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The area of sex-rat io theory known as ' Ioca1 nate competit ion' is

analyzed and extended. New nodels are presented by adding several

real ist ic assumpti-ons to previous work, including ( i)  dif ferent elutch

sizes anong fenales, and ( i i )  dl f ferent nating-group sizes within a

populat i .on. Also, fol lowing Hanil ton's general formulation for

Iocal nate conpeti t ion, insights into several related sex-rat io

phenomena are diseussed. These iaelude eonfl ict si tuations over the sex

ratio, and the effeet of asSrnnetic relatedness of parents to sons versus

parents to daughters on the sex rat io.

The new theory generated in this thesis is applied to data I

col lected on the sex rat ios of Florida f ig wasps, Pegoscapus assuetus

Grandi and P. j inenezi. Grandi, which pol l inate the f ig speci-es Flcus

ci t r i fo l ia  P.  Mi l ler  and F.  aurea Nut ta l l ,  respect ive ly .  These

enpirical studies were conducted in the Everglades National Park and on
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Key Largo, Florida. Due to their unique natural history, fig wasps are

an ideal systen for the study of loca1 nate conpeti t ion in natural

populatj-ons. The number of female fig wasps colonlzing an isolated,

locaIly nating patch (= a f ie) was experinental ly control led, and the

sex ratio as a functi.on of foundress number was neasured. The

qualitative agreenent between predictions and observations is excellent;

however, the observed sex ratios are consistently nore female biased than

predieted. A theoreti.cal expLoration of some factors that nay explain

this quantitative discrepaney is presented. Two a priori candidates are

the nost conpell ing at this t ine: ( i)  dif ferent clutch sizes anong

fenales within an isorated, local ly mating group, and ( i i ;  genetic

differentiation among subpopulations of fig wasps. Empirical nethods

for the further study of fig wasp sex ratios are discussed extensively.

Additionally, information and discussion is presented on the natural

history of Florida f ig wasps, their nenatode and wasp parasites, the

nechanisn of s€x-rat ib adjustnent, and breeding structure of the wasps,

ineluding subpopulation stmcture, the number of foundresses per fig and

the cues assessed by the wasps when choosing a fig in whlch to oviposit.

Fig wasps provide an excel lent opportunity for evaluating sex-rat io

theozy and the success of populat ion-genetic nodels in predict ing

behavi.or patterns accurately. The wasps are easi ly observed, inportant

parameters can be readily quantifled in natural populations, and they

are anenable to experinentation in the f ield. Also, since there are 9OO

fig wasp species, this group provides a r ich source of conparative

infornatlon,

H. Jane Brockmann, Chairperson
Associate Professor  of  Zoology
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Introduc tion

The subject of sex rat ios has received mueh attention over the past

few years. The reasons are conpell ing: sex rat ios are relat ively

easi ly measured traits that are highly correlated with f i tness.

Further, it seenst likely that the relative fitness of nales and fenales

must vary with a wide range of ecological factors r etrd variability in

the sex ratio both within and anong species has been wiclely d,ocumented..

Hence, in many ways sex ratios provide an ideal forun for testing the

explanatozy and predict ive power of theories about adaptation.

The goals of this thesis are as follows.

( i)  To extend a part icular subset of sex-rat io theory,

known as ' Iocal mate conpeti t ion, '  in order to generate a

set of biological ly meaningfur and testable hJ4lotheses

( Chapter Ir  )  .

( i i )  To apply this exteaded theory to a relevaat data

set r obtained while studying the biology of two f ig wasp

speeies in south Florida, Pegoscapus assuetus Grandi and p.

j imenezi Grandi that pol l inate Ficus eitr l fol ia p, Mir ler

and F.  aurea Nut ta l l ,  respeet ive ly  (Chapter  I I I ) .

L
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fhe remainder of this introductory chapter is devoted (") to

defining the sex-ratio phenomenon discussed in this thesis, local mate

conpetition and asJrnmetric relatedness of parents to sons versus

parents to daughters, within the broader class of s€x-ratio phenomena

in general, and (U) to introducing the natural history of fig wasps,

in particular those features that nake fig wasps an excellent nodel

systen for the study of local nate eonpetition and as;rmnetric

relatedness.

Sex-Ratio Theory

Darwin (tAZt ) was the first to identify sex ratios as an

intriguing puzzle within the framewor* of natural selection and

adaptati.on. He focused on the problen of why most speeies have

approxinately equal numbers of nales and fenales at birth, and

posslble reasons for the occasional obsenrations of excess males or

fenales. Although there are hints of sone of the great debates of

twentieth-eentury evolut ionary biology in Damin's (tgZt ) writ ing on

sex rat ios ( " .g . ,  populat ion regulat ion versus ind iv idual  se leet ion) ,

he arr ives at no general conelusions, and states of sex rat ios

". .  .  but I  now see that the whole problen is so intr icate that i t  is

safer to leave i ts solut ion for the future" (Darwin 1 g?1 ) .

The f irst na j or development in sex-ratio theory rf,as by Fisher

(lglO) , who argued that parental investnent in the sexes over the

entire populat ion should be equal. The essenee of his idea is that a

rarer sex ( in terms of investnent of resources by parents) would

always be favored in a frequency-dependent manner. However Fisher
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dld not specify sone latent assunptions neeessary for his equal investnent

theory. One necessary assunption was given by Shaw and Mohler (tgE ).

They noted that any explanation of natural seleetion of the sex ratio

nust assume that the sex ratio has a conponent that is variable and

heritable. They cited the correlation between highly skewed sex

ratios and sex-lintred genec observed in DrosoBhila (Novitski 1947) 
""

an exanple of genetic variability in the sex ratio. Having realized

that the nechanisn underlying sex-ratio variability is critical, Shaw

and Mohler constructed a nodel assuming that control of the sex ratio

is at an autosonal locus. Based, on this assumption and a further

assunption that nales and fenales are equally costly, they offered a

proof that the overal l  populat ioa sex rat io wil l  stabi l ize at |  :1 .

Kol-nan ( t geO) extencled this result by provingr BS Fisher hacl

asserted, that the total expenditure on naLe offspring should equaL

the total expeaditure on fenale offspring, when sumned over the entire

populat ion. His nodel is an individual-seleetion model, which is

essential ly equivalent to an autosomal-al le1e modeL (Hanil ton 1957).

Foreshadowing further developnents in sex-rat io theory, Kolman (t9eO,

p.  t77)  s tated,  "Moreover ,  s ince the select ion is  only  for  the tota l

expenditure [o*t"" the entire populat lon], only the nean sex rat io is

f ixed and there is no effeet on the varianee, that is, a populat ion

can have any degree of heterogeneity so long as the totals expended on

the produetlon of each of the sexes are equal. " Trivers and Wil lard

(lglil recognized that since the variance of the sex ratio among

broods was under  no d i rect  se leet ive pressure,  that  local  sex rat ios

would be favored accordi-ng to ecological correlates of the relat ive

f i tness of males and females, under the eonstraint that the populat ion
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expenditure remains 1 :1 . Charnov (lgAZ) reviews and discusses this

pattern in detai l .

Two necessary assunptions of the equal investnent theory will be

discussed. The f irst is that ".  .  .  the total number of the

gene-bearer's grandchildren is a tme measure of the propagation of

the gene I ttrat eontrols the sex ratio] " (Hamilton 1967 r p. 477) .

When this assunption is violated, parents are asynmetrlcally related

to sons versus daughters, and as;rmnetric populatibn investment ratios

are predi-cted. An early exanple of locally asSrnnetrie investnent

rati,os due to a violation of this assumption was noted by Rhoades

(lgl l) ,  who reported cytoplasnic inheritanee of nale steri l i ty Ln Zea

gU.. In this case, overall population investnent ratios were not

measured (see Frank 1983 for a discussion of the interaetion between

loeally asSrnnetric investment ratios due to cytoplasnic elenents and

the populat ion investment rat io). The several well-docunented cases

of neiot ic drive of sex chromosomes and biased investment rat ios in

Drosophila (Stalker 1961, White 1977) are analogous to cytoplasnic

elements affecting the sex ratio, sinee in both cases there is a

confl iet,  ln terts of f i tness, between subsets of the genome and the

individual over the investnent ratio in offspring (Alexander and

Borgia 1978, Hamilton 1979, Frank 198t). The second assumption is

that conpeti t ion for nates among males is random with respect

genotype. The pattern that results when there is both genotypic

correlat ion anong conpeting males and asSrnnetr ic relatedness of

parents to sons versus parents to daughters (Harni l ton 1979) i" the

topic  of  th is  thes is .

a

a
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Hanilton (lg6l) was the first to analyze sex ratios when the

assumption of population-wide conpetition among nales for nates is

violated. The essenee of the result ing sex-rat j-o pattern when

conpetition for nates is non-random is eaptured in the following

scenario. Assume exactly two previously nated diploid fenales (=

foundresses) arrlve in a patch and lay four eggs each. The offspring

of these foundresses grow to adulthood within the patch, nate randomly

among thenselves , the males tlie af ter nating, and each f ernale flies

off to a new patch and lays four eggs. Further, assume the cost of

producing a nale equals the cost of producing a fenaler so that the

sex ratio and the investnent ratio are equivalent. What sex ratio

produced by a foundress maxinizes her nunber of grandehilctren? Each

daughter yields four grandchildrenr eFd each son mates on average with

F/M females, where F and M are the total number of fenales and males

in the patch' respeetively; so each son yields 4(F/M) grandchj, ldren.

