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ABSTRACT

A model igs constructed to study the effect of
local mate competition snd multiple mating on the
optimum allocation of resources between the male and
female reproductive brood in social hymenopieran
colonies from the 'pointe of view' of the gqueen
(parental manipulation theory) as well as the worker s
(kin selection theory). Competition between pairs of
alleles specifying different sex investment ratios
is investigeted in a geme theoretic frame work, A1l
other things being equal, local mate competition
shifts +he sex allocation ratio in favour of females
»oth under queen =md worker control, While multiple
mating has no effect on the gueen's optimum investment
ratio, it leads t0 a relatively male bilased investment
ratio under worker control. Under queen control a
true ESS does not exists but the 'best' strategy is
merely immune from extinction, 4 true ESS exists under
worker control in colonies with singly mated queens but
there is an asymmeitry between the dominant and recessive
alleles go that for some values of sex ratio a recessive
allele goes to fixation but a dominant allele with the
game 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 ageinst any competing
allele with a lower relative frequency. Our results
emphasise the need to determine levels of local mate
competition and multiple mating before drawing any
conclugions regarding the outcome of queen-worker
conflict in social hymenoptera . IHMultiple mating
followed by sperm mixing, both of which are known 0
occur in socizl Lymenoptera, lower average genetic
relatednesg between workers and their reproductive
sisters. This not only ehifts the optimum sex ratic
from the workers 'voint of view' in favour of males
but also pogses problems for kin selection theory. Ve
show that kin recognition resulting in the ability %o
invegt in full but not in helf sgisters reverts the sex
ratio back to that in the case of gingle mating and
thug completely overcomeg the hurdles for the operation

of kin selection.



1. INTRCDUCTION

Pigher (1930) showed that in outbreeding
populations natural gelection would favour egual
parental invegtment in offspring of each sex. IT
the population ig inbreeding however, compe tition
for females is predominantly between brothers (local
nate competition) so that natural selection favours
o female bigsed sex ratio (Hamilton, 1967). In the
extreme case, when there ie complete sib-mating, a
parent 'should' produce just enough sons necessary
to inseminate a1l the daughters. These predictions
of Fisher =md Hamilton have been repeatedly verified,
voth theoretically and empirically (Charnov, 1982;
Metcalf, 1980; Owen, 1983; Werrem, 1980; 1983). Indeed
the theory of sex allocaticn has in recent years
become a cornerstone of evoiutionary bioclogy, &
status achieved primarily because of the success
with which precigse quantitative and empirically

tegtable predictions have been made (Charnov, 1982).

The theory of sex allocation has assumed
importance for yet another reason. Predictions
concerning sex allocation appear to be powerful in
chooging between competing theories purporting

to explain the evolution of sociality in insects.



A hidden assumption in Fisher's argument of egual
allocation between the two sexes igs that a parent

is equally velated $0 his or her sons and daughters.
In haplodiploid social insects such as wasps, bees

and ants, sterile female workers often feed and

cape for their sibvlings instead of producing their

own offspring. Haplodiploidy, a genetic system where
males arise from haploid unfertilized eggs and females
from fertilized, diploid eggs, creates agymmetyries in
genetic relatedness. Females are related to thelr
sisters by 3/4 and to their brothers by 1/4. This
agynnetry is in fact an important factor in favour of
Hamilton's (1964a,b) theory of the evolutiom of social
behaviour because it genetically predisposes a hymeno-
pteran worker towards the evolution of sterility.
Trivers and Hare (1976) argued however that a worker
gaing nothing in fitneSS if she invested equally in
brothers and sisﬁers because her average relatedness
Lo her siblings is 1/2, the same as her average related-
ness to0 her own offspring. Sterility in workers would
ve gelected if they can capitalise on the asymmetries
in genetic relatedness by investing in their sisters
and brothers in the ratio 3:1. In other words when
workers invest in siblings who are related to them

in the ratio 3:1 natural selection would favour &



ratio of allocation paralleling the ratio of related-
ness. The queen who ig 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 gueen and the workers in

the optimum ratioc of allocation of resources between

brood of the two sexes.

The +theory of kin selection argues that workers
are sterile and act altruistically towards thelr sibs
becaguse this is the strategy that maximises +their
inclusive fitness. Inclusive fitnesg of gn imdividual
may be defined as its totel 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 allocatiom between
the two sexes in the reproductive brood in social
hymenopteran colonies. If kin selection is responsi-
ble for worker sterility and altruism, then the workers

should win in the conflict over the investment ratio



and the resultant sex-investment raftio observed

should be 3:1, If worker sterility and altruism are

a congequence of parental manipulation instead, queens
should be successful in manipulating the workers into
investing equally in reproductives of the two sexes
snd a 1l:1 ratio of investment is expected. Trivers
and Hare (1976) weighed male and female reproductives
in é nunber of social hymenopteran colonies and showed
that the observed ratios of investment were signifi-
cantly closer to 3:1 than J:1 and concluded that their

data are uniquely explained by kin selection theory.

The predictionsg and conclusions of Trivers and
Hare (1976)depend on the assumption that the social
ingecte under comsideration are outbreeding and that
the queens mate only once., Under inbreeding or local
mate competition (LMC), the queens t00 would prefer
a female biased investment ratio (Hamilton, 1967) and
the 3:1 ratio seen by Trivers and Hare may have nothing .
t0 do with workers realising their optimum investment
ratio as opposed to the gueens' optimum value (Alexander
and Sherman, 1977). Similarly if the queens mate with
more than one male then the relatedness between the
workers =nd 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
conditions the prediciions used by Trivers end Hare
(1976) are no longer valid (Alexander and Sherman,
1977). Both LMC and multiple mating by gueens are
lmown to ocecur in social hymenoptera al though their
intensities might vary widely (M exander and Sherman,
1977; Page and Metcalf, 19823 Crogier, 1980). While
multiple mating has long been recognised to be common
in hymenoptera (sse Wilson, 1971) it has often been
aggumed that sperms from different males clump in

the spermatheca of the females leading to upe of sperm
from a single mgle for extended periods of time (see
Orlove, 1975, for example). However, in the only
case where careful investigation has gone into this

question it 1s 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
5 colony this not only alters the expected sex-
investment ratio from the workers tpoint of view' but
may also be conéidered as a factor'against kin
selection (Hamilton 1964b; Wilson 197L). It may be
argued however that tworkers can circumvent the problem

of multiple insemination' by kin recognition leading



in full sisters but not in half-sisters (Page and

Metcalf, 1982).

In recent years a number of theoretical
invegtigations 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 amd a 1:1 ratio under queen control,
several authors have confirmed these predictions by
rigorous methods (Oster, Kshel and Cohen, 1977;
MeNair, 1978; Craig,_l980; Uyenoyama and Bengtsson,
1981; Charnov, 1980)., Cther factors such as LMNC and
worker—~queen conflict have @l so occassionally been
congidered (Taylor and Bulmer, 1980; Oster, Eshel
and Cohen, 1977, Bulmer, 198L, Benford, 1978). Our
intention here is to simultaneousgly consider the
effects of LMC, polyandry and kin recognition and
generate predictions regarding optimum sex gllocatim
yatiog in the frame work of kin selection theory and

parental manipulation theory.



2. THE MODEL

Consider a large population of social ingect
colonies. Hach colony is initiated by a single
inceminated female (gqueen) who first produces an
undefined number of female offspring who act as
workers. These workers care for and feed the
reproductive male and female of fspring subsequently
produced by the queen. (The reproductive brood).
Allocation of resources between productidm of
workers and reproductives is another problem but we
shall not be concerned with that here, Here we
shall also nob worry about the workers and refer only
to the reproductives ag offspring Or sons and
daughters, After the emergence of the reproductive
offspring, the queen dies. Of both the male and
female offspring, a fraction d  disperses away from
the natal nest and joins a mating aggregate, The
dispersing fraction of reproductives from each colony
joing this aggregate where random mating takes place
(outbreeding). A fraction 1-d of male and female off-
spring vemaing at the natal nest site and undergoes
oib mating (inbreeding). After matimg all the males
die =and each ingeminated femsle initiates a separate

new colony., Thus d parametrises local mate



competition. & value of unity for d dindicates complete
cusbreeding while a value of zero implies total

inbreeding.

Let a single locus with two alleles A{dominant)
and B(recessive) specify the investment ratio between
the two sexgs. For simplicity let us assume that the
investmen® ratio is directly tranglated into sex ratio.
Thus individuals of the genotype AA and AB produce a
fraction Ty of maleg among their reproductive progeny
while individuals of the genotype 3B produce a

fraoction rB maleg.
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Even if the optimum investment ratio is different
for the gqueen and the workers, the queen could in
principle menipulate the workers into feeding her
reproductive offspring in the ratio optimum for her.
Thig is modelled by adjusting the sex ratio of
reproduct;ve offs@riﬂg according to the genotype of

the gueen.

If queens mate only once there woald'be gix
types of inseminated females, AALA, Ap.B, AB.A, AB.B,
BB.A, BB.B (where the first two letters refer to the

gqueen's genotype and the third letter refers to the



genotype of the male she has mated with i.e., of the

sperm stored in her spermatheca). Consider inseninated
femsles of the genotype AA.A, These femgles produce

Ty gonsg and l—rA daughters, Of thesge drA sons and

d(lﬂrA) dauvghters disperse. (1=--d)rA sons and
(l"d)(ler) daughters stay at the nest and undergo
sib mating o result in (l*d)(l_rA) insemina ted
fomsles of the genotype AL A, Similarly, in a colony
initiated by an insgeminated female of type AB.A,
Ty l*rA
3T sons each of type A and B and AN daughters each
’ dr,
of type AL and AB are produced. Of these, =3~ sons
d(l~rA)
each of type A and B and g daughters each of
(l“d)(rﬂ)
type AA and AB disperse while T gsons each
(l~d)(l~rA)
of type A and 3B and — daughbters each of

type AA and AB stay on at the negt. After sib mating

four types of inseminated females result, AA.A, AA.B,

(lhd}{lmrA)
AB,A and AB,B, each in freguency i .

From a knowledge of +the frequencies (fl,f2....f6)
of each of the types of inseminated females initiating
colonies in any one generation, One can calculate the
totsl frequencies of each type of male and female

offepring arriving at the mating aggregate, Now,
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assuning random mating we can compute the frequencies
of each type of inseminated female produced as a

result of outbreeding.

Thus knowing the frequencies of each type of
ingeminated females in one generatlon, we can compute
the frequencies of each type of inseminated females
at the next generation as

Al

/

£, (t41) £, (%)

? t
: .‘
' —[4] ' ol

1 1

f6(t+1) fé(t)

where the elements of A are functions of r ,rB,d
as well as fl(t)....f6(t). Since the frequencies

of the six types of females should add up to unity,
the dynamics of the system is described by a 5x5
metrix. (For a detailed description of this methodo-—

logy, see Charnov, 1982).

In a system of 2 alleles A and B, the two obvidus
steady states correspond to populations cmsisting
only of A(frequency of allele A, fAzl,O) and only of

B(fle.O). The resigbtance of each of these steady
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states to invasion by the other allele ig investigated
by a stability analysis of the system of difference
eguations (1), If the dominant eigenvalue of the
matrix describing the dynamics of a small perterbatim
about a steady state is greater than unity then that
steady state is unstable (can be invaded). Conversely
if the eigenvalue is less than unity than that steady
state is stable (cannot be invaded). IT f,=1.01s
stable and fle.O is unstable this indicates that A
would be selected for and go to fixatim. Both
fAzl.O andezl.O being stable indicates a frequency
dependent selection (who ever'establiShes himgelf
first wins). Finally, if both £,=1,0 as well as

fle.O'are unstable this indicates coexigtance of

the two alleles.

For different values of r, (the proportion of
males specified by the dominant allele), rB(the
proportion of males specified by the recessive allele)
and d +the dynemics of the gystem is investigated to
determine which of the above conditions prevail, viz.,
one of the two alleles going to fixation, the two

alleles coexigbting or frequency dependent selection.

Worker conitrol of investment ratios

Trivers and Hare (1L976) assumed that 'the

ffepring is capable of acting counter to its parents’
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'best interests' and thus workers should be able

to feed the reproductive brood in the ratio that
optimises their inclusive fitness. Once again,
naking the simplifying assumption that investment
ratios are directly itranslated into sex ratios,

this is modelled simply by adjusting the sex ratio
of the reproductive brood in accordance with the
genotype of %herworkers. For ingtances gueens

of the type AB.B will produce workers of the type

AB and BB in equal propbrtions. Al though some have
congidered the possibility of workers of one geno-
type behaviourally dominating over workers of other
genotypes (Chammov, 1978; Craig, 1980; Pamilo, 1982;
Bulmer, 1983) we agree with Bulmer (1983) that
additivity seems biologically move meaningful,

Thus in a colony with AB and BB workers in equal
numbers, the proportion of males in the reproductive
r, + Ty

L e vt 7

brood ig taken 1H0 be EETTT . Thus
Ty + Ty

e i vt e 57

males each of types A and B and 1/2 (L -

females each of type AB and BB are produced in a colony

initiated by an ingeminated femsle of type AB.B.

Polyandry

When gueens mate with more than one male, they

are asgumed t0 mate with malesg of different genotypes
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in +the proportion that msles of these genotypes are
represented in the population (2% the nesgt site in
the case of sibmating or at the mating aggregate in
the case of out breeding). Egual number of sperms
of each mate are assumed t0 be stored in the
spernatheca which are then used randomly. Thus in a
system of 2 alleles, if every female mates twice
there would be 9 types of inseminated females, AALALA,
AL AJB., AA,B.B., AB,A.A., AB.A.B., 4B.B.B., BB.AJA,,
BB.A.B., BB.B.B. where the first two letters refer 1o
the genotype of the female and

the last two
letters refer to the genotypes of the 2 males she
hes mated with. Similarly one can write down the
genotypes of inseminated females for any specified
number of matings. TFor different numbers of mating
we have investigated the outcome Of competition
netyeen alternate sex ratio alleles both under queen

and worker control.

Kin-recognition

In the previous sectim the workers were assumed
to invest in a1l brothers and sisters irrespective of
their relatedness (i.e. full—-sisters and half-gisters

were not distinguished). Here it is assumed that
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workers can distinguish genetic relatedness and will
invest in their full-sisters but not in their half
gsisters. As for investment in brothers, multiple
mating by the queen does not make any difference as
there can be no half-brothers in a heplodiploid system.,
In a colony initisted by a female of the type AA.A.B.
(where the first two letters refer to the genotype
of the female and the last two letters refer to the
genotype of the two malesg shg has mated with) there
would be daughters of two genotypes AA and AB, each
type being full-sisters amongst themselves but half-
gsisters of ecach other. Hence we asgume that AA females
would invest only in AA females and - brothers
while AB females would invegt only in AB females and
brothers. In a coloay founded by a fémale of
the +type AB.A,A. on The other hand, there would still
be two lines of full sisters but both would contain
equal nunbers of females of the genotype AA 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 alleleg A
and B in our model; these alleles are merely sex—
investment ratio determining slleles. We assume
therefore that both AA and AB females would invest

in males on the one hand and equally in AA and AB
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femaleg on the other, In contrast, in a colony
founded by females of the type ABJ.A.B. there would
again be two lines of full sisters one eongisting

of AA and AB females and the other of BB‘ and AB
females. While each type of worker will allocate
resources between brothers and sisters depending om
its genotype, resources meant for the sisters -dll

be subdivided in the following manner. AA workers
will invest equally in AA females and 50 ¢/, of the
AB females who are their full sisters. 3B females
will similarly invest in BB females and the remaining
50 ¢4 of AB females who are their full sisters.

As for AB femeales, the first 50 2/ who are full-
sisters of AA females will invest equally in AA
femgles and in that 50 %/, of AB females who are their
full sigters. Similarly the other 5094 of AB females
who are full sisters of BB females will invest egually
in BB females and the remaining 50 ¢/, of AB females
who are their full sisters. Using this formuwlatim
-g;é have investigated the outcome of competition
between alternate sex ratio alleles under worker

control when kin recognition is present.
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5. RRESULTS

A, Hyolutiocnarily Stable Strategies

What sex invegtment strategies would be favoured
by Hatural Selection? Ve ghould look for those
strategies which would go to fixatim against
competition from any other strategy. This can be
readily done by a glance at the fate maps which
pregsent the results of competition between pairs
of genotypes specifying different sex invegtment ratios.
We illugtrate this with the schematic diagramg in
Fig.l where values on the abscissa are proportioms
of male offspring specified by the dominant allele
A and those on the ordinate by the recessive allele B.
The diagonal is an egquifitness line where the two alleles
are indistinguishable., As described earlier, when
the dominant eigenvalues (A ) is greater than 1, the
resident allele can be invaded whereas if it is
lesg than 1 it cannot be invaded. The get of pairs
of r, and ry which correspond %o A = 1 thus forms
a boundary between regions of stability and instability.
Two such lines along with the diagonal divide the
coordinate gpace into three kinds of regions (Fig.l)
viz.A, where the dominent allele A goeg fto fixatim,
B, where the recesgive allele B goeg to fixation

and C, where the two alleles coexist,
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To see which strategy will be favoured by
natural selection notice from Fig.lA that when the
dominant allele takes a value /;; it would go to
fixation irrespective of the value taken by the
other aliele. In oOther words +this value of /;A
represents an evolutionarily stable strategy (RESS)
(Maynard Smith 1964; for a lucid introductim to

the concept of ESS, see Maynard Smith 1983).

It is possible however that no true ESS may exist.
In Fig.lB for instance, whatever value me of the
alleles takes, there is always a strategy open for
the competing allele to invade. Notice that in
FPig.lB if the allele A takes the value /;£ it may
be invaded but never eliminated altbge%her, no matter
what value is taken by the =zllele B, We shall hence-
forth call this an 1SS of the coexisgtence kind. VWhen
the two lines separating regioms of stability and
instability do not intersect the diagonal at the
same point there emerges a fourth kind of regiom in
the co—-ordinate space, a regim of frequency
dependence denoted by £ in Fig.Ic., In this regim
that allele goes to fixation which has a higher
initial freaquency. Now if allele A +%akes the

7

value r, it is stable against iInvasion by any



19

rate competition (d) . A typical fate map (Fig.2)
(at d=0,5 i.e., where half the offspring digperse
hefore mating while the other half undergo sib
mating) shows that the pattern is similar to that
depicted in Fig.lB where nc true ESS ig possible but
only an ESS of the coexistence kind., This means
that a population need not necessarily consgist of

a unique sitrategy but that more than one strategy
may coexist leading to the posgibility of sex ratio

polymorphiam.

Variationg of this ESS (of +the coexistence kind)
with levels of LMC (Fig.3) show that the results are
as expected from the work of Fisher and Hamilton.
Under complete outbreeding (d=1.0) an equal investment
in mgles and females is predicted., As the level of
LMC increases the optim ratio becomes Increasingly
female blased, The guantitative relationship+ between
the ESS and d in Fig.3 is described by

o) )
bt 3+d LR BN )

*We have not derived this snd the subsequent equabims
analytically as the algebra involved is extremely
tedius. However the equationg reproduce the corres-
ponding curves exactly.
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2. Yhen workers control the Ratio of Invegtment

orar A L Sy o

Now let us congider the situation when workers
rather than gueens decide the optimum ratio of
allocation of resgources between the Two sexes.

Once again in colonies with singly mated gqueens we

have studied competition, under different levels

of locel mate competition, between alleles specify-

ing different sex allocation ratios, A +typical fate
map (at d=0.5) (Fig.4) shows that the pattern is
similar to that depicted in Fig.lA where a true ESS
exigts. Notice however that the fate map is asymmetri-~
cal with the regioms where the dominant allele goeg t0
fixation b%i?g smaller than that where the recesgive
allele goes[fixainﬂ. For instance, (Fig.4) 2
recesgive allele producing 10 percent msles always
eliminates =z dominant allele that produces 50 percent
males., On fthe other hand if the allele specifying 10
percent maleg is dominant and the allele specifying

50 percent males is recessive thea both alleles coexist
at frequencies of 0.734 and 0.256 for the dominant

and recesgsgive slleles resgpectively (Table 1 colums
1-4). In other words a recessive allele goes to
fixation while a dominant allele with the same proper-

ties fails to do s0.
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TABLE —~ 1

Proportion of males Gguilibrium fre- Proportion of males
gpecified by Cenotypes cuency of Alleles observed at equi-
librium

Dominant Receggive Dominant Recessive Dominsnt Recegsive

Allele Allele Allele Allele Allele Allele
0.5 C.1 0.0 1.0 - 0.1
Oil O.S 00734‘ 0,-266 041.20 0'198
0.7 0.1 0.0 1.0 - 0.1
0.1 0.7 0.804 0.196 0.118 0.206

o1+ i s i I e p——————— e e PR IR TR B e Ul e
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Thig rather surprising result can perhaps bpe
undergtood when we consider how the sex ratio is
determined in colonies having more than one genotype.
For example in a system of 2 alleles and each colony
peing initiated by one singly inseminated female,
there would be six types of colonies (Table 2 Row 1).
From the genotypes of the queens and the genotype
of her ma te we can write down the genotypic composition
of the reproductive brood as well as workers in each
type of colony. (Table 2, Rows 2,3 and 4). Some
colonies are pure with respect to A or B while others
have a substantial representation 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 A, both in the colonieg with pure A as well
ag t0 some extent in the mixed colonies (Table 2,

Row 5). Thus some of this advantage is also

confered on the allele B as a result of which it is
never completely eliminated. On the contrary when A
ig recegsgive the phenotypic sex ratio corresponds %0
this value only in the pure A colonies so that none
of the advantage is lost to the allele B (Table 1
Row 6), In such a situation A is therefére able to

eliminate B altogether. Such an asymmetry between



TABLE ~ 2
Genotype of AL At ALLB AB.A AB.B BB, A BB.B
Inseminated
Queen
Genotype of
male repro- A A A or B A or B B B
ductive
offgpring
Genotype of BB
Pemsle Re— AA AB ig or ég or AB
productive
offspring
Genotype of - AA AB AA or AB or AB BB
worker AB BB
off spring
sex ratio of
reproductives v » 7 ‘fgffg 7 -
when A is A A A 2 A B
dominant
sex ratio of Iy
Reproductives r T —— T r T
when A is A B 2 B B B
receggive
+.

The first two letters refer to the genotype of the gqueen

while the third letter refers to the genotype of the male

she has mated with i.e., the sperm she carries in her

gpermatheca.,
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a dominant and recessive allele seems therefore to
be because of the fact that the advantageous dominant
aliele also biases the sex ratio 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
allele coexist, the phenotypic gex ratio of B at
equilibrium should be cloger to that specified by

A (advanitageous) rather than by B (disadvantageous).
Thig is indeed what is seen when we look at the
phenotypic sex ratios of the two coexigting alleles

at equilibrium (Table 1, columm 5 and 6).

We saw in the previous section that local mate
competition leads +to0 a female blased sex ratio
under queen control. When workers control the ratio
of invegtment this optimum sex ratio is even more
female biased (Fig.3). The gquantitative relationship
between ESS sex ratio and levels of LMC (d) is

degeribed by

r oo 2l .

Tn the absence of LMC (d=1.0) the optimum sex ratio
undey worker control is 3:1 in favour of femaleg ag

predicted by Trivers and Hare (1976).
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C. Eolyandry

When gueens mate with males of more {han one geno=-
type their daughters would no longer be all £full
gsigters of each other. Since some of the daughters of
the queen become reproductives and oOthers worker,
the genetic relationship between an average worker aﬁd
the average reproductive would not be 3/4 asg in the
case of single mating but lower. The opiimum sex
ratio from the workers point of view would therefore
be different as a consequence of polyandry. The genetic
relationship between the queen and her daughters how—
ever ig not altered by multiple mating. The optimum
sex ratio from the queen's 'point of view' is

therefore not altered by polyandry.

Ag expected, our analysis shows that the
results remain unaltered under polyandry when gueens
control the ratio of investment. On the other hand
there are striking differences in the results under
worker control, Considering the casge of 2 matings
we have studied the competition of alleles specifying
different sex ratios, once again under different levels
of LMC. The results (Fig.5) show that the fate maps
are now gimilar to that sghowm in Fig.IC where a region

of frequency dependence emerges. This leads t0 an E3S
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of the frequency dependence kind. Besides,'the ESS for
the dominant sllele ig different (although slightly) from
that for the recessi ve allele. The kind of asymmetry
between the dominant and recesgive alleles seen in

the single mating case still persists although consi-
derably reduced. This is probably because with an
increase in the namber of inseminsationsg, the varieties

of colonies with respect to thelr genotypic composition
increases. Ag a result, even for the recesgive alleles,
ite advantage is no longer as strictly confined to

itself as before,

When the ISS is plotted as a functim of the
levels of LMG (fig,3) we see that for any given value
of d the optimum sex raztio under worker control with
doubly inseminated gueeuns is more female biased than
the cage of queen control but more male biased than
the cage of worker control with singly insemingted
queens. As the number of inseminations that the queen
has undergone increases, the optimum sex ratic under
worker control becomes increasingly male biszsed and
asymptotically approaches the corresponding value under

queen control for that particular value of d (Fig.6)



l I
0 21 i QUEEN CONTROL
0.20+ N

0.19- ~

018 7

ESS PROPORTION OF MALES (A

- WORKER CONTROL
0.15

0.14 1 | . l
1 2 3 4 5

NUMBER OF INSEMINATIONS (M)

— - - - - A ~™ a
Pigure 6 : LSS proporition of males (m) is plotted
as = Zunciie of number oFf inseminztioms (I1).



25

Kin-recognition

The optimum seX ratio under worker control is
less female biased when the gueen mates more than
once because the colony would now contain more than
one line of full sisters. This zeduces the average
relatedness between 2 worker and a reproductive
female. If by means of win recognition each worker
only invested in its brothers and full gisters one
would expect that the optimum sex ratio would be
similar %o the case where the queen mates only
once. We find in fact that under conditions of
kin recognition in a colony with doubly méted
queeng the fate map and the ESS vse d plot are
identical to the case where the queens mate only

once (Fig.3 and 4).

4, DISCUSSIM

The social insects provide a very attractive
model system to explore the evolution of gsociality
in animals. In consequence considerable theoretical
work has gone into this guesbtion, nd seversl theories
have been proposed primarily %o explain the evolution
of sterile castes in social insects. Trivers and

Hare (1976) used the theory of sex allocation and
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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 Kin Selection
Theory. Their conclusion unfortunately remains
equivocal as a2 result of their failure to take into
congideration two additional factors, LMC and polyandry

either in their mode€l oy in their data (Alexander and

Sherman, 1977).

Konetheless we find their approach of using the
concept of sex allocation to derive mutually exclusive
predictions in the frame work kin selection on the
one hand and parental manipulation on the other very
attractive. We have therefore reinvestigated this
guestion at the theoretical level taking LMC and
polyandry explicitly into consideration. We have
calculated the optimum sex, allocation ratiog fronm
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 increagingly female biased under
both situations. Polyandry however has no influence
on the sex ratio under gqueen control but leads to a

relatively male biased sex ratio under worker control.
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In investigating competition between alleles specifying
different sex investment ratios we have normally
considered the two competing olleles to be a dominant-
recegsive pair. Considering ther to be codominant
nowever does not qualitatively alter any of our
conclugions although the fate maps, 8% one might

expect, becone gymmetrical,

A pather unexpected result to emerge from our
gtudies is an asymmetry between the dominant end
recegsive alleles such that for a pariticular pair
of sex retio strategies one of them would go to
fixation if it is recesglve but not if it is dominant.
In the latter case 1t would coexist with its competitor.
We have sought 0 explain this phenomenon by showing
that an advantageous dominant 2llele does not g0 to
figation because it also biases the gex ratio of its
competitor while a regeggive alleles effect on the
phenotypic sex rstio is largely confined 10 iteelf.

We would like to point out that if this explanation
were correct it would have wider implicatioms for

the evolution of altruistic pehaviour; in fact for
any trait that makes jts bearer behave altruistically
sowards = comspectic without regard to the degree of

genetic relatedness.
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Maynard Smith (1964) has introduced the cncep’s
of Evolutionarily sfable strategy which is defined
as that stretegy which is uabeatable by any other
strategy. In our analysis we Tound two additional
kinds of evolubtionarily stable strategies namely that
of +he coexistence kind which guarantees its bearer
at least coexistence with any possible competitor and
of the frequency dependence kind which guarsntees its
bearer fixation against any competitor provided it
is the first to arrive. In our present analysis
these two additional kinds of ESSs may be taken to be
true E8Ss for =1 practical purplses. In Fig.?2
showing the ESS of +the coexistence kind, the frequency
of the competiter to the ESS fells off wvery sharply
as we move away from the ESS itself. Similarly in
Fig.5 representing L3S of the frequency dependence
kind, the regiom of frequency dependence is very
small. While small in magnitude these are by no
means artefacts and might well turn out 40 be

phenomena of greater signifilcance in other situwations.

Taylor and Bulmer (198C) have modelled a scenario
of & number of patches, each being colonised by me
or more inseminated females, end the offspring mating

within the patch before dispersal. Working only
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within the context of queen control they derive a
relationship between the optimum investment ratio ()
and number of femsles (n) colonising a patch.

» - L{n=l){Zaz1) L

n{4n-1

Tere LMC ig a function of n., In a patch colonised by
n females, the proportiom of offspring of any female
undergoing sib mating would be % which is egquivalent
$0 1-d in our model. Iguating 4 o QEL equation
(4)'is equivalent o our expression for the optimum
sex ratio under queen control (eguation 2). Lt must be

pointed that Hemilton (1979) has also evrived at the

same expression while modelling dimorphism in fig wasps.

Ais expected the a2bility to recognise kin and invest
Gifferentially in full sisters as opposed t0 half
sisters comple®ly counteracts in effects of multiple
mating. This result therefore suggests that multiple
ma3ing need not necessarily pose any problems for the
operation of kin selection. On the other hand the
fach that kin recognition is possible does not auntomati-
cally provide evidence for kin selection. Even under
multiple mating and kin recognition different sex ratios
are expecied under queen (parental manipulation)} and

worker (kin selection) control,
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Our results emphasise the need to determine the
probable levels of LMC znd multiple mating and the
possibility of workers differentially investing in
full sisters as opposed %o half sisters under field
conditions before drawing any conclusions regarding
the outcome of worker gueen conflict in social insect
colonies. Consider for instance a 3:1 ratio being
considered as evideﬁce of worker control (Trivers and
Hare, 1976). Notice from our results in Fig.> that
a 3:1 ratio is predicted (i) under worker control for
complete outbreeding and single mating, (ii) under
gueen control for d=0,57 as well as (iii) under
worker control with doubly mated queens for d=0.75.
(iv) as well as under worker contrcl for complete
out-breeding and double mating but with Kin recognition.
At the present time field data on LMC and polyandry in
gocial hymenoptera are rather scanty. Kin-recognition
hog been repeatedly demonstrated (Greenberg, 1979;

Getz and Smith 1983; Breed, 1981; Klahnand Gamboajl985)
but the ability to distinguish between full and half
sisters within 2 single colony has never been demonsg—
srated ®o far. An empirical study designed to simulta-
neougly gather quantitative information on sex invegtment
ratIos, LMC, multiple mating and kin recognition ig now

egsential and well within the realm of possibility due
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to the increasing application of electrophoretic

methods. (Metcalf, 1980). Ve would like to point out
however that factors other than LMC and parental
manipulation and kin recognition may 2lgo gignifi~

cantly affect the sex ratio. It may also therefore be
necessary %0 teke these into account. Significant

smong such additional factors might be worker ovipositidn
(Benford 1978; Owen and Plowright, 1982) orphaned
colonies producing mele biased sex ratios leading %o
female biased sex ratios among the remaining gueen—

right colonies (Owen, Rodd and Plowright, 1980), multi-
locus control of gex rajio leading to sex ratio
polymorphism (Pemilo, 1982) and fluctusting sex

rajios because of populaitions being away from eguilibrium

(Herbers 1979; McNair, 1978).
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