female reproductive
brood in social hymenopteran colonies from the ‘points of view' of the queen (parental
manipulation theory) as well as the workers (kin selection theory). Competition between pairs
of alleles specifying different sex investment ratios is investigated in a game theoretic frame
work. All other things being equal, local mate competition shifts the sex allocation ratio in
favour of females both under queen and worker control. While multiple mating has no effect
on the queen’s optimum investment ratio, it leads 10 a relatively male biased investment ratio
under worker control. Under queen control a true Evolutionarily Stable Strategy (Ess) does
not exist but the ‘best’ strategy is merely immune from extinction. A true ESS exists under

.orker control in colonies with singly mated queens but there is an asymmetry between the
dominant and recessive alleles so that for some values of sex ratio a recessive allele goes to
fixation but a dominant allele with the same properties fails to do so. Under multiple mating,
again, a true ESS does not exist but a frequency dependent region emerges. The best strategy
here is one that is guaranteed fixation against any competing allele with a lower relative
frequency. Our results emphasize the need to determine levels of local mate competition and
multiple mating before drawing any conclusions regarding the outcome of queen-worker
conflict in social hymenoptera. Multiple mating followed by sperm mixing, both of which are
known to occur in social hymenoptera, lower average genetic relatedness between workers and
their reproductive sisters. This not only shifts the optimum sex ratio from the workers’ ‘point of
view" in favour of males but also poses problems for the kin selection theory. We show that kin
recognition resulting in the ability to invest in full but not in half sisters reverts the sex ratio
back to that in the case of single mating and thus completely overcomes the hurdles for the
operation of kin selection.

Keywords. Sex ratios; kin selection: local mate competition: polyandry; kin recognition;
social hymenoptera.

Introduction

Fisher (1930) showed that in outbreeding populations natural selection would favour
equal parental investment in the offspring of each sex. If the population is inbreeding
however, competition for females is predominantly between brothers (local mate
competition) so that natural selection favours a female biased sex ratio (Hamilton
1967). In the extreme case, when there is complete sibmating, a parent ‘should’ produce
just enough sons necessary to inseminate all the daughters. These predictions of Fisher
and Hamilton have been repeatedly verified, both theoretically and empirically
(Charnov 1982; Metcalf 1980; Owen 1983; Werren 1980, 1983). Indeed the theory of sex
allocation has in recent years become a cornerstone of evolutionary biology, a status
achieved primarily because of the success with which precise quantitative and
empirically testable predictions have been made (Charnov 1982).
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The theory of sex allocation has assumed importance for yet another reason.
Predictions concerning sex allogation appear to be powerful in choosing between
competing theories purporting to explain the evolution of sociality in insects (for a
recent review see Gadagkar 1985a). A hidden assumption in Fisher’s argument of equal
allocation between the two sexes is that a parent is equally related to his or her sons and
daughters. In haplodiploid social insects such as wasps, bees and ants, sterile female
workers often feed and care for their siblings instead of producing their own offspring.
Haplodiploidy, a genetic system where males arise from haploid unfertilized eggs and
females from fertilized, diploid eggs, creates asymmetries in genetic relatedness.
Females are related to their sisters by 3/4 and to their brothers by 1/4. This asymmetry is
in fact an important factor in favour of Hamilton’s (1964a, b) theory of the evolution of
social behaviour because it genetically predisposes a hymenopteran worker towards the
evolution of altruistic behaviour. Trivers and Hare (1976) argued, however, that a
worker gains nothing in fitness if she invested equally in brothers and sisters because
her average relatedness to her siblings is 1/2, the same as her average relatedness to her
own offspring. Sterility in workers would be selected if they can capitalise on the
asymmetries in genetic relatedness by investing in their sisters and brothers in the ratio
3-1.1In other words, when workers invest in siblings who are related to them in the ratio
3:1, natural selection would favour a ratio of allocation paralleling the ratio “of
relatedness. The queen who is fertile and who produces the sons and daughters would
on the contrary favour an equal investment in brood of the two sexes in her colony. In
this context there would be a conflict of interests between the queen and the workers in
the optimum ratio of allocation of resources between brood of the two sexes.

The theory of kin selection argues that workers are sterile and act altruistically
towards their sibs because this is the strategy that maximises their inclusive fitness.
Inclusive fitness of an individual may be defined as its total contribution to the gene
pool of the next generation obtained both by the production of offspring and by aiding
genetic relatives. The theory of parental manipulation (Alexander 1974) on the other
hand suggests that workers are sterile because they are manipulated into this state by
their parents. The two theories make mutually opposing predictions regarding the
expected allocation between the two sexes in the reproductive brood in social
hymenopteran colonies. If kin selection is responsible for worker sterility and altruism,
then the workers should win in the conflict over the investment ratio and the resultant
sex-investment ratio observed should be 3:1. If worker sterility and altruism are a
consequence of parental manipulation instead, queens should be successful in
manipulating the workers into investing equally in reproductives of the two sexes and a
1:1 ratio of investment is expected. Trivers and Hare (1976) weighed male and female
reproductives in a number of monogynous ant colonies and showed that the
observed ratios of investment were significantly closer to 3:1 than 1:1 and concluded
that their data are uniquely explained by kin selection theory.

“The predictions and conclusions of Trivers and Hare (1976) depend on the
assumption that the social insects under consideration are outbreeding and that the
queens mate only once. Under inbreeding or local mate competition (LMC), the queens
too would prefer a female biased investment ratio (Hamilton 1967) and the 3:1 ratio
seen by Trivers and Hare may have nothing to do with workers realising their optimum
investment ratio as opposed to the queens’ optimum value (Alexander and Sherman
1977). Similarly, if the queens mate with more than one male then the relatedness
between the workers and the reproductive sisters they rear will no longer be 3/4 but
distributed anywhere between 3/4 (full sisters) and 1/4 (half sisters). Under these
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conditions the predictions used by Trivers and Hare (1976) are no longer valid
(Alexander and Sherman 1977). Both LMc and multiple mating by queens are known to
occur. in social hymenoptera although their intensities might vary widely (Alexander
and Sherman 1977; Page and Metcalf 1982; Crozier 1980). While multiple mating has
long been recognised to be common in hymenoptera (see Wilson 1971) it has often been
assumed that sperms from different males clump in the spermatheca of the females
leading to use of sperm from a single male for extended periods of time (see Orlove
1975, for example; see Crozier and Briickner 1981, and Starr 1984, for detailed
discussions of other available data). However, in the only case where careful
investigation has gone into this question it is clear that sperms do not clump (Page and
Metcalf 1982).

When multiple mating results in a lowered average genetic relatedness between
workers and reproductives in a colony this not only alters the expected sex-investment
ratio from the workers’ ‘point of view’ but may also be considered as a factor against kin
selection (Hamilton 1964b; Wilson 1971). It may be argued however that ‘workers can
circumvént . the problem of multiple insemination’ by kin recognition leading to
investment in full sisters but not in half-sisters (Page and Metcalf 1982).

In recent years a number of theoretical investigations relating to the evolution of sex
ratios in social hymenoptera have been undertaken. Stimulated in part by the work of
Trivers and Hare (1976) who predicted a 3:1 investment ratio under worker control and
a 1:1 ratio under queen control, several authors have confirmed these predictions by
rigorous methods (Oster et al 1977; MacNair 1978; Craig 1980a; Uyenoyama and
Bengtsson 1981; Charnov 1978a). Other factors such as Lmc and worker-queen conflict
have also occasicnally been considered (Taylor and Bulmer 1980; Oster et al 1977,
Bulmer 1981; Benford 1978). Our intention here is to simultaneously consider the
effects of Lmc, polyandry and kin recognition and generate predictions regarding
optimum sex allocation ratios in the frame work of the kin selection and the parental
manipulation theories. In this paper we are only working within the context of the
Trivers and Hare (1976)and Alexander and Sherman (1977) arguments in our efforts to
recalculate what in fact should have been the theoretical predictions of the former
authors, had they taken the points made by the latter into consideration. It should be
mentioned that the importance of female biased sex ratios in the evolution of
eusociality is not universally agreed upon. Craig’s (1979, 1980b) models for instance
suggest that female biased sex ratios are not likely to have been very useful for the
origin of eusocial behaviour. In the maintenance of already existing eusocial behaviour,
Charnov (1978b) points out that selection for egg laying by workers is very strong even
if they are rearing a “seemingly advantageous” combination of brothers and sisters.

2. The model

We consider an infinite population of social insect colonies. Each colony is initiated bya
single inseminated female (queen), whose all-female first brood consists entirely of
workers. The subsequent brood consisting of both male and female reproductives is fed
and cared for by the workers. The queen dies after the emergence of reproductives.
From each nest a fraction d of both male and female reproductives disperses to join a
mating aggregate where random mating takes place. On the other hand, sibmating
takes place within the fraction (1 —d) remaining at each nest. After mating the males die
and each inseminated female initiates a new nest. Thus d parametrises local mate
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competition, with d = 1 corresponding to complete outbreeding, and d = 0 complete
inbreeding. We have of course modelled LMcin this fashion for convenience. Lmccould
occur even in the absence of sibmating if, for instance, the males from one nest all
attempt to mate with the females of a neighbouring, though unrelated nest.

The sex ratio trait is modelled by a one-locus-two allele system. The allele A being
dominant, individuals with genotype A4 and AB produce a fraction r , of males among
their reproductive progeny, while those of genotype BB produce a fraction r g of males.
For simplicity we have assumed that investment ratio is directly translated into sex
ratio.

2.1 Queen control of the investment ratio

Even if the optimum investment ratio is different for the queen and the workers, the
queen could in principle manipulate the workers into feeding her reproductive
offspring in the ratio optimum for her. This is modelled by adjusting the sex ratio of the
reproductive offspring according to the genotype of the queen.

If queens mate only once, there will be six types of inseminated females, 44.4, AA.B,
AB.A, AB.B, BB.A and BB.B (where the first two letters refer to the queen’s genotype
and the third to the genotype of the male she has mated with i.e., of the sperm stored in
her spermatheca). Each inseminated female contributes genes to the next generation by
three pathways: (1) through the sons which join the mating aggregate, (2) the daughters
which join the mating aggregate, (3) the sibmated daughters. The quantitative details
about the contributions from each of the six types of inseminated females are described
in table Al (appendix).

Thus knowing the frequencies P, ,(n), P,,5(n) . ..., Ppgg(n) of each of the
classes in the nth generation, one can obtain the frequencies P,,,
(n+1), . . . etc. in the next generation. Since all the frequencies add up to unity, the
dynamics is described by a system of five coupled nonlinear difference equations (see
appendix).

To study the competition between two alternative sex ratio strategies r, and ry, we
consider a population purely of type AA.A4, into which a small proportion of
inseminated females containing the B gene is introduced. For this situation, the above
system of five nonlinear coupled equations can be approximated by a system of five
linear difference equations. As shown in the appendix, the elements of the relevant
transformation matrix G’ are functions of r , rz and d alone.

If the dominant eigenvalue of the matrix G’ is greater than unity the proportion of B
" increases with time and we say that 4 is invadable by B. Conversely, if the eigenvalue is
less than unity, 4 is uninvadable by B. Similarly, we can investigate whether a pure
population of B is invadable by A.

If pure A is uninvadable by B while B is invadable by A then A would be selected for
and would go to!fixation. If both pure A and pure B are uninvadable, frequency
dependent selection is implied (whichever establishes itself first wins). Finally if both
pure A and pure B are invadable, co-existence of the two alleles is indicated. ,

For different values of r , (the proportion of males specified by the dominant allele),
rg (proportion of males specified by the recessive allele) and d, the parameter
characterizing local mate competition, we have investigated the dynamics of the system
to determine which of the above conditions prevail viz. one of the two alleles going to
fixation, the two alleles coexisting, or frequency dependent selection.
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2.2 Worker control of investment ratios

Trivers and Hare (1976) assumed that “the offspring is capable of acting counter to its
parents’ best interests” and thus workers should be able to feed the reproductive brood
in the ratio that optimises their inclusive fitness. Once again making the simplifying
assumption that investment ratios are directly translated into sex ratios, this is
modelled simply by adjusting the sex ratio of the reproductive brood in accordance
with the genotype of the workers. For instance queens of the type AB.B will produce
workers of the type ABand BB in equal proportions. Although some investigators have
considered the possibility of workers of one genotype behaviourally dominating over
workers of other genotypes (Charnov 1978; Craig 1980; Pamilo 1982; Bulmer 1983) we
agree with Bulmer (1983) that additivity seems biologically more likely. Thus in a
colony with AB and BB workers in equal numbers, the proportion of males in the
reproductive brood is taken to be (r , + rg)/2. Thus (r , + r 5)/4 males each of type A and
B and 4[1 — (r ,+ rp)/2] females each of type AB and BB are produced in a colony
initiated by an inseminated female of type AB.B.

2.3 Polyandry

When queens mate with more than one male, they are assumed to mate with males of
different genotypes in the proportion that males of these genotypes are represented in
the population (at the nest site in the case of sibmating or at the mating aggregate in the
case of outbreeding). Equal numbers of sperms of each male are assumed to be stored in
the spermatheca which are then used randomly. Thus in a system of 2 alleles, if every

female mates twice there will be 9 types of inseminated females, A4.4.4, AA.A.B,
AA.B.B, AB.A.A, AB.A.B, AB.B.B, BB.A.A, BB.A.B, and BB.B.B, where the first two
letters refer to the genotype of the female and the last two letters refer to the genotypes
of the 2 males she has mated with. Similarly, one can write down the genotypes of
inseminated females for any specified number of matings. For different numbers of
matings we have investigated the outcome of competition between alternative sex ratio
alleles both under queen and worker control.

24 Evolution of kin recognition

In the previous section the workers were assumed to invest in all brothers and sisters
irrespective of their relatedness (i.e., full sisters and half sisters were not distinguished).
Here we investigate the case where workers can distinguish genetic relatedness and will
invest in their full sisters, but not their half sisters. Multiple mating by the queen does
not make any difference in the case of brothers as there can be no half brothers in a
haplodiploid system.

We also model kin recognition by a one-locus-two allele systém. Now allele 4 in
addition to coding for r, proportion of males also confers ability to recognise kin. B on
the other hand codes for r , proportion of males but does not confer ability to recognise
kin. Instead of assuming that if the ability to recognise kin is dominant, the sex ratio
specified by that allele is necessarily dominant, we have considered all possible
combinations of dominance and recessiveness of kin recognition ability and sex ratio.
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We have considered a two-insemination case for simplicity. This implies nine types of
inseminated females, A4.4.A, AA.A.B, . .. BB.B.B. The contributions to the next
generation from each of these genotypes are calculated in a manner analogous to the
queen control case described in the appendix.

The invadability of 4 and B by each other for various values of r,, rz and d was
investigated using procedures similar to those described in the earlier sections.

2.5 Optimal sex ratio under kin recognition

Here we assume that the kin recognition gene has gone to fixation and investigate how
the competing genotypes specifying alternative sex ratio strategies would fare against
each other. We again consider a two-insemination case. As mentioned earlier since there
are no half brothers each worker treats all the males in the nest equally. On the other
hand, the investment meant for the female reproductives is used only for its full sisters,
ignoring the half sisters completely. ,

For example, in a colony founded by a AA.A.B female, the daughters would be of
genotype A4 and AB, each type being full sisters amongst themselves but half sisters of
each other. Hence 44 females would invest only in A4 females and brothers, while AB
females would invest only in AB females and brothers. In a colony founded by a female
of the type AB.4.4 on the other hand, there would still be two lines of full sisters but
both would contain equal numbers of females of the genotype A4 and AB. In other
words full sisters and half sisters are decided by which father the sperm has come from
and not by the genotype with reference to the alleles 4 and B in our model; these alleles
are merely sex investment ratio determining alleles. We assume therefore that both 44
and AB females would invest in males on the one hand and equally in A4 and 4B
females on the other. In contrast, in a colony founded by females of the type AB.A.B
there would again be two lines of full sisters, one consisting of 44 and AB females and
the other of BB and AB females. While each type of worker will allocate resources
between brothers and sisters depending on its genotype, resources meant for the sisters
will be subdivided in the following manner. A4 workers will invest equally in AA4
females and 50 %, of the AB females who are their full sisters. BB females will similarly
invest equally in BB females and the remaining 509, of AB females who are their full
sisters. As for AB females, the first 50%, who are full sisters of 44 females will invest
equally in 44 females and in that 50 9, of AB females who are their full sisters. Similarly
the other 50 %, of 4B females who are full sisters of BB females will invest equally in BB
females and the remaining 509, of AB females who are their full sisters. Using this
formulation, we have investigated the outcome of competition between alternate sex
ratio alleles under worker control when kin recognition is present.

3. Results

3.1 Evolutionarily stable strategies

What would be the sex investment strategies favoured by Natural Selection? We should
look for those strategies which would go to fixation against competition from any other

strategy. This can be readily done by a glance at the fate maps which present the results
of competition between pairs of genotypes specifying different sex investment ratios.
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We illustrate this with schematic diagrams in figure 1 where values on the abscissa are
proportions of male offspring specified by the dominant allele 4 and those on the
ordinate by the recessive allele B. The diagonal is an equifitness line where the two

.- alleles are indistinguishable with respect to the sex ratios. As described earlier, when the

largest eigenvalue (4) of the transition matrix G (appendix) s greater than 1, the resident
allele can be invaded, whereas if it is less than 1 it cannot be invaded (in all the cases
investigated the largest eigenvalue was always real). The set of pairs of r, and ry which
correspond to 4 = 1 thus forms a boundary between regions of stability and instability.
Two such lines, along with the diagonal, divide the coordinate space into three kinds of
regions (figure 1) viz A, where the dominant allele A goes to fixation, B, where the
recessive allele B goes to fixation and C, where the two alleles coexist.

To see which strategy will be favoured by natural selection notice from figure 1a that
when the dominant allele takes a value 7, it would go to fixation irrespective of the value
taken by the other allele. In other words, this value of 7, represents an evolutionarily
stable strategy (ess) (Maynard Smith 1974; for a lucid introduction to the concept of
ESs, see Maynard Smith 1982).

It is possible, however, that no true gss exists. In figure 1b for instance, whatever
value one of the alleles takes, there is always a strategy open for the competing allele to
invade. Notice that in figure 1b if the allele A takes the value 7, it may be invaded but
never eliminated altogether, no matter what value is taken by the allele B. We shall
henceforth call this an ess of the coexistence kind. When the two lines separating the
regions of stability and instability do not intersect the diagonal at the same point there
emerges a fourth kind of region in the co-ordinate space, a region of frequency
dependence denoted by F in figure Ic. In this region that allele goes to fixation which
has a higher initial frequency. Now if allele A takes the value 7, it is stable against
invasion by any strategy of the competing allele. However 7, cannot be called a true Ess
because there are also some strategies that the competing allele can adopt against
invasion by 7, (within the region of frequency dependence). We shall henceforth refer to
this as an Ess of the frequency dependence kind. The conditions under which these
different kinds of ess will obtain are described in detail in Gadgil et al (1980, 1983).
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Figure 1. Illustrative fate maps showing schematically (a) true Ess, (b) Ess of the coexistence
kind. and (c) Ess of the frequency dépendence kind. In the coordinate space of the proportion
of males specified by two alleles, A is the area where allele 4 goes to fixation, B, the area where
allele B goes to fixation, C, where the two alleles coexist, and F, the region of frequency
dependence (shown as dotted region in ¢). r is the Ess for allele A and rp the Ess for allele B.
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3.2 Single mating

3.2a When queens control the ratio of investment: In social insect colonies the queens
normally lay all the eggs while the workers (who are often the queens’ daughters) are
sterile and care for their siblings. Because of haplodiploidy the genetic relationship
between a mother and her offspring are different from that of a female and her siblings.
This leads to different optimum sex investment ratios for the queens and workers. As
we have seen earlier, either the queen or the worker could win in such a conflict. Let us
begin by considering the situation where queens (those who have mated with only one
male) decide the investment ratios. We have studied the competition between alleles
specifying different sex investment ratios under different levels of local mate
competition (d). A typical fate map (figure 2) (at d = 0'5 i.e., where half the offspring
disperse before mating while the other half undergo sibmating) shows that the pattern
is similar to that depicted in figure 1b where no true essis possible but only an Ess of the
coexistence kind. This means that a population need not necessarily consist of a unique
strategy but that more than one strategy may coexist leading to the possibility of sex
ratio polymorphism. ;

Variations of this ess (of the coexistence kind) with levels of Lmc (figure 3) show that
the results are as expected from the work of Fisher (1930) and Hamilton (1967). Under
complete outbreeding (d = 1-0) an equal investment in males and females is predicted.
As the level of LMc increases the optimum ratio becomes increasingly female biased.
The quantitative relationship* between the Ess and d in figure 3 is described by

r=d(1+d)/3+4d) 1)
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Figure 2. Fate map for competition between a dominant and recessive allele specifying
different sex ratios under queen control. The regions denoted by D, R and C correspond to the
dominant allele going to fixation, the recessive allele going to fixation and stable coexistence of
the two alleles respectively.

tWe have not derived this and subsequent equations analytically as the algebra involved is rather tedious.
However the equations reproduce the corresponding curves exactly.
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Figure 4. Fate map for competition between dominant and recessive alleles specifying sex
ratios under worker control in colonies with single inseminated queens or double insemination
with kin recognition. The regions denoted by D, R and C correspond to the dominant allele
going to fixation, the recessive allele going to fixation and stable coexistence of the two alleles
respectively.

32b When workers control the ratio of investment: Now let us consider the situation
when workers rather than queens decide the optimum ratio of allocation of resources
between the two sexes. Once again in colonies with singly mated queens we have studied
competition, under different levels of local mate competition, between alleles specifying
different sex allocation ratios. A typical fate map (at d = 0-5) (figure 4) shows that the
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pattern is similar to that depicted in figure 1a where a true Ess exists. Notice however
that the fate map is asymmetrical, with the regions where the dominant allele goes to
fixation being smaller than those where the recessive allele does. For instance (figure 4),
a recessive allele producing 107, males always eliminates a dominant allele that
produces 50 9, males. On the other hand, if the allele specifying 10 o/ males is dominant
and the allele specifying 50 9, males is recessive then both alleles coexist at frequencies
of 0-734 and 0-256 for the dominant and recessive alleles respectively (table 1, columns
1-4). In other words, a recessive allele goes to fixation while a dominant allele with the
same properties fails to do so. Notice that this is different from the well known
phenomenon of it being harder to completely eliminate a recessive disadvantageous
allele when compared to a dominant disadvantageous allele.

We do not completely understand this rather surprising result but offer the following
speculation. Consider how the sex ratio is determined in colonies having more than one
genotype. For example in a system of 2 alleles, each colony being initiated by one singly
inseminated female, there would be six types of colonies (table 2, row 1). From the
genotypes of the queens and that of their mates we can write down the genotypic

Table1. Genotypic and phenotypic equilibrium sex ratios for dominant and recessive
alleles

Proportion of males Equilibrium frequency Proportion of males obser-
specified by genotypes of alleles ved at equilibrium

Dominant Recessive Dominant Recessive Dominant  Recessive
allele allele allele allele allele allele

05 01 0-0 1-0 == 01
01 05 0-734 0-266 0-120 0-198
07 01 0-0 1-0 = 01
01 07 0-804 0:196 0118 0-206

Table 2. Genotypes of queens, reproductive and worker offspring, and sex ratio of reproductive
offspring in different types of nests in a system of one-locus two alleles coding for sex ratio

Genotype of inseminated
queen AA.A' AAB AB.A AB.B

Genotype of male repro-
ductive offspring Aor B Aor B

Genotype of female repro-
ductive offspring AA or AB AB or BB

Genotype of worker off-
spring AA AB AA or AB AB or B? AB BB

Sex ratio of reproductives
when A is dominant T4 r4 T4 (rq+rp)2 r4 rp

Sex ratio of reproductives
when A is recessive TA rs (ry+rp)/2 rs rs rs

+The first two letters refer to the genotype of the queen while the third letter refers to the
genotype of the male she has mated with i.e., the sperm she carries in her spermatheca.
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composition of the reproductive brood as well as of the workers in each type of colony
(table 2, rows 2-4). Some colonies are pure with respect to A or B while others have a
substantial represéntation of both alleles. Let the allele A be advantageous compared to
B. When A is dominant, the phenotypic sex ratio corresponds to that advantageous
value specified by A4, both in the colonies with pure 4 as well as to some extent in the
mixed colonies (table 2, row 5). Thus some of this advantage is also conferred on the
allele B as a result of which it is never completely eliminated. On the contrary when 4 is
recessive the phenotypic sex ratio corresponds to this value only in the pure A colonies
so that none of the advantage is lost to the allele B (table 2, row 6). In such a situation 4
is therefore able to eliminate B altogether. This kind of asymmetry between a dominant
and recessive allele seems, therefore, to be because of the fact that the advantageous
dominant allele also biases the sex ratio of the bearers of the other allele in the favoured
direction, whereas a recessive allele does not do so. If this argument were correct one
would predict that when A is dominant and the two alleles coexist, the phenotypic sex
ratio of B at equilibrium should be closer to that specified by 4 (advantageous) rather
than by B (disadvantageous). This is indeed what is seen when we look at the
phenotypic sex ratios of the two coexisting alleles at equilibrium (table 1, columns 5
and 6).

We saw in the previous section that local mate competition leads to a female biased
sex ratio under queen control. When workers control the ratio of investment this
optimum sex ratio is even more female biased (figure 3). The quantitative relationship
between Ess sex ratio and levels of Lmc (d) is described by

r=d/3+4d) ‘ @)

In the absence of Lmc (d = 10) the optimum sex ratio under worker control is 3:1 in
favour of females as predicted by Trivers and Hare (1976).

3.3 Polyandry

When queens mate with males of more than one genotype their daughters would no
longer be all full sisters of each other. Since some of the daughters of the queen become
reproductives and others workers, the genetic relationship between an average worker
and the average reproductive would not be 3/4 as in the case of single mating but lower.
The optimum sex ratio from the workers point of view would therefore be differentasa
consequence of polyandry. The genetic relationship between the queen and her
daughters however, is not altered by multiple mating. The optimum sex ratio from the
queen’s ‘point of view’ is therefore not altered by polyandry.

As expected, our analysis shows that the results remain unaltered under polyandry
when queens control the ratio of investment. On the other hand, there are striking
differences in the results under worker control. Considering the case of 2 matings we
have studied the competition of alleles specifying different sex ratios, once again under
different levels of LMc. The results show that the fate maps (shown for d =05 in
figure 5) are now similar to that shown in figure lc where a region of frequency
dependence emerges. This leads to an Ess of the frequency dependence kind. Besides, the
£ss for the dominant allele is different (although only slightly) from that for the recessive
allele. The kind of asymmetry between the dominant and recessive alleles seen in the
single mating case still persists although considerably reduced. This is probably because
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Figure 5. Fate map for competition between a dominant and a recessive allele specifying
different sex ratios under worker control in colonies with doubly inseminated queens. The
regions denoted by D, R and C correspond to the dominant allele going to fixation, the
recessive allele going to fixation and stable coexistence of the two alleles respectively.

with an increase in the number of inseminations, the varieties of colonies with respect to
their genotypic composition increases. As a result, even for recessive alleles, its
advantage is no longer as strictly confined to itself as before.

When the Ess is plotted as a function of the levels of LMc (figure 3) we see that for any
given value of d the optimum sex ratio under worker control with doubly inseminated
queens is more female biased than in the case of queen control but more male biased
than in the case of worker control with singly inseminated queens. As the number of
inseminations that the queen has undergone increases, the optimum sex ratio under
worker control becomes increasingly male biased and asymptotically approaches the
corresponding value under queen control for that particular value of d (figure 6).

3.4 Evolution of kin recognition

As expected, the kin recogniser allele goes to fixation against the non-kin recogniser,
almost independently of the sex ratio values specified by these two. This holds whether
the kin recogniser is dominant or recessive and whether the kin recogniser codes for a
dominant sex ratio trait or the recessive one. In other words, we would expect the kin
recogniser allele to go to fixation rapidly in a population once it arises.

In the next subsection, therefore, we describe evolution of optimal sex ratios once kin
recognition has been established in the population:

3.5 Optimum sex ratios in a population with kin-recognition

The optimum sex ratio under worker control is less female biased when the queen mates
more than once because the colony would now contain more than one line of full sisters.
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Figure 6. Essproportion of males (F)is plotted as a function of number of inseminations (M).

This reduces the average relatedness between a worker and a reproductive female. If by
means of kin recognition each worker only invested in her brothers and full sisters one
would expect that the optimum sex ratio would be similar to the case where the queen
mates only once. We find in fact that under conditions of kin recognition in a colony
with doubly mated queens the fate map and the Ess vs d plot are identical to the case
where the queens mate only once (figures 3 and 4).

4. Discussion

The social insects provide a very attractive model system to study the evolution of
sociality in animals. In consequence, considerable theoretical work has gone into this
question, and several theories have been proposed primarily to explain the evolution of
sterile castes in social insects. Trivers and Hare (1976) used the theory of sex allocation
and derived powerful predictions to distinguish between two such theories viz kin
selection and parental manipulation and also presented empirical evidence seemingly in
overwhelming support of the kin selection theory. Their conclusion unfortunately
remains equivocal as a reSult of their failure to take into consideration two additional
factors, LMc and polyandry either in their model or in their data (Alexander and
Sherman 1977).

Nonetheless we find their approach of using the concept of sex allocation to derive
mutually exclusive predictions, in the frame work of kin selection on the one hand and
parental manipulation on the other, very attractive. We have therefore reinvestigated
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this question at the theoretical level taking LMc and polyandry explicitly into
consideration. We have calculated the optimum sex allocation ratios from the points of
view of the queen (parental manipulation) and workers (kin selection) at different levels
of LMc and polyandry. All other things being equal LMc makes the sex ratio increasingly
female biased under both situations. Polyandry however has no influence on the sex
ratio under queen control but leads to a relatively male biased sex ratio under worker
control. In investigating competition between alleles specifying different sex investment
ratios we have normally considered the two competing alleles to be a dominant-
recessive pair. Considering them to be codominant, however, does not qualitatively alter
any of our conclusions although the fate maps, as one might expect, become
symmetrical.

A rather unexpected result to emerge from our studies is an asymmetry between the
dominant and recessive alleles such that for a particular pair of sex ratio strategies one of
them would go to fixation if it is recessive but not if it is dominant. In the latter case, it
would coexist with its competitor. We have sought to explain this phenomenon by
showing that an advantageous dominant allele does not go to fixation because it also
biases the sex ratio of its competitor while a recessive allele’s effect on the phenotypic sex
ratio is largely confined to itself. We would like to point out that if this explanation were
correct it would have wider implications for the evolution of altruistic behaviour; in
fact, for any trait that makes its bearer behave altruistically towards a conspecific
without regard to the degree of genetic relatedness.

Maynard Smith (1974) has introduced the concept of evolutionarily stable
strategy which is defined as a strategy which is unbeatable by any other
(schematically illustrated in figure la, see also figure 4). In our analysis we found two
additional kinds of evolutionarily stable strategies namely that of the coexistence kind
(schematically illustrated in figure 1b, see also figure 2), which guarantees its bearer at
least coexistence with any possible competitor, and of the frequency dependence kind
(schematically illustrated in figure Ic, see also figure 5), which guarantees its bearer
fixation against any competitor provided it is the first to arrive. In our present analysis,
these two additional kinds of ss may be taken to be true gss for all practical purposes.
In figure 2 showing the Ess of the coexistence kind, the frequency of the competitor to
the ess falls off very sharply as we move away from the gss itself. Similarly in figure 5
representing ess of the frequency dependence kind, the region of frequency dependence
is very small. While small in magnitude, these are by no means artefacts and might well
turn out to be phenomena of greater significance in other situations. :

Taylor and Bulmer (1980) have modelled a scenario consisting of a number of
patches, each being colonised by one or more inseminated females, and the offspring
mating within the patch before dispersal. Working only within the context of queen'
control they derive a relationship between the optimum investment ratio (r) and
number of females (n) colonising a patch,

r=[(n=1)2n-1)]/[n(4n-1)]. (3)

Here Lmc is a function of n. In a patch colonised by n females, the proportion of
offspring of any female undergoing sibmating would be 1/n-which is equivalent to 1 —d
in our model. Equating d to (n—1)/n, (3) is equivalent to our expression for the
optimum sex ratio under queen control (1). It must be pointed out that Hamilton (1979)
has also arrived at the same expression while modelling dimorphism in fig wasps and
that Herre (1985) has derived a more general expression delineating the effects of Lmc
and inbreeding.
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As expected the ability to recognise kin and invest differentially in full sisters as
opposed to half sisters completely counteracts the effects of multiple mating. This result
* therefore suggests that multiple mating need not necessarily pose any problems for the
operation of kin selection. On the other hand, the fact that kin recognition is possible
does not automatically provide evidence for kin selection. Even under multiple mating
and kin recognition different sex ratios are expected under queen (parental manipu-
lation) and worker (kin selection) control.

Our results emphasize the need to determine the probable levels of Lmcand multiple
mating, and the possibility of workers differentially investing in full sisters as opposed
to half sisters, under field conditions before drawing any conclusions regarding the
outcome of worker-queen conflict in social insect colonies. Consider for instance,a 3: 1
ratio being taken as evidence of worker control (Trivers and Hare 1976). Notice
from our results in figure 3 that a 3:1 ratio is predicted under (i) worker control for
complete outbreeding and single mating, (ii) queen control for d = 0-57, (iii) worker
control with doubly mated queens for d = 075, (iv) worker control for complete
outbreeding and double mating but with kin recognition. At present, field data on LmMc
and polyandry in social hymenoptera are rather scanty. Kin recognition has been
repeatedly demonstrated (Greenberg 1979; Getz and Smith 1983; Breed 1981; Klahn
and Gamboa 1983) but the ability to distinguish between full and half sisters within a
single colony has not been demonstrated so far (Gadagkar 1985b). An empirical study
designed to simultaneously gather quantitative information on sex investment ratios,
mc, multiple mating and kin recognition is now essential and well within the realm of
possibility due to the increasing application of electrophoretic methods (Metcalf 1980).
We would like to point out however that factors other than Lmc, parental manipulation
and kin recognition may also significantly affect the sex ratio. It may therefore be
necessary to take these also into account. Significant among such additional factors
might be worker oviposition (Benford 1978; Owen and Plowright 1982), orphaned
colonies producing male biased sex ratios leading to female biased sex ratios among the
remaining queen-right colonies (Owen et al 1980), multi-locus control of sex ratios
leading to sex ratio polymorphism (Pamilo 1982), fluctuating sex ratios because of
populations being away from equilibrium (Herbers 1979; MacNair 1978), and sex ratio
being responsive to proximate factors (Herre 1985; Werren 1980, 1983).

Appendix

We describe the procedure for obtaining the frequency distribution of the different
types of inseminated females at the (n+ 1)th generation, given the distribution at the
nth generation. For the two alleles 4 and B (with A dominant over B), the proportion of
male offspring is r , and r ; respectively. A fraction d of the offspring (of both the sexes)
disperses from the nest to join a mating pool, while sibmating takes place in the fraction
1—-d. :

For the queen control, single insemination case, let the frequencies of the six possible
types of inseminated females be denoted by P 44 4. P 445+ - - - P58 (where the first two
letters of the subscript stand for the genotype of the female and the third for the
genotype of the male she has mated with).

From table Al, it can be seen that the total number of females produced would be
given by (assuming, without loss of generality, the brood size to be unity),
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The number of A4 females in the mating pool is given by
M —dP, Ot A d2JE_—1rJP .
The number of 4 males in the mating pool is
My=dr (P +Puupt3PapatiPapp)

Hence, the number of A4 females which will be inseminated by A4 males is given by

0, =M, M,dN,,

AAA

since dN,, is the total number of males in the pool. It is also seen from table A1 that the
number of inseminated females of the type 4 4.4 resulting from sibmating is given by

Sqaa=0-d)(1—r)(Pasat Papa/)
Hence, the frequency of AA.4 in the next generation is given by
PAA.A(n * ]) = (SAA A + OAA A)r”‘/\;f'

In a similar manner, one can compute the frequencies in the next generation for the
other types of females. Since all the frequencies add up to one, one needs only five such
equations. By suitable algebraic manipulations, in fact, one can write

[ s B ni ) P (ni B
=G.[Pyy4(n), ... Pgg T,
where G is a 5 x 5 matrix, whose elements are functions ofd, r,. rgand P, ,
Ppp 4
If one considers a pure population of A invaded by a small proportion of B, the

frequencies P, , . . . . . Ppp , would be very small. Denoting the frequency of P, , by
1—¢,, , one can rewrite (Al) in the form

[—eqqaln+1) P, pn+1)
Pgga(n+1)]7. (A2)

Since the terms involving products and higher powers of ¢,, ,, P, 5 etc. can be
neglected, the elements of the matrix G’ become functions only of r,, r; and 4, 1.e., the
nonlinear system (A1) is replaced by a linear system (A2).

The eigenvalues of G are now computed and if the real part of the largest eigenvalue
is greater than unity, it implies that the allele B can invade a population of pure 4, while
if it is less than unity. the allele B is unable to invade A. Stability analysis for other
situations like worker control, multiple mating and kin recognition can be carried out
in an analogous manner.
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Abstract. The form that any communicatory exchange takes would depend on the extent to
which the interests of the signaller and the recipient are at variance. Where such interests
coincide, i.e. in cases of mutualism, the signals may be conspicuous when an immediate
response is favoured, but rather subtle and variable otherwise. Over 80 9; of the events of tactile
communication that we have noted in our study of the social behaviour of free ranging groups
of tame elephants appear to belong to this latter category. On Smith’s standard classification,
they can only be classified as ‘associative’, related to remaining in the company of another
individual. However, such signals are commoner by a factor of 20-100 amongst elephant calves
and their mothers and allomothers when compared to exchanges between adult cows. We
suggest that the function of these signals is mutual monitoring of the state of well being
amongst related individuals. The considerable degree of altruistic behaviour displayed in social
groups, such as those of elephants is now believed to subserve the function of enhancing the
inclusive fitness of the individuals concerned. We explore a mathematical model of exchange of
social aid which suggests that animals in social groups may enhance their inclusive fitness
further by adjusting the amount of social aid exchanged in relation to the state of well being of
the donor as well as the recipient. Our model further suggests that optimal social aid depends
on the state of well being in a complex fashion making it difficult for the recipient to deceive the
donor so as to extract more aid. We therefore expect that by and large honest communication
of the state of well being would be characteristic of the higher social animals. Such
communication would be based on normal physiological changes consequent on a change in
well being. Thus animals with a superior degree of well being would take postures conducive to
greater activity, would be more receptive to sensory inputs and may also shift the balance of
production of various metabolites. This monitoring of the well being has greatly advanced in
the human species and may be at the base of the claborate health care amongst human societies.

Keywords. Communication; well-being; kin selection; elephants,

1. Introduction

Animals, whether they be lowly soil amoebae or highly evolved elephants, are creatures
on the move. For them success depends on being alert to what is happening around
them. They have therefore evolved a variety of sense organs to receive signals of
relevance to their own welfare from the environment. Such signals may be picked up
opportunistically, regardless of the interests of the signaller. Thus many species of soil
amoebae possess on their body surface receptors for derivatives of folic acid. These
chemical compounds are involved in the biosynthesis of purines and pyrimidines, the
basic building blocks of nucleic acids that are essential for every living organism. It
turns out that they leak out of the bodies of bacteria grazed on by soil amoebae. Soil
amoebae then employ the folic acid derivatives as signals to locate their prey, moving up
the gradient of concentration. This is thus an example of interception of a signal against
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the interest of the signaller. In another paper .in this issue Stanley Rand will add
another, that of predatory bats homing on to male frogs calling to keep out the other
males and to attract the females.

2. Eavesdropping

In general, we can classify signals into 4 categories depending on whether the signaller
benefits or suffers from the recipient receiving it, and on whether the recipient benefits
or suffers from acting on it (Wiley 1983).

Signaller
Benefits Suffers
Benefits Mutualism Eavesdropping
Suffers Deceit Spite

~ 30 =mg =00 x

The genetic interests of the predatory soil amoebae and their bacterial prey are
obviously divergent, making the use of folic acid derivatives to locate them an example
of eavesdropping. But two of the species of soil amoebae Dictyolstelium lacteum and D.
minutum use folic acid derivatives as communicatory signals in quite another context—
to attract each other. These soil amoebae multiply by binary fission, feeding on bacteria
in their vegetative phase. When the food supply runs out, members of a clone come
together to form a many celled creature called the slug. Some cells of this slug forego
reproduction to form a stalk, while other cells turn into spores which disperse and may
enter again into the vegetative phase if they encounter a favourable environment.

In terms of our classification above, some of the soil amoebae that are thus attracted
by the signal suffer, since they forego their chances of reproduction to form the stalk,
while others benefit, since they form spores which retain the possibility of future
reproduction. In the process of aggregation of soil amoebae, all cells produce the signal
and all cells receive it. Is this communicatory episode then an example of deceit by
future spore cells signalling the future stalk cells, or eavesdropping on the signal of
future stalk cells by the future spore cells?

3. Altruism

A closer look suggests that in fact it is neither. The soil amoebae attracting each other
are all members of a clone, and therefore genetically identical. The assumption of the
role of stalk cells by some of the amoebae is an example of altruistic behaviour through
kin selection. As Hamilton (1964) has shown, natural selection will favour such
behaviour so long as:

Cost to the altruist < Benefit to the recipient x kinship coefficient

R )
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where the kinship coefficient is the proportion of genes shared by virtue of common
ancestry. Members of a soil amoebae clone will have a kinship coefficient of 1. Suppose
now that a proportion x of them sacrifices a chance to reproduce by forming a stalk;
leaving (1 — x) to reproduce. Then this behaviour would be favoured if raising on a stalk

improves the chance of survival of a spore by a factor greater than I
—x

There are good reasons to believe that this is in fact so. In that case the genetic
interests of all the soil amoebae that are attracted to each other by signals employing
folic acid derivatives are served by producing and responding to the signal. This is then
an example of mutualism in our classification of communicatory systems. Vidyanand
Nanjundiah discusses these fascinating organisms in greater detail in another paper in
this issue.

4. Information and manipulation

We have thus far looked at two extremes—total divergence of genetic interests as with
bacteria and their predators, and total congruence of genetic interests as with members
of a clone of soil amoebae. There would however be many examples of only a partial
congruence of genetic interests, resulting in a rich structure of animal communication
(Dawkins and Krebs 1978; Krebs and Dawkins 1984).

Consider for a moment the call of male frogs. It is in the interest of female frogs to
locate a mate, preferably a mate that will contribute qualities that will help the off-
spring succeed in life. It is likely that the biggest available male of their own species will
be their best choice. It will therefore be in the interest of the females to be able to derive
information on the size of the calling male from its call. On the contrary, it will be in the
genetic interest of every male to misinform the females, conveying that the signaller is
much bigger than in fact it is. We could then consider the information being transmitted
during any communicatory exchange under 3 components:

Signaller
True information sought to True information sought to False information sought
be transmitted in mutual be suppressed to be transmitted
interest
a B 7
True information sought to True information sought to False information sought
be received in mutual be received against the to be discounted in
interest interest of signaller interest of the recipient
Recipient

Any communicatory exchange could be characterized usefully by the relative values
of &, fand y. In the case of bacteria and amoebae B dominates, the bacteria would rather
produce no signal if it were metabolically easily possible; while o dominates in case of
members of a clone of soil amoebae attracting each other. With male frogs calling to
attract females, y must assume significance with males evolutionarily favoured to
convey an exaggerated impression of their size and females favoured to discount any
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such bluff. As Wiley (1983) and Krebs and Dawkins (1984) have argued this should lead
to the evolution of rather stereotyped, repetitive and unbluffable signals. These are the
conspicuous displays that have so attracted students of animal behaviour.

5. Kinship discrimination

It appears reasonable to conclude that signals would tend to be conspicuous because of
their stereotype and repetition when y is significant, and rather inconspicuous when f
dominates. In the context of mutualism, when a dominates, they may be conspicuous
when immediate response is favoured, as with soil amoebae attracting each other. In
other mutualistic contexts, however, the signals are expected to be rather subtle and
variable and therefore escape the attention of the ethologist (Krebs and Dawkins 1984).
One such context is that of discrimination of kinship level. This could be important in
social animals, for as J B S Haldane is supposed to have said—he would be
evolutionarily favoured to lay down his life to save two full brothers from drowning;
but if it were only first cousins he must save at least 8 of them for this to make genetic
sense. This is because while full brothers have a kinship coefficient of 1/2, first cousms
share only 1/8 of their genes by virtue of common ancestry.

Discrimination of levels of kinship should therefore be important in social animals.
But it may be based on very subtle and variable cues and it is only now that we are
finding out that in some social insects individuals can discriminate kinship levels based
on chemical signals, even in the absence of individual recognition. This is a topic that
will be reviewed in detail in another paper in this issue by Raghavendra Gadagkar.

Amongst higher animals such as mammals on the other hand, sociality is based on
individual recognition. Many mammals use chemical signals in the form of ratios of
several compounds for this purpose. This individual recognition coupled with ties
established from birth onwards between the mother and the young must permit a fine
tuning of social behaviour in higher mammals such as elephants.

6. Elephant societies

Along with Dr P Vijayakumaran Nair of Kerala Forest Research Institute, we have
investigated the structure of social behaviour in the Asiatic Elephant (Elephas
maximus). For this purpose we used tame elephants maintained in elephant camps in
South Indian forests. All the adults were caught from the wild in the same or nearby
forests and the tame elephants were left for grazing in their natural habitat. These tame
elephants often mingled with wild herds when thus left free. In fact all the calves born in
captivity were sired by wild tuskers. We observed these elephants over a period of 23
months between February 1975 to March 1976 and January 1978 to August 1979. The
total amount of time spent in the field recording behavioural details spanned 645 hr.
Our parallel, but less detailed observations on the wild elephants confirmed that the
behaviour patterns within the artificially constituted social groups of tame elephants
closely resembled those of wild elephants. In particular, adult females reacted to calves
of other females as did wild females to calves of other females in their herd. Under
natural conditions, of course, the several adult females in a single herd are related to
each other as mother-daughter-half-sister-aunts-cousins (Douglas Hamilton 1972).
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The glue that holds the elephant society together is evidently the protection and
nurture of calves. These herbivores would only reduce their feeding efficiency by being
together; and the adults can resist any predation by themselves. The calves, however, are
still susceptible to predation, and in fact an elephant calf fell prey to a tiger in Bandipur
during our study period. Adult female elephants therefore stay together to help protect
each other’s calves, which undeér natural conditions have kinship coefficients of
1/2-1/16 with the adult females. The adult males wander from herd to herd and can
have little clue as to which calves they have sired. As expected, they play no role in
helping the calves.

The social group of elephants therefore comprises related adult females with their
young sons, daughters, cousins, nephews and nieces. The calves station themselves in
between adult females who run to them on slightest alarm. The adult females stand
guard over the calves when the latter sleep, and also suckle them if they have no suckling
calves of their own. Elephants are thus model aunts or allomothers. The role of calves in
holding these females together was strikingly brought out when the only calf with 3
adult females of Bandipur Tiger Reserve was removed for weaning. As soon as the calf
was gone, the cows started grazing separately by themselves (Gadgil and Nair 1984).

7. Communication amongst elephants

Elephants have poor vision and do not seem to base much of their-social communi-
cation on visual signals. We have little information on the extent to which they depend
on chemical signals except that they seem to base individual recognition on it. They do
use vocal signals, especially to communicate alarm and aggression. Tactile communi-
cation however seems to be the dominant mode of communication, especially where the
calves are involved. These tactile contacts are largely initiated by the calf towards
mother or allomother. Thus in a group of 3 adult females and a calf of less than 6 months
of age in Bandipur Tiger Reserve the calf touched the mother and one of the
allomothers at a rate of about 4 times in 10 min while it touched a second allomother at
a lower rate of once in 10 min. The mother touched the calf at the rate of once in 7 min,
the first allomother did so at the rate of once in 20 min, while the second allomother
touched the calf at the rate of once in 50 min. The adults touched each other at low rates
ranging from once in 50 to once in 300 min.

A question of considerable significance is the function of the different acts of
communication. In some cases the function is evident as when a calf follows a contact
by suckling or rushes to the mother when the latter sounds an alarm call. A remarkable
result however is that in the vast majority of cases, of the order of 80 9, no such clear cut
immediate function can be attached to a communicatory exchange. The intriguing
question therefore is this: what are the adult elephant, cows and calves conveying to
each other most of the time?

I believe that our failure to assign any obvious function to the bulk of these
communicatory exchanges is due to the fact that it does not subserve any immediate
need. Consequently, in this mutualistic system the signals, as expected, are inconspicu-
ous and variable. On Smith’s (1977) standard classification they can be only classified as
‘associative’, related to remaining in the company of another individual. But then
elephant females remain in company with each other often for their whole lives.
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Nevertheless the adult females have a far lower frequency of tactile communication
amongst themselves—by a factor of 20-100 than females and calves.

8. Monitoring well-being

We therefore suggest that there is an additional function of communication in case of
higher social animals like the elephants that has not so far been clearly identified; this is
the monitoring of the state of well-being of the young by related adults.

To understand why such communication of well-being could be favoured during the
course of evolution, we have to go back to Hamilton’s inequality:
An altruistic act will be favoured if:

Cost to altruistic donor <

Benefit to recipient x kinship coefficient
between donor and
recipient.

A superficial examination of this statement suggests the following paradox: the kinship
coeflicient between a mother and her off-spring and between two full sisters is the same,
namely 1/2. Nevertheless, a female mammal displays much greater level of altruistic
behaviour towards her offsprings than towards her sisters, or towards her mother. The
resolution of this paradox lies in recognising that the costs and benefits of a given
altruistic act will differ substantially depending on the identity of the actors involved.
These benefits and costs must be measured as marginal changes in the reproductive
value of an individual as a result of a given social act. Since social aid will often make
greater difference to the chances of survival and future reproduction of a young
offspring than that of a grown sister or an old mother, a female mammal will be
generally favoured by natural selection to behave far more altruistically towards her
offspring rather than a sister or a mother. This need not always hold, of course, and one
needs a better defined model to explore this proposition further. Such a model cannot
of course reflect all the complexities of the real world; that would be too cumbersome to
handle. Rather, the model we develop should be rich enough to reflect the essentials but
simple enough to handle and be interpretable. ‘

9. Modelling social interactions

In such a model the physiological status of the interacting individuals could be specified
by 3 parameters: the ability to convert resources into somatic or reproductive growth, a,
the cost of maintenance, f§ and the extent to which physical growth has been completed
and independent abilities to gather resources achieved S. The extent of favourability of
environment is reflected in a parameter F. Let us assume that each individual i has at its
disposal some resources taken to be proportional to S;F for maintenance and growth.
Of these it retains a fraction @, for its own use and donates a fraction ¢;; to the jth
individual. Then the total amount of resources available to it, 6, is given by

J

The marginal change in fitness or the reproductive value of the ith individual, AW,
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depends on the change in S;, i.e. AS;. We take:
AS; = S;(@(1—5;)(1 —e=8/Sibr) Bie=0/BiS:

and W, is given by:
W, = 1 —e—365+45)

Hamilton’s (1964) extension of the genetical theory of natural selection tells us that
each individual will be so programmed as to maximise its inclusive fitness

’Hi'_“z_u/jyij
J

where y,; is the kinship coefficient between i and j.

We can therefore determine for any given a;, B, S,, F values the ¢;; that will tend to
maximize the inclusive fitness of each individual involved. The problem is made
complex by the fact that the optimal allocation of resources for an individual i depends
on the allocation strategies adopted by other individuals. In such an interactive
population, evidently the allocation strategy ¢, ; of the ith individual will be such that
the inclusive fitness of this individual is maximum for the existing strategies ¢, ;(k # i)
of other individuals. We know that such a point exists, and have a working algorithm
for determining this matrix for the case of two interacting individuals, say the mother(1)
and the offspring(2).

In this simple case of two individuals, it can be shown that ¢;; is always 1 for atleast
one of the two individuals; i.e., one of the individuals may be a donor and the other the
recipient keeping all of its own resources to itself, or both may keep all their resources to
themselves. We naturally identify the donor in our model with the mother(1), and the
recipient with the offspring(2). Our problem then is to determine the optimal level of
maternal investment, i.e., social aid ¢,, from the mother to the offspring.

10. Optimal maternal investment

There are two immediately interesting results of our model. The first is that optimal
maternal investment is much more sensitive in variation to the offspring’s cost of
maintenance f,, extent of development completed S,, and the extent of favourability of
the environment F, than it is to efficiency of growth «, (figure 1). This result is probably
related to the fact that the first 3 parameters appear in the exponential term of our
specific model. Secondly, we find that the optimal level of maternal investment need not
vary monotonically with the value of variables specifying offspring’s state. That is to say
the mother will not necessarily provide more and more maternal care as offspring’s
apparent needs increase. This is because the optimal level of maternal investment
depends on the extent to which an offspring can enhance its reproductive value by
receiving such help. An offspring not in much need can make little use of aid; at the same
time, an offspring too much in need may also be a bad investment. We are reminded of
Kafka’s story ‘Metamorphosis® in which the son of the family is turned into a
cockroach. Initially, while there is hope that he will turn back into man much help is
lavished on him. But as time goes on and he remains an insect, he is neglected and
ultimately allowed to die. There will thus be an intermediate level of need by offspring
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Figure 1. Inclusive fitness of mother (H,) as a function of variation in a,, B, S, or F varying
one parameter at a time. The fixed values of other parameters are taken to bea; = 0-6,a, = 01,
B,=04,8,=04,5 =15,=015 F=01

which will attract maximal investment. This level will also depend on mother’s
condition (figures 2 and 3).

What are the implications of these results for our central theme, the value of
communication of well-being? A mother can be programmed to fix the level of maternal
investment at the value which will maximize her inclusive fitness, if information on the
offspring’s state is available to her. In the absence of such information, she will either
make too much or too little maternal investment and thereby suffer a decline in her
inclusive fitness. Our model shows that the availability of information relating to the
offspring’s well-being can indeed make a significant difference in mother’s inclusive
fitness. Mothers of highly social species and with a nervous system developed enough to
make possible fine adjustments in maternal care should therefore be favoured
evolutionarily to look for information on the well-being of her offspring.

11. Mother-infant conflict

Trivers (1974) points to a very intriguing complication that must arise in this context
due to the fact that since an offspring shares only 1/2 of its genes with its mother, its
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Figure 2. Optimal maternal investment, ¢, as a function of S, for different values of B,.
The values of other parameters are o, = 06, a, =06,8,=04,S, =1, F=0.1.
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Figure 3. Contours of optimal maternal investment @, as a function of S, and B,. The
values of other parameters are a; = 06, a, = 06, By =04,8, =1and F=01.

genetic interests will diverge, though within limits, from those of its mother. It would
then be expected to try to extract a higher level of maternal investment ¢, ,, then the
mother would be selected to offer. Hence the weaning conflict in mammais with the
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mother attempting to stop suckling and the offspring attempting to continue doing so
at a certain age. In context of the problem of our interest, the offspring can gain in its
inclusive fitness by miscommunicating to the mother the value of its well-being so as to
extract a higher level of ¢,,. Our model has a very interesting result bearing on this
issue, namely that optimal ¢, , that the mother would be programmed to adopt does
not change in a simple fashion with parameters specifying the offspring’s condition
(figures 2 and 3). That is, a mother will not always increase her level of maternal
investment if the offspring’s condition is better or worse. Under certain conditions she
will increase it, under others decrease it. There is therefore no simple strategy available
to the offspring of misinforming its mother of its own level of well-being so as to
prompt her to enhance the level of maternal investment. Hence natural selection would
tend to disfavour any manipulation of information relating to its own state from the
offspring to its mother (figure 4).

Our enquiry thus suggests that atleast in higher animals with a well developed
nervous system and high levels of maternal care such as elephants and human beings,
communication of well-being must be a significant component of social
communication.

12. Communication of well-being

We began by noting that soil amoebae use folic acid derivatives which are normal
products of bacterial metabolism as signals to locate their prey, and further that these
have been elaborated to serve as signals for aggregation in some species of soil amoebae.
Evolution has thus opportunistically siezed upon normal physiology of animals from
which to elaborate communicatory signals. Signals communicating well-being must
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Figure 4. Change in inclusive fitness of mother (AH,) or offspring (AH,) when optimal
maternal investment is based assuming S, to be 0-45, but is in fact different. The values of other
parameters are ay = 06,2, =06, , =04,S, =1, F=01.
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similarly relate to normal physiological changes in an offspring brought about by a
change in its state of well being. An animal must adjust its metabolism, activity level
and behavioural patterns to its level of well being, though this problem does not appear
to have been specifically investigated with this view point. Coming back to the elephants,
Dr V Krishnamurthy of Tamilnadu Forest Department who has handled elephants for
30 years as a Veterinarian, tells us that a male elephant will come into musth only if he is
given light work and fed well and is in excellent physical condition. A male elephant’s
physiology thus shifts into this mode only when its state of well-being is high. There
must be other chemical substances that an elephant calf, say, will start producing in
large quantities only when it is in good health; shifting to others as its health declines.
An elephant mother may continually monitor the state of well being of its offsprings
through monitoring such chemical signals.

The state of well being of an individual will also' be reflected in its activity level.
Andrew (1972) talks of an exertion/immobility continuum along which an individual
mammal may be placed. We expect it to move towards greater exertion with an
improvement in its state of well being. This will be reflected in its posture; thus in horses
being more active leads to a high postural tonus with a raising of the tail. An active
mammal also tends to adopt postures which would lead to a loss of heat, an inactive one
curled up postures designed to conserve heat. We may also expect more active animals
to be much more receptive to sensory cues from their environment; this could be
reflected in their sense organs, for instance, cocked ears and dilated pupils.

13. The human species

We close with some less formal observations. In the human family the mother is
continually monitoring the state of well being of her offspring based on general activity
level, changes in sense organs such as ‘sparkle’-in the eyes, and what goes under the
broad title of ‘moods’. Further clues are picked up if necessary by monitoring body
temperature, sensations of pain, excretions and so on. Beginning with this ancient
heritage, human societies with their complex social ties going beyond kinship level have
erected a whole system of monitoring of health status through increasingly specialized
professionals detecting increasingly subtle cues. Communication of well-being has
indeed been tremendously elaborated in human societies.
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