When eaeh foundress produces two sons and two daughters, each will

have eight grandehildren through sons and eight through daughters, for

a total of 15. When each foundress produces one son and three

daughters' each will have 12 grandchildren through sons and 12 through

through daughters, for a total of 24. By examining al l  possible

eonbinations of sex rat i .os for the two foundresses, i t  can be seen

that a sex rat io of 1 /4 (na1es/total) i"  the stable sex rat io in the

sense that no other can do better in terns of f i tness. The important

point here is that competit ion among brothers for mates ean lead to

female-biased sex ratios, and that the sex ratio becomes nore fernale

blased as the genotyple correlat ion among males competing for mates

increases (hence the nane ' loca1 mate compet i t ion ' ) .  Fornal  arguments

and proofs wil l  be developed in detai l  in Chapter I I .
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The Natural HistorY of Fig Wasps

The enpirical goal of this researeh was to collect sex-ratio data

from a population with local conpetition for nates and asymnetric

relatedness of parents to sons versus parents to daughters. These

data are relevant to quantitative nodels derived fron population

genetics theory (in particular, Hanilton 1979). Fig wasps are ln nany

respeets icleal for test ing the quanti tat ive predict ions of these

models due to their unique natural history. In bare outline' the life

of a f ig wasp (Agaonidae, Pegoscapus) t frat pol l inates a nonoecious

group of New Wor1d f ig trees (Moraeeae, Fieus, subgenus Urostigna) ean

be sunmarized as follows.

Fig trees bear inf lorescences (= f igs) t trat are hol low

receptacles with hundreds of pistil late and staninate flowers opening

into a sealed, central eavity. A few fenale f ig wasps (= foundresses)

enter the fig through a narrow passage, and once inside ean never

Ieave. Whi-Ie laying eggs in the ovaries of approximately one-ha1f of

the pistil late flowers they dust the stigna of the flowers with pollen

carried fron the fig from which they emerged. After egg laying, the

females die within the fig, and each larva develops by eating the

tissue of a single pist i l late f lower. Pist i l late f lowers that do not

harbor a developing fig wasp produce one seed each. About one month

later the next generation of wingless males emerges and nates with the

winged fenales within the st i l l -sealed f ig. After nating, the nale

wasps chew an exit tunnel through the waIl of the fig and die soon

af temard,s. The f emales then eol leet pol len and escape the f ig

through the exit tunnel to find and enter a receptive fig and begin a

new generat ion (car i r  1977,  Chapter  I I I ) .



Since there are only a few foundresses within eaeh fig, and since

all natings occur within the fig before the fenales disperse, there is

conpetition among brothers for nates ln each generation. Also, fig

wasps are haploctiploid (fenales arise fron biparental diploid zygotes

and nales arise fron unfertil ized eggs) and sib mating leads to

as;rmmetric relatedness of nothers to sons versus nothers to daughters.

Since the foundresses die within the fig, the dlstribution of the

nunber of foundresses per fig can be estinated, and translated into

the approximate amount of sib nating and nate conpetition in each

generation. Also, both the nunber of foundresses within a part icular

fig and the sex ratio produced in that fig can be measured very

aceurately in a wild popuJ.ation.

There is nuch evidence suggesting that fenales ean control the

sex of their offspring by the fert i l izat i-on process (Flanders 1956).

So selection aeting on the sex ratio produced by individual females

under dif ferent ecological condit ions nay result in a sex-rat io

pattern at the individual Ievel. Thus quanti tat ive predict ions about

the relationship between the amouat of local nate conpetitlon and the

sex rat io produced ean be tested.



ASII{METRIC REI,ATEDNESS
CIIAPTER II

AND TOCAI MATE C OI,IPET I T ION- - THEORY

Int rodue t ion

Numerous factors nay affect the sex ratior ES outllned in Chapter

I. This chapter is a theoreticaL exploration of only two of these

factors--asJrnmetric relatedness of parents to sons versus parents to

daughters, and local conpeti t ion among related nales for nates. The

notivation for reviewing and extending this theory is to facilitate the

study of f ig wasp sex rat ios. However, by fol lowing Hanil ton's (t1lg)

elegant approaeh to this problenr verJf general results ean be obtained.

tr ' rom these general results, speelf ic predict j ,ons about haplodiplold (e.

8. r f  ig wasp) sex rat ios r BS wel,1 as sex rat ios for nany other types of

genetie control '  can be obtained. So, the problen wil l  be studied by

considering the general phenonena of as;rnmetrie relatedness of parents

to sons versus parents to daughters and loca1 eonpeti t ion for mates

among related nales. With each development of the general theory a

speeif ic prediet ion relevant to f ig wasps wil l  be given as an example.

These specif lc prediet ions wil l  be applied to my enpir ieal work on f ie

wasps in Chapter f f f .
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Intuitive Developnent o_f Concepts

The f irst factor that wi l l  be discussed is the rat io of relatedness

eoef f ie ients son-parent :daughter-paret r tp  where 'parent '  is  the parent

with the ability to control the sex ratio, and the relatedness is at the

locus coatrol l ing the sex rat io. A more precise definit ion of this

rat io '  denoted by R, wil l  be givea later. As an i l lustrat ion, eonsid.er

a randonly nating diploid organism. If the sex ratio is eontrolled at

an autosomal loeus, son and daughter are each related to nother by 1 /Z

and to father by 1/2, so R = 1. I f  the sex rat io is control led by a

locus on the X chronosome, son and daughter are each related to nother

by 1/2, so R = 1 when nother controls the sex rat io; son is related to

father by 0 and daughter by 1/2, so R = 0 when father controls the sex

rat lo .

How does R affect sex rat los? If  R is less than one, the parent

eontrol l ing the sex rat io is more related to daughters than sonsr so

proportionately nore daughters are predicted than if R = 1 . More

precisely, i f  the predicted sex rat io for autosomal, diploid control (n

= 1 )  is  x  (na1es/ tota1) ,  then the predic ted sex rat io  for  other  types of

genet ic  contro l  ( i .  € . r  when R is  d i f ferent  f rorn one)  is  Rx.

The second faetor to be discussed is the relatedness among nales

competing with each other for nates. As an exanple, let us exanine the

situation of a female adding Fn offspring to a deme, where the

population i-s divided into randonly nating denes, and there is no nating

between demes. Consider a locus control l ing the sex rat io wit lr

a l ternat ive a l le1es A and B.  (Or equiva lent ly ,  consider  two sex-rat io

types' A and B. The use of al leles to denote alternative phenotypic

t ra i ts  is ,  to  a cer ta in extent ,  a  heur is t ic  device.  See la ter  sect ion
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on genetic nodels.) I f  al l  the males in the deme are AA, what rat io of

males and females should an AA fenaLe add to this dene? Since all of

the sperm that will be produced in the deme contain A, adding sons will

not increase the success of the A alIele (or A type). Adding a daughter

with an A alle1e will inerease the number of A aIleles produced, because

a daughter will add A-containing progeny directly to the next

generation. In general, if a deme will produee a higher proportion

sperm thaa the population will produce, the sueeess of an M fenale

greatest when produeing a fenale-biased sex rat io. The A sperm of a

nust eonpete for mates with related A sperm within the deme, while A

daughters increase the sueeess of the A aIlele directly by producing

progeny with this al lele. The nane ' local nate eompetit lon' is used

o fA

is

son

for

the situatlon in whieh males conpete with relatives for mates. Under

these condit lons fenale-biased sex rat ios are predieted, and often

observed (see Hanilton 1957). The argument would be exactly the same if

there were conpeti t ion wlthin either sex for a l imited resource. For

exanple' eompetit ion among daughters for a nother's terr i tory has been

offered as an explanation for nale-biased sex rat ios (calIed '1oca1

resource eonpeti t j -on, '  Clark 1 978). 0n1y local eonpeti t ion for mates is

addressed direct ly in this thesis. However, i t  appears to be a

straightfoward step to develop the arguments within the more general

framework of within-sex conpeti t ion for l ini ted resourees (cf.  Taylor

1981,  Charnov 1982,  chapter  5) .  The ef feet  of  wi th in-sex conpet i t ion on

sex rat ios can be measured by the dif ference between the proport icin of A

al leles within the deme and the proport ion of A al leles within the

populat ion. The degree of dif ferentiat ion of the dene from the

populat ion w111 be represented bX Pat  (see next  seet ion for  deta i ls) .
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In sunmarT, asJrnmetries in parent-son: parent-daughter relatedne ss

at the locus controlling the sex ratio is represented by R' and the

intensity of loeal nate eonpeti t ion is ref lected in Pdt. These two

factors ean be eonbi.ned to give a general f orm (Hanil ton 1979) f or the

sex rat io problens that wi l l  be discussed:

r* = (1 /z)RPat(2.  r  )

where r* is the predicted sex rat io

fenale in the popul-ation.

(nales/total) produced by each

Formal Argunents and Major Results

Current work in this area of sex-ratio theory can be divicled into

two approaches. The first approach was outlined in the previous

section, and is based on the work of Hanil ton ( lgtg, unpublished). This

first approach is followed in this ehapter. The second approach is

characterized by Taylor and Bulmer (t9gO). They wrote equations for the

fi tness of various sex-rat lo al leIes under certain condit ions, and

solved for the sex ratio conferri.ng the greatest fitness under these

eondit ions. Further discussion of this approach can be found in

Appendix A.

Hanil ton (1979, unpublished) derived Equation 2.1 by unit ing his

orn work on coeff icients of relatedness and inelusive f i tness (Hamilton

1964, 1972) wj-th Pri-ce's (t  gZO , 1972; Hanil ton 1975) fr ierarehical

analysis of natural select ion. Assunptions of this nodel fol low.
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(t ) fhe population is divicled into an infinite number of denes,

eaeh colonized by N fenales. (Upper case will be used to denote

constants, and lower case wil l  be used to denote random variables.)

(Z) Fenales nate within their demes and store the spern.

3) Mating is randon within the deme (i.e., no correlation

identieal by descent among uniting ganetes within the dene, see

of genes

Wright

1 969) .

(+) The dene disintegrates after

disperse and colonj.ze new denes along

start the next geaeration.

one generation; the nated fenales

with N-l other foundresses to

(l)  Each fenale lays exactly K eggs.

(6)  The sex rat io ,  r * ,  is  contro l led at  a  s ingle locus.  This  locus

nay be autosonal, sex-linlred, or cytoplasni.c.

(Z) Each alternative aI lele at the sex-rat io locus causes i ts host

to produee a part icular sex rat io, when loeated in the parent with

control over the sex rati.o.

(A) Problens of heterozygote sex

individuals are treated as sex-ratio

later sect ion on genet ic nodels).

rat ios are ignored, and

types (Hamllton unpublished, see

(9) The cost of produeing a son equals the cost of produclng a

daughterr hence sex rat io and investment rat io are equivalent.

( tO)  The only  type of  wi th in-sex conpet i t ion is  loca1 conpet i t ion

for nates among ma1es.

This set of assunptions wil l  be referred to as 'assumptions 
A. '

Several of these assunptions are violated in any natural populat ion. I

wi l l  present the predieted sex rat ios when certain of these assumptions

are not  met .
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Icleal ly, one would l ike to obtain a proof for Hamilton's fornula

(Equation 2.1) under less restr ict ive and more real ist ic assunptions.

Such a proof is desirable because Hanil ton's approach al lows the

predicted sex rat io to be obtained direct ly for various types of genetic

control of the sex rat io. ALso, i t  identi f ies two biologieal ly

meaningful phenomena for the study of sex ratios--patterns of

parent-offspring relatedness and genetic differentiation among groups.

Unfortunately, a general proof has not been obtained yet. I have

obtained the predicted sex rat io for haplodiploids with female eontrol

of the sex ratio under a more general set of assunptions than those

listed above. These results were derived using the techniques of the

second approach to sex-rat io  nodels  (e.g. ,  Taylor  1981,  Taylor  and

Bulmer 1980) . In eaeh case examined, the results I obtained lrere

exactly those of Hanilton' s for"mula under the relaxed assumptlons.

Since Hamilton's approach is preferable due to its generality and

intuit ive appeal, I  present the results as fol lowing from Hamilton's

fornula. In Appenctix A proofs of these results using the methods of the

second approach are presented. First some fornal definit ions.

Definitions and Previous Results

The definit ion of R for relatedness of offspring to parents is

(z.z)

where tn" and Bpa are

(sensu Hamilton 1972)

29
R = ----P9---

B  + B
ps po

the "complete"  eoef f ic ients of  re latedness

at the sex-rat io locus of the parent who controls
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the sex rat io to son or daughter, respeetively. This i lef ini t ion al lows

R to be determined for any type of genetic control act ive in either

p a r e n t  ( s e e  T a b l e  2 . 1 ) .

P,. is a measure of the degree of genetic dif ferentiat lon of a
O T

dene fron the total population at the sex-ratio locus. It is defined as

(2 .5 ) Pat = E(vd)/vt

where td and Vt are the genetic variances (o" varianee of types)

within the dene and within the total populat ion, respeetively, and E is

the expeetation operator (see Appenctix A for further discussion of

variances). Pat is Wright 's index of pannixia for hi.erarchieal

populat ion strueture (Wright 1969). So, we wil l  be able to take

advantage of some useful results for the pannictic index given by Wright

( e .  g . t  s e e  E q u a t i o n  2 . 2 1 ) .

Wr ight 's  f ixat ion index,  F,  wi l l  be used of ten in  th is  chapter .  F

is the correlat ion between honologous genes of unit ing gametes relat lve

to the gene frequencies in the whole population (Wrieht 1959) . If F is

posit ive, the frequency of identical genes (alIeles) co-occurring in a

cliploid zygote will be greater than expeeted under random mating

Hardy-Weinberg frequencies. In other words, the port ion of homozygotes

wil l  be greater than expeeted under random mating. For exanple, i f

a l le le  A occurs wi th probabi l i ty  gr  and a l le le  a wi th probabi l i ty  1-q,

then the expeeted proportion of AA homozygotes is q,2 + Fq ( t -q. ) . Note

that when F = O, this yields the standard Hardy-Weinberg frequency under

random mating.
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Table 2.1.  "Complete,  "  or  " l i fe- for -1 i fe"  coef f ic ients of  re latedness
of parents to offspring. These eoeff icients are proport ional to the
inclusive fitness benefit to a parent of an aet directed towards a son
or daughter. A genetic element on a diploid autosome in a parent is
equally likely to be ln a son or daughter, so inclusi.ve fitness benefits
are equal for aets directed at sons and daughters, and R = 1 . For
elements on a Y chromosome in heteroganetic nales (o" a patril ineally
inherited elenent), B'.- = 1 and B',_. = O, so R = z. For elements on
a Y chromosome in het6?oganetic f6fia1es (or a natril ineally inherited
elenent), B__ = O and B_,r = 1, so R = O. The values of B for
elenents onB8n X chronoB8me can be obtained fron the table. tr'or
exanple, i f  females are XX, males XY or X0 (r" in haplodiploicls), and
the sex ratio is maternally controlled, then B__ = 1 /z and B , =
(t+lr ' )  /(z+zn), and R = (r*r) /( t+zt).  Definit i8f ls and valuest$or B are
in Hanil ton ( lglZ)i  appl icat ions for sex rat ios of dif fering values of
R under dif ferent types of genetie control are in Hanil ton (tglg).

CONTROTI,ING

PARENT

XI or X0

xx

OFFSPRING

XY or X0 XX

F  1+F

1 /2 (t +lr ') /(z+ze)
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Hanilton (lglg) derived the predicted sex ratios for various types

of genetic control under assunptions A' plus the assumptions that the

settli-ng of foundresses into demes is rand,om. The informatlon needed

calculate R as a funetion of F is given in Tab1e 2.1. Since sett l ing

rand.om, variance within a deme, vd, is a sanpling variance, 
"2, 

for a

random sanple from the population. A standard result is n(v.) =

[ (f,'f -t ) /nlV, r so Pat = (tt-l ) /tt. With a value for F we are in a

posit ion to obtain Hanil ton's (1979) predict ions for sex rat ios under

various tSqpes of genetic control r erd under assunptions A ancl rand.om

settling. Under assumptions A the mating in each generation is a

nixture of random and sib nating, and the entire population mixes

randonly between generations. A well-knornr result in population

genetics ( l i  1976r p. 245) is that

(2 .4 ) F = w/(4-3w)

12.5)

to

is

where n is the proport ion of sib nating in each generatj-on. Under

assumpt ions A,  w = l /N,  and t '=  1/ (4N-7) .  The re levant  resul t  for  th is

thesis is for haplodiploid organisns with naternal eontrol of the sex

ratio. Haplodiploidy can be eonsidered equivalent to sex l inkage with

p( fenales and XO nales , and alL loci on an X chronosone ( t,i 197 6) .

Fron the above in fornat ion,  R = (+u-e) / (q l { - t ) '  and

' f , *  = ( t  /z) [  (+rq-e)/(+r,r-r  ) ] [  (n-t  ) /N].

This result

nethods of

append ix.

has also

the second

been obtained bY

approach. Their

Taylor  and Bulner  ( tgeO) v ia the

procedure is outl ined in the



L7

Relaxing the Assunptioas

New resurts are obtained when assunptlons (t ), ( l), and (z) are

relaxed. These results wil l  be presented first, then I wil l  discuss the

effect of changing some of the other assunptions.

To obtain predicted sex ratios fron Equation 2.1, we need values

for R and Plt. With respect to the R term from the general model,o

TabLe 2.1 remains valld in all cases and we need only re-evaluate F fron

Equation 2.4. First,  the unreal ist ic assunption (t  )  that aII  denes are

each of the same sLze N 1s relaxed. Let demes be of slze n with

probabi l i ty  do (n  =  1  ,2r5r . . .  rL(@),  and the sum of  do over  a I l  n  be

equal to one. Malntaining the reslainder of assunptions A, the

proportion of colonizing sib-nated fenales contributed to the population

from demes of size n is

K( 1-r)d
n

Henee, the proport ion of sib-nated

demes is

d d
n n

a

F r
L O  n  n

n

fenales in each generati.on f ron all

( 2 .6 ) w =
n ,L

n=r d K( 1-r)
n

(2 .7 )

For convenience,

otherwise noted.

w =
xd

n

X d n
n

all sunmations will be

With this value for w,

over n,  f rom 1

whlch is the

to  L,  un less

reeiprocal of the

I

n
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arlthmetic mean of the dene sizes r we

and solve for the predicted sex rat io

ean obtain F fron Equation 2.4,

( 2 .8 )
1 t+i-z)

r *=
2 (4;-1)

.La
(1-) -s)

tn
II=I

Notice that the varianee tern is obtained by replaclng N with the

harnonic nean of tl. The varianee tetm ls the expected variance over the

distr ibution of dene sizes (see the note on the expectat ion of

condit ional variances in Appendix A).

r now rerax assumptions ( l)  and (z). Assurnption (r) states that a

part icular al lele at the the sex-rat io locus in the control l ing parent

causes that parent to produce a certain sex rat io. This inpl ies that

the sex rat io is a genetical ly f ixed tralt ,  However, there is nuch

evidence that the sex ratio in parasitic wasps is a phenotypically

plastic trait under naternal eontrol (Charnov 1982 and references,

198t, Werren 198r). This phenotypic plastieity nay be i-ncorporated

the population-genetic nodel being developed in the following way.

Replace assunption (Z) by the assunption that a sex-ratio allele in

actlve parent produces sex ratios denoted by the vector r =

l - -  \  ,( r i  r r2 r . . . r r r ) ,  where  
" r r ,  

i s  the  sex  ra t io  p roduced  in  a  dene

n  ( i .  e . r  the  sex  ra t io  i s  cond i t i ona l  on  deme s ize ) .  r t  i s

that a single al lere could have such an effect; however,

populat ion-genetic models are truly ideal ized representations, and i f

careful ly constructed are quite robust against departures from unl ikely

assumptions of this sort.  This is an inportant point, and wil l  be

nentioned again in the discussion at the end of the chapter.

Frank

into

the

o f  s l z e

un1 ikely
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Assunption (l) states that all fenales produce K offspring. Let us

nolr assume that fenales produce Ko offspring in a dene of size n, where

K is a constant.n

obtained directly

Under these new assunptions, the value for w can be

fron Equatlons 2.6 and 2.7 .

Ed K (l--r )nn  n
(2 .g ) w =

Xd K (L-r  )n
n n  n

In this new model Tre are seeking the sex ratio within a deme of size n,

so the Pat term we need ls actually the expeeted varianee within a

deme of size n divided by the population variance. The expected value

for this condit ional variance is (n-1 )/n (see Appendix A). With this

information, the predieted sex rat los for each dene size can be

calculated. For haplodlploidy and naternal eontrol of the sex rat io

(2 .  Lo)
1 (2a-2b) (n-1)

3 *  = -
n 2 Qa-b) n

r
n

* i s the predicted sex rat io

n = l r  2 1 3 r .  .  .  , L

in a deme of size n, and a and bwhere

are

( 2 . L L )

= Xd K (1- r  )n /2
n n  n

b  =  Id  K  (1 - r  ) / 4nn  n
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Fron Equation 2.J, w may now be expressed as 2b/a. Notlng that the R

teru is the same for al l  
" r-  

(n = 1 ,2r3r. . .  , t ) ,  EDd that R is a

function of 
"o*, 

a quadratic equation in t"- can be obtained. Using

the quadratic fomula, aad chooslng the root between 0 and 1 yields

(2.L2)

(2.L4>

( 2 .15 )

(2 .  L6)

1
= -

2

k-Jffi 1 (n-t)
l n = l r  2 1 3 r . . .  e L

= Ed;Kn(6o2-4o*L ) l4r

(2 .13) y = Ed K_ (n-1) (4n-1) l4n

z = EdnKn(2n-L)n/4n

One flnal extension of the theorXf uilI be nade here. The previous

equation assumes that all n fenal-es produce eractly Ko offspring in a

deme of size rr. Clear1y, this is unreaListie. Let kni be the number

of offspring by the ith fenale (r = 1r2r.. '  'D) ia a deme of size r.

Further

j *
n

knK=n

1
-O
A a  I1=r

n

h . =
nr-

k',i/Ko

El=r r,11"2w =u
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where Equation 2.14 is the average nunber of offspring per female in a

deme of size rr,  Equation 2.15 is the eontr ibution of foundress i

relative to the average of all foundresses in a deme of size 11, and

Equation 2.16 is the expected proport ion of slb-nated daughters produced

fron a dene of sj-ze rr.

Si,nee the contributlon of the ith fenale is IikeIy to be a

stochasti .c event, let a part icular array of (norj) occur with

p r o b a b i l i t y  g - *  ( j  =  1 r 2 r 3 r . . . )  s u c h  t h a t  t h e  s u m  o f  t h e  f i - r  o v e r-NJ 
*TIJ

al l  j  is one. Thus, the expected proport ion of sib-nated daughters

produced from a deme of size n is

(2. ].7)

where t1'

meagure

dene of

is an

of the

sLze D.

effective deme sLze

expected variance in

So, the proport ion

El=, ti=, snjh:..j/rLz = L/t' = to/n

( l J n ' ! t ) ,  a n d  t  - 1
n

offspring number

of sib natlng in

is a standardized

per female ln a

the populat ion is

(2. L8)

The varianee tem is

condit ional variance

yielding

rd r  (1-r  ) tnn  n  n
td  K (1- r  )nnn  n

2bl
a

obtained

over the

by taking the

dis t r ibut i .on

expeetat ion of  the

o f  h - .  *  ( see  Append lx  A) ,naJ
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Ftl fcD -2

(z .Lg)  Pdr=t -Er=rE i=r=go jh i r ' i=o ' - t
oz n'

which nay be i-nterpreted as the expected sanpling variance for the

effect ive deme slze, D'.  From the previous equations i t  can be seen

that r_* is now obtai.ned by replacing b with b' ana n with n' in
n

Equation 2.1O. Solving for ro* Fields the same result as Equation 2.12

when n is replaced by n' in the variance tern and xrXr and z of

Equations 2.13 are replaced by

5 a r  t6n ' -2nt  ( t  +t )+r  ]
X t  

\  n n  n  n'=Z
n=I 4n t

(2 .20) y t  =
drKo(nt-1)  (4n ' - . r r )

+ 4n'n=r

L

L
d  K  ( 2 n t - t  ) n t

n n  n

#L 4n'

Charnov (lgaZr p. 72) presented the same solution for diploids under

the assumptions of constant dene sLze, and variable contributions of

foundresses.

z '
ngl
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tr'urther Extensions of the Theory

The nethods enployed in this ehapter and in Append.ix A nay be used

to extend the theory further. The nodel developed above (Equations 2.12

and 2.2O) assunes that the sex rat io of al l  foundresses is constant

within a deme size. If fenales vari,ed their sex rati-os as well as their

contr ibutions (Equation 2.15), a new situation arises. There appear to

be two cases; ( i)  the fenales within a dene nay vary their sex rat ios,

but they have no infonation about the sex ratios of the n-1 other

foundresses; and (ii) the females within a dene nay vary their sex

ratios, atrd one or nore fenales have some infornation about the sex

ratios of the other foundresses (HaniLton 1957 recognized these two

cases). In case ( i)  i t  seems l ikely that al l  fenales within a dene

should produee the s€une sex rat io aecording to Equations 2.2O. This

problen is probably easier to analyze using the nethods of the second

approach described in the appendix. Case ( i i )  is an interesting problem

since i t  para l le ls  Ko1man's ( tgeO) s tatement  eoncern ing no select ion of

the varianee in sex rat io for individuals within the populat ion, only

selection of the overal l  mean populat ion sex rat io. Sex rat ios of

foundresses with infornation are best treated as condit lonal sex rat ios.

It  is clear that in the case of condit ional sex rat ios, the mean sex

ratio in a dene is not the same as in the case of unconditional sex

ratios (Werren 1 98Oa ) . In other words , the mean sex ratio in a d.eme

does not have the same stabi l i ty propert ies as the mean sex rat io in a

randonly nating populat ion. A general solut ion for case ( i i ;  has not

been obtained; the nethods of the appendix are suggested as a start ing

p laee .
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inplicit assunption ia the nodels with phenotypic plasticity

whieh I have developed is that the foundresses can aecurately assess the

number of other foundresses, Hence, these nodels are in fact

coadit ional sex-rat io nodels. However, notiee that when offspring

number per founclress was aLlowed to fluctuate, the expeeted variance was

used to derive Equations 2.2O. Deciding whether the predicted sex

ratlos ought to be conditional on the expected value of a parameter, or

on loeal levels of that parameter, is a dif f icult  problen. The extent

to which a nodel aceurately describes a natural si tuation depends on how

well the nodel refleets which infornation an animal ls actually able to

assess and use. These models suggest the kinds of infornation that are

valuable to an organism with respect to its fitness, and thus which

information an organism "ought" to assess if lt cBD. Only by enpirical

researeh can we discover whether sex rat ios are eondit ional on a certain

paraneter in any given speeies.

Discussion

The work in this ehapter is synthesLzed and extended in four

seetions. ( i)  Asymnetric relatedness is brief ly discussed, including

the problen of expected versus condit ional val-ues of R. ( i i )  Local mate

conpeti t ion is discussed within the larger framework of within-sex

conpeti t ion for l imited r€sources. Sone general i t ies implici t  in the

nodels derived in this chapter are nentioned, and avenues leading to

fruit ful extensions of the theory are suggested. ( i i i )  t tre robustness

of populat ion-genetie models for the study of behavior patterns is

exanined. ( i")  The theoretical work in this chapter is related to

An

I
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previous work on slnilar sex-ratio problems. Ihroughout the discussion

several of assunptions A and other l-atent assunptions are examined,.

AsJrnmetrie Relatedness

'Asyrnr6tric relatedness' describes the ratio of inclusive fj-tness

to an individual for a unit of investment in nale offspring versus

fenale offspring (taUte 2.1). Using the notat ion in this ehapter,

( l /Z\n = B :B . ;  or ,  R is  the rat io  of  ine lus ive f i taess of  sons'  ps  pd '

to daughters for the al le1e at the sex-rat io locus in the control l ing

parent. R enbodies two types confl iet.  First,  mother and father (o"

nother and daughter in social Hlrrnenoptera, Trivers and Hare 1976) wilt

have dif ferent expected f i tnesses for the sex rat io of their offspring.

For example, a hapLoid nale gains nothing when his nate produces a son'

and he passes his entire genome to daughters. Second, dif ferent parts

of the genome have dif ferent f i tness valuations for sons and daughters'

as Table 2.1 clearly expresses. Both of these points are well  known

(Hamilton 1972, 1979, Charnov 1982, Frank 1983, Beckenbach 1 985 ) . Idhat

I wish to stress here is that when R varies, i t  varies as a function of

F, the probabil i ty of al le1es on unit ing gametes being identieal by

descent (f  = O inpl les randon mating). This leads to two interesting

observati-ons.

In Eguation 2. 1 0, R = 2 ( a-b) /  (za-b). Wtren al l  the deme sizes are

very large,  R is  verT e lose to one,  and 
"o*  

= (  /z) (n-1 ) /o .  This  is

the standard result for ct iploid organisns (Hamilton 1957, confirmed for

var iab le deme s izes in  th is  chapter) ,  so when F is  snal l ,  haplodip lo id

females are sini lar to diploid females in their valuations of sons and

daughters.  Two in terest ing prediet ions emerge.  ( . )  I f  the dene s izes
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are usuall-y large, but oecasional ly a snal l  dene oecurs, haplodiploid

foundresses in a snal,l dene should behave like diploid foundresses,

since the expeeted value of R is near 1. (t)  I f  the demes si-zes are

usualLy quite snaIl, but occasionally a larger dene oceurs, the

foundresses in a large deme are predicted to produce an extrenely

fenale-bi.ased sex rat io, slnce the expected value of R is elose to i ts

nininun value of 2lr.  Predict ion (U) is espeeial ly interesting sinee l t

describes quite well  the deme structure of Meli t tobia (van den Assem et

aI. 1982 and referenees), and provides a part ial  explanation for the

extrenely fenale-biased sex rat ios of Meli t tobia that have been a

nystery (see also the section on populat ion structure below).

The second observation follows from the above cli-scussion of

condit ionaL versus uncondit ional sex rat ios. The value for R discussed

so far has always been the expeeted value of R. Clear1y, R is a random

variable. I f  the individual control l ing the sex rat io can obtain sone

infornation about i ts own R, then i t  should produce sex rat ios

conditionaL on this infornation. Care must be taken when eonsidering

the meehanism, since there are inherent eonfl icts over the values of R

within the genome. Seger (tglA) diseusses some general implications of

se l f -assessment  of  F,  and possib le mechanisms (e.  B. t  average re lat ive

honozygosity within an indivldual).  The methods described in this

ehapter are probably easi ly adapted to nodeling condit ional sex rat ios

of  th is  sor t .

Much has been writ ten about sibl ing interactions as deterninants of

sex rat ios (e. B. t  Taylor 1 981 , reviewed by Charnov 1982). From this

discussion i t  is clear that sib nating may affect sex rat ios through R

by making F greater than 0. Sib nating does not affect sex rat ios when
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R is independent of F (as in diploids).

(gaZr p. ?0) noted that sib nating is

ratios. The inportant point is that sib

obtain an F greater than O.

Taylor ( tgAt)  and Charnov

not essential for biased sex

mating is just one way to

Within-Sex Conp"titio" for lit

fhe arguments in the previous sectlon denonstrated that one

conponent of biased sex rat los is F, the probabiLity of al leles on

unit ing ganetes being identicaL by descent. The effect of F is

descr lbed in  the genera l  model  (Equat ion 2.1)  by R.  In  th is  sect ion

within-sex conpeti t ion for l imited resources, whieh is the seeond

component of the general nodel, ls discussed.

I{hen the genetic variance among a group of cornpetitors within a sex

is less than the genetie varlance in the 
.populat ion, 

the sex rat io is

l ikely to be affected. Under local mate conpeti t ion the feeundity of a

daughter 1s independent of the total number of daughters in the d,eme,

while sons conpete with a relatively honogeneous group of suitors for a

fixed number of fenales. The degree of relative honogeneity anong males

determines the rat io of f i tness valuations of a son to a daughter for

the eontrolling parent. For exanple, if al1 nales in the group are

identical, then when there are enough males to inseminate all the

females, the f i tness valuation of further sons is 0. Local resouree

competit ion is a sini lar si tuation with the roles of males and females

reversed (Ctark 1978, reviewed, by Charnov 1982).



28

The relat lve genetie honogeneity among eompetitors (actual ly, i ts

expeeted value) was described in the general nodel by Pdt. Equations

2.12 and 2.2O were derived assuming random sett l ing of foundresses, and

thus Pat is less than one due to the sanpling variance bias

(equivalently, due to conpetition anong both brothers and unrelated

nales within srnall groups). Note that this is only one way of obtaining

a Pat value less than one, and conpetition arnong brothers is not

required.

This general approaeh (Hanil ton's use of the Priee equation) can be

expanded to cover cases of ( i)  local resource eonpeti t ion or ( i i )  l -ocal

resource conpetition and local nate conpetition. The neeessary ehange

in the current nodel ls a redefinit ion of the f i tness of a sex-rat io

al lele as a funetion of the sex rat io i t  prbduces (see Hanil ton 1975,

unpublished, for t letai ls of the Price equation). With this new f l tness

functi-on, the solut ion of the predicted sex rat io wil l  l ikely be a

function of PUr.

Three nore points about Pdt. ( i)  Populat ion-wide random sett l ing

between generations is unl ike1y. By applying Wright 's (tgeg) detai led

study of populat ion structure, some interesting insights emerge. ( i i )

Pat in the above nodels represents the expected variance within a

deme. This variance is a randon variable in nature. Sex ratios

condit ioned on the aetual within-group variance wil l  di f fer from the

uncondi-t ional sex rat ios of these nodels. ( i i i )  The above models assume

that interaetions anong eonpeting males for mates are random wlthin a

deme, and that  no other  fom of  in t ra-sex or  in ter-sex eompet i t ion or

cooperation exists. f f  there are other types of intra- or inter-sex

cooperat ion or  conpet i t ion,  then the predic t ions nust  be modi f ied s inee
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the reproductive values of sons and daughters will be affected. These

three cases are relevant to both local resouree eonpeti t ion and l-ocaI

nate conpetition. I discuss then nai.nly in the context of local mate

eompeti t ion.

Nunerous useful results about population structure and nating

systens are sumnarized by Wright ( lg6g, chapter 12). I  diseuss only one

here. When PU, is less than one, sone d.i f ferentiat ion among denes

exists. Greater resolution of the population structure nay be obtained

sinee

(z .z t  ) P  = P  P-  d t  ' d s -  s t

where the subscrlpt 's '  represents subpopulat ions a level of

organLzation between demes and the population. For exanpLe, settling of

foundresses into denes from a snaIl, loea1 subpopulation may be random

or correlated, and in addit ion the subpopulat ions nay be quite dist inet

due to either seleetion or dri f t .  This dif ferentiat ion among

subpopulat ions would further increase the skew in the sex rat io. This

populat ion structure ve4f l ikely describes Meli t tobia, adding an

additional component that aids in explainlng their extremely skewed sex

ratiosl See A1stad and Ednunds (gAl) for a relevant cliscussion of

adaptatlon to a host and associated dif ferentiat ion of denes in seale

inseetsr  and Wade ( lg lA,  1982 and references)  and Wl lson ( tgeO) for

further discussion and enpir ical evidence of populat ion strueture and

its expeeted effeets. Also, note that the value of F discussed under

'asymmetr ic  re latedness '  wi l l  be af feeted by populat ion st rueture.

Thus, when R is a function of F, R and Pat are not independent.
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P - , is the ratio of the expected variance wlthin a deme to theC E

populat ion var iance (Equat ion 2.4) .  The nodels of  Equat ions 2.12 and

2'2o assume that a foundress caa accurately assess the number of other

foundresses, and use this infornation to estinate the expected variance

within the deme. She then produces a sex ratio conditional on this

expected variance. If a foundress ean assess some cues that will

provide a better est inate of the actual genetie varianee in her deme

than number of foundressesr she "ought" to produce a sex ratio based on

this condit ional est inate (Hanil ton 1967 suggested this in sl ightly

dif ferent terns). Genetic recognit ion is a complex subject, since

different loci within a genome will be asynmetrically related to the

same loci in another genone (Blaustein 1gg3 and references). In

suEmary' dif ferent subsets of the genome.wiLl dlsagree over the genetic

variance within the dene, and hence the best sex ratio.

An implicit assunption in the above nodels ts that the intensity of

eonpeti t ion among males (or within a sex) is independent of relatedness.

If  this assunption is violated, then the above nodels need to be

altered. For example' suppose a lone nale has vety 1it t le ehanee of

successful ly nating, while groups of brothers obtain nost of the

natings. CIearlX, the sex rat io wil l  be affected (Alexander and Sherman

1977). This phenomenon night be ruodeled by acljusting the fitness

valuations of sons and daughters, which is a funetion of the sex rat io.
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Sone Conments on Geneti.c Models

Populatioa-genetle nodels that examine a certai.n behavloral trait

(ot "strategy" Vemer 1965, Hanilton 1967) usually assune that the trait

is genetical-Iy deternined at one or a few loci. The a1lele deternining

the specifie stratery that has a fitness greater than or equal to all

other al1eles which deterni.ne alternative strategies is said to be

"unbeatable" (Hanilton 1967), or an "EsS" (Maynard Smith and price

197t). However, genetic variability for the sex ratio appears to be

rare (reviewed by Charnov 1982); and when it is found, the assoeiated

genes are often in conflict with the najority of the genome (outlaws in

the sense of Alexander and Borgia 1978, see Franlr 19A5). A1so, it seems

unlikely that an effect of a single allele would be the ability to

assess the number of other foundressesr or genetic variance within a

groupr or other inportant cues, and then adjust the sex rat io of i ts

host  aceord ingly  ( i .  € . r  an a l le le  that  codes for  phenotypic

plastici ty, or a "condit ional strategy" in the sense of Dawkins 1980r &s

in Equations 2.12 and 2.2O). With this dif f iculty in rnind, of what

value are such nodels? More specif ical ly, how robust are these models

against various sorts of departures fron the one al lele for one strategy

assumption?

The robustaess ean be analyzed within the framework of the leve1s

of select ion. Hanil ton ( lg| l)  noted that nunber of grandchildren is a

true neasure of the propagation of an autosonal gene. That is, the

number of copies of an autosonal gene ls dlreetly proport ional to the

number of grandchildren. Hence, al l  autosomal al leles have identical

f i tnesses with respeet to sex-rat io strategies, and the f i tness of an

autosomal aIIele equals the f i tness of the individual bearing that
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aLleLe (io the sense of Frank 1983), Thus, I prefer to vi.ew

autosomal-alleIe nodels as equivalent to individual reproductive-success

nodelsr orr that the "real ized" level of select ion is the individual.

Many of the inplicit assunptions when equating single-locus nodels

with individuaL-level nodels have been sunparized i-n this chapter. The

most obvious one is non-autosomal control of the sex ratio (Hanilton

1967). The different values of R obtained fron Table 2.1 express

infuerent confliets within the genome. A]-so, there are conflicts between

the parentsr or between parent and offspring, over the value of R. The

resolution of these two eonflicts seens to depend on whichever genetie

enti tyr or which individuaL, can usurp control of the sex rat io (e. 8.,

Crow 1979 on genetic control of sex ratio in Drosophila; Trivers and

Hare 1976, Alexander and Shernan 1977 on parent-offspring conflict in

soeial llynenoptera). AIso, R is usually taken as expected relatedness.

If  some fom of genetic reeognit ion occurs ( and sex rat ios are

conditional on this information), dj-fferent portions of the genome are

favored asymmetrieally--€veD different autosomes will not gain the same

benefits in terms of inclusive fitness (Hanilton 1 954). There has been

nuch discussion about this subject recently (e. 8.t  Alexander 1979,

Blaustein 1g8t, Dawkins 1982, Holnes ancl Sherman 1 982). If genetie

recognit ion is used as a cue for sex rat ios, then the expeeted

re latedness over  a por t ion of  the genone (e.  B. t  over  a l l  autosomes)

nay be used r of, soroe snaller subset of the genone nay be able to usurp

control of the sex ratio to its own advantage.

fn the nodels developed in this ehapter fenales are treated as

sex-rat io t l4res (assunption 8), rather than being either a homozygote or

heterozygote at the sex-f,at lo locus. Taylor and Bulner (tggO) showed

1



33

sett l ing nodel '  Howeverr in order for the Price equation approach to

yield the correct soluti.on, types nust be assuned in order to obtain the

proper varianee factor (tur) (gani l ton 1g7g, unpublished). Thus, the

variances in this chapter are all varianees of the proportion of types

of foundresses per deme, not truly genetie variances at a single locus.

Perhaps a reason that this assunptlon is necessary is that by uslng

expected values for relatedness and variances throughout the

derivations, the real ized leve1 of select ion is either a eytoplasmic

parti,cle, a ehronosome, or the individual; hence types are nore

apPropriate than al le1es at a locus for ealculat ing variances.

. Throughout this chapter r have alluded to

sex-ratio problens. Here r review the relevant

relationship to this study.

Three sets of exist ing theory applX,

( i i ;  eonf l ic ts  over  the sex rat io  (n) ,  and

previous work on related

l i terature and i ts

( i )  wi th in-sex conpet i t ion,

( i i i )  condi t ional  sex rat ios.

. Charnov (f  gaa, ehapter 5) revi.ews and

extends a theory he elassif ies as "sex rat io in spatial ly structured

populat i-ons. " The def ining characterist ic of this fani ly of theory is

that within-sex eompetit ive or cooperative interaetions are not random

with respect to genotype. [rrr is is my definit ion based on the ideas

suumarized in this thesis; this definit ion is equivalent to the ideas

expressed in Alexander and Sherman (tgl l) .  This definit ion may be

extended to cases in which between-sex interactions wil t  also affeet sex
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ratios ([aylor 1 981 , Pickering 1 980). ] Within this fanily several

specif ic nodels have been generated; Charnov ( lgAZ) places these

specific nodels into three groups.

(i) Local nate conpetition. There has been some controversy (and

confusion) over just what is the essential feature of loca1 nate

conpetition that causes female-biased sex ratios. The original

formulation identifled the problen by reeognizing a latent assunption in

Fisher's ( lglO) equal investnent theory (Hanil ton 1967). This

assunpt j.on was that there exists popul,ation-wide ( randon) eonpetition

for nates anong na1es. The problen was dlseussed within the following

scenario. Mating within local groups founded by a few fenales, followed

by dispersal of nated fenales to found new colonies (Hanilton 1967). fn

this scenario, both conpetition anong related naLes and inbreeding

occur. Hanil ton UgAl ) implici t ly stated that biased sex rat ios were

due to nate conpeti t ion, and that an ecoLogi-ca1 correlate of mate

conpetition is inbreeding. Iulaynard Snith (tgfA) provides a nodel with a

correLation between inbreeding and biased sex rat ios. However, inherent
.. \r,o

in this nodel is a correlation between inbreeding and conpetition among

related males for  mates.  Taylor  and Bu1mer ( tggO),  Colwel l  ( t9At  ) ,

Taylor  ( t9gt  ) ,  and Charnov ( tggZ),  show that  inbreeding is  not  requi red

for biased sex rat ios in these types of models. Colwell  ( tgAt ) and

Wilson antl  Colwell  ( tgal ) suggest that group seleetion is responsible

for blased sex rat ios in the locaI mate conpeti t ion nodels. [Hanil ton

(1975, p. 26) expl j-eit ly nentioned that the biased sex rat ios in his

1967 paper can be viewed as group selection, and his 1979 approaeh is

expl ic i t ly  a group select ion approaeh.  ]  Whether  group select j .on ( i .e . ,

dif ferential productivl ty of groups) is essential for female-biased sex
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ratios in this seenario is largely a senantie issue. Alexander and

Sherman (l gll r p. 495-96) capture the sinple esseace of local nate

conpetition. "Loea1 nate conpetition refers to mating rivalry among

genetic relat ives. I ts effects nay derive fron such conpeti t ion not

only between siblings or between parent and offspring, but also among

more distant relatives, for mates that nay be either related or

unrelated to tho se conpeting for them. " I Charnolr ( t gae r p. 59 ) and

CoLwell (t gAl , p. 4O2) both ineorrectly cite Alexander and Shernan

(1977) ru stat ing that the effeet of locaL nate conpeti t ion is due to

inbreeding. ]

( i i )  Loca1 resource conpet i t ion.  Clark ( tgZA) considered a case in

which daughters inherit  a mother's terr i tory, hence there is eonpeti t ion

anong daughters for a local resource. This situation is qualitatively

the same as local nate competi-tion, with the roLes of nales and females

reversed.

( i i i  )  t fre haystack nodeL. In these nodels (Bulmer and Taylor 1 980,

Wilson and Colwell  1981 ) one or more fert i l ized fenales found a pateh,

followed by several generations of no dispersal and nating within the

patch. I f  resourees are unl lnited, there is no competit ion anong

fenales ( i .  € . r  no local  resource conpet i t ion) ,  but  there is

eonpet i t ion among nales ( loeal  nate conpet i t ion) .  f f  resourees are

l imit ing, both local mate conpeti t ion and loca1 resouree eompetit ion

oceur .

Conflicts over the sex ratio. There are two types of eonfl ict,

with in a genome ( taUte 2.1)  and between ind iv iduals  (e.

ve rsus  no ther ,  Tab le  2 .1 ) .

father
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Different parts of the genome have different values of R (ratio of

relatedness parent-son:parent-daughter). The najor theoretical

contributions to intragenonic conflict and the sex ratio are due

HaniLton ( lgelr 1979), and have been dealt with direct ly in the

developnent and discussion of the nodels in this chapter. Some

theoretical eonsiderations and references ean be found in Frank

and Charnov U?AZ).

further

( tger)

Confl icts between parents over the sex rat io are deseribed in

Hanilton (tglg) ana in the development of the theory in this chapter.

Another tl|pe of conflict between individuals over the sex ratio is

between mother and daughter in social Hymenoptera. Trivers and Hare

(glA) pointed out that nothers are equally related to sons and

daughters' hence a nother favors a 1:1 investnent rat io. Daughters are

related to sisters by 7/4 and brothers by 1/4, and so favor a jzl

(na1es:fenale) investnent rat io. Alexander and Sherman (tgl l)  eri t ielze

Trivers and Hare on several points, two of which are germane to the

theory in this chapter. Trivers and Hare ( i)  assume that fenales only

nate once in order to derlve coeff ieients of relatedness, and ( i i ;  they

assume no local nate eompetit ion. Alexander and Sherman's argunents are

st r ie t ly  qual i ta t ive.  Quant i ta t ive predic t ions fo1low d i rect ly  f rom

Equat lon 2.1,  s ince R is  the re latedness faetor  d iseussed by Tr ivers and

Hare which depends on singly nated females, and Pat is the effect of

local  nate conpet i t ion on the sex rat lo .  Table 2.1 prov ides R for

singly nated mothers; values of R for nult iply nated mothers and for

daughter-daughter and daughter-son are required to derive specific

quanti tat ive prediet ions. These quanti tat ive predict ions wil l  aid in

evaluating Trivers and Hare's hypothesis about power asyurmetries between

to
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nother and daughter, and Alexander and Sherman's critieisns due to the

negleeted effeets of nuLtiple natings and loca1 nate eonpetition.

Condit ional sex rat ios. A condit ional strategy is a set of mles

(evolved or learned) tfrat govern the behavior of an lndividual which

depend on infornation fron the environmeat. Essentially, if condition A

ho1ds, then follow strategy a) and if condition B holds then follow

stratery b, describes condit ional behavior (Dawkins 1980). Trivers and

Willarcl (1977) were the first to apply this sort of thinking to sex

ratios. They noticed that under ceitain loeal condit ions nales are

sonetines favored over females r end at other tines fenales are favored

over males. For eranple, in polygynous species with strong male-male

conpetition, a male with nedian reproduetive success will have a lower

reproductive suecess than a nedian fenale. This is due to alnost all of

the male reproductive success being concentrated in a few highly

suecessful males, while nost fenales enjoy some reproductive success.

So, i f  local eondit lons are poor, females are favored over males, and i f

conditions are exeellent, males are favored over f.ema1es.

Good eviclence for eonditional sex ratios was found in an experiment

on @lgplaeus. distinguendus (Pteronalidae) (Charnov et aI. 19at ) io

which males were favored in relatively snall hosts, and fenales in

relat ively large hosts. The authors suggested that this shif t  is due to

a greater increase in feeundity with size for fenales than in mating

suceess with size 
.for 

males. Charnov ( lggZ) reviews other studies on

eondi t ional  sex rat ios (see a lso I {erren 198Oa).
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Sunnary

Several testable nodels have been derived in this chapter. When

applying the theory to a natural popuiation, care should be taken to

tailor a testable nodel specifically to the natural population under

study. Throughout the chapter nany suggestions for alterations of the

basic nodels were suggested. Many of these extensions of the theory

provide a suitable forum for testing some of the more subtle and

exeiting hypotheses of eurrent evolutionary theory. For example, if

genetic recogni.tion is occurring i-n a certain organism, then the

predicted sex ratios will often vary in a manner different from sex

ratios not conditioned on genetic-recognition infornation. Another

exciting area for research is the inherent conflicts within a genome

over the sex ratio, and how these eonfl icts are "fought" and resolved.

Perhaps the greatest advantage in studying sex ratios is that the

possible outcomes are easily specified r they are relatively easy to

neasure enpirically when compared to other traits related to f itness'

and identifying a likely functional relationship between the fitness of

a genetic entity and its expressed sex ratio is also not diff ieult. The

approach outlined in this chapter has the advantage of being general

while maintaining the abil i ty to generate very speeifie, testable

hypothes€s. In the following chapter this theory is applied to ny

enpirical work on fi.g wasps.



SEX RATIOS
CHAPTER III

OF THE FTORIDA FIG WASPS

Introduction

This ehapter is divided into six sections , (  i  )  a revj-ew of relevant

l i terature on local mate eonpeti t ion and sex rat ios, ( i i )  t fre goals and

structure of the enpir ical research, ( i i i )  the natural history of f ig

trees and f ig wasps, ( irr) experinents and diseussion of the breeding

stmeture of f ig wasps as i t  relates to sex rat ios (Chapter I I  )  ,  (")

sex-rat io data col lected for f ig wasps from Florida, and (vi) a

discussion of these data in l ight of the theory presented in Chapter I I .

The notivetion for the empirical work is the theory of Chapter II and

the previ.ous studies reviewed in the next seetion.

Previous Reports on Loeal Mate Competition

Hanil ton (1967) and Charnov ( lgaZ) reviewed the l i terature and

reported cases in haplodiploids in whieh sib nating and fenale-biased

sex rat ios oeeur. These eases are usually taken as quali tat ive support

of  local  mate conpet i t ion theory.  fn  a few studies,  data are presented

in which correlates of the amount of inbreeding and the amount of 1oeal

mate conpet i t ion ( f  and Pdt ,  respect ive ly ,  f rom Chapter  I I )  wi th in a

populat ion are reported with sex-rat io data (Saft 19t6 for Trichogramma

evanescens; Wylie 1955, Velthuis et al.  1965, Walker 1957, and Werren

39
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1t8Oarb, 1983 for Nasonia vitr ipennis; Hanilton 1979 for Blastophaga

sp.i Zaher et al 1979, Wrensch and Young 1978, for Tetranychus spp.).

0n1y Hanilton (1979) and Werren (tgeO", 19BOb, 1gg7) actually

interpreted their data with respeet to local mate eonpetition theory.

Hanilton (tglg) found only a verT slight inerease in the sex ratio

(nares/total ) wlth lncreasing dene sLze. werren (l ggl) interpreted his

results as being qualitatively consistent with local mate eonpetit ion

theory for haplodiploids (ttanilton 1979, Taylor and Bulmer 1980). The

above within-species studies Iaxcept Hanilton (lglg), see below] were

eonducted. in the lab, and the nunber of female wasps or nites per host

was used as an indi-cation of the loeal leve1 of inbreeding and mate

conpetit ion. In addition to a lab study Werren (lgaZ) also found a

positi.ve correlation between wasp density (and presunably loea1 mate

conpetiton) and sex ratio ix field sanples r ES predicted. fn this

chapter empirieal studies on natural population of fig wasps addressing

loca1 nate conpetit ion theory wil l  be descrlbed.

Prevlous ReBorts on Fig Wasp Sex Ratios

Hamilton (1979) stucl ied the sex rat io of the pol l lnator wasps

(Blastophaga sp. ) occupying e fie belonging to the seetion Americana of

the subgenus Urostigma. He reared the pollinator wasps fron 17 naturing

figs, measured the sex rat io, and estinated the number of foundresses

(ovipositing fenaLes in a fie) by examining their remains within the fie

( see Chapter I  and below for l i fe eyele of f igs and wasps ) .  The overal l

mean sex rat io was O.O9 (nales/total),  with a sl ight, although steady,

increase in the sex rat io with increasing foundress number (mean sex

rat io  for  one- foundress f igs was 0.05,  for  f ive- foundress f igs,  O.1Z;
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Hani. l ton 1979, Fig. 6). These sex rat ios were signif ieantly less than

predicted by his theory based on loeal mate competition and asSrmmetric

relatedness. Hamilton proposed three hypotheses to explain the

diserepancy between theory and observatlon. (i) The foundresses produce

unequal clutch sizesr BS proposed in Equati .ons 2.2O. ( i i )  fhere is a

disadvantage to an alleLe of not being able to reeombine when in a

haploid maIe, thus reducing the reproductive value of nales and lowering

the predicted sex rat io. ( i i i )  The sex rat io is controlLed by a

synbiont with ovariole (natr i l ineal) transnission. There are

insuff icient data for a detai led analysis of these hypothes€s.

Hani l ton (gel )  c i tes Grandi  ( tgZg,  not  seen)  as repor t ing 22 nales

out of 257 total progeny for a sex ratio of 0.085 in BLastophaga pse.nes,

the pol l inator of the edible f ig, Ficus carica. Joseph (tgrc) reports

that the sex ratio of B. psenes nornall-y varies between 9 and 1 8 nales

per  100 fenales (sex rat io  of  0 .08r-0.153) .  Rani rez ( tgZOa) s tates that

nales usually conprlse less than 159t, of the total progeny in New World

Blastophaga. Gali l  and Eisikowitch (tgZt ) report a mean sex rat io of

0.4 for Blastophaga quadraticeps (an 01d World Blastophaga), They

provide sone possible "good for the survival of the speeies"

explanations of the sex rat io. Neither Grandi, Joseph, Gali l ,  nor

Ranirez dlseuss a correlation between number of foundresses and sex

ra t io .

Goals and Structure of

The ideal structure of enpir ieal

assunpt ions,  ( i i )  a  pr ior i  hypothesis

data, and ( i") inference. The goal is

research is  of ten g iven as ( i )

( o r  n o d e l ) ,  ( i i i )  c o l l e c t i o n  o f

falsi f icat ion or ( temporary)
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aeceptance of the nodel. My a priori  intention was to test sex rat ios

condit ional on deme sizes agalnst a nodel (Equation 2.5) that I

ineorrectly supposed predieted such condit ional sex rat ios. Hamilton

(lglg) ,  charnov $gaz) ,  werren ( lgal),  and Fran}< ( lgal) att  incorrectly

apply the unconditional nodel to sex ratios eonditionaL on deme size,

although Frank ( lgal,  note 10) pointed out the discrepaney. A

posteriori  I  recognized that Equation 2.5 nas quanti tat ively incorrect

slnce i t  was an uncondit ional predict ion, although quali tat ively quite

similar to the appropriate condit ional nodels derived ln Chapter I f .

So, using the data presented in this chapter to test the quanti tat ive

predict ions of the condit ional nodels of Chapter I I  is formally an a

posteriori  test. The data nay also be used to test the a priori

qual i tat ive predict ion of Equation 2.5 that sex rat io increases with

inereasing dene size. In sunmary, the enpirical evidence that will be

presented in thls ehapter is strong support fron a natural population of

the quali tat ive predict ions of local nate conpeti t ion theory as

developed by Hanil ton ( lgl9). In addit lon, the data col lected are used

to help bui ld a more real ist ic nodel and explanation of the observed

variabi l i ty in f ig wasp sex rat ios. This a posteriori  model bui lding is

an attenpt to both understand the biology of Florida fig wasps and their

sex rat ios and to improve our abi l i ty to predict the sex rat ios of the

approxinately 9OO species of f ig wasps as yet unstudied. Also there

exist numerous other organisns that exhibit the postulated population

breeding strueture and with various sorts of condit ional strategies and

genetic control over the sex rat io.
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An ideal quantitative test of the theory in Chapter II requires

data or assunptlons on the forlowing: (i) the value of F for

ealculat ing R; (: . i ;  the level of Loeal nate eonpeti t ion, measured

Pdti ( i i i )  tne type of genetic coatrol over the sex rat io; ( iv)

local levels of the cues which the wasps assess and to which they

their sex rat iol i .€.1 whether the sex rat io is uncondit ional or

condit ional on cues correlated with R and/or pat; and (") the

conditional sex rati,os of the wasps under different coaditions of

cues assesged.

as

the

adjust

the

Organization of this Chapter

The renainder of this chapter is organized as fol lows. ( i)  The

natural history of the FLorida fig trees and fig wasps is reviewed.

(:.i ) The general nethodology used to study fi.g wasp breeding structure

and sex rat ios is presented. ( i i i )  nn experinent exarnining species

recognit ion of f lg-tree hosts by pol l inators is related. ( iu; Data on

the number of foundresses (= colonizing fenale wasps) pe" f ig (= deme)

in the wilcl ' unmanipulated populations used for experimentation are

reported. (. t)  Three choice experiments are described which deternine

whether a strong preference by foundresses erists for either (a)

entering an unoccupied receptive f ig versus entering a reeeptive f ig

that has already been entered by another found,ress, (t) entering an

unparasitLzed f ig versus a parasit ized f ig, or (c) entering a f ie

containing foundresses that are genetic relat ives versus a f ig

containing non-relat ives. (vi) An experirnent on male wasps to determine

if they prefer to seareh for nates within the fig in which they were
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born or another fig when presented with a choice is discussed. (vi.i)

Data on sex ratios fron wild, unmanlpulated figs are reported. (viii)

Manipulation experinents yielding data on sex ratio and foundress number

are presented. ( i*) Data fron a manlpulation experinent in which some

of the foundresses in each fig were sibs is contrasted with the

manipulation experinent (viii) in which ao co-foundresses were sibs.

These data are analyzed in light of the qualitative prediction of sex

ratios condit i .oned on genetic recognit ion mentioned in Chapter f f .

Natural History

Knowledge of the unique and complex life cyeles of figs and their

polJ,inator wasps and parasites is erucial for understanding the sex

ratio of the pol l inator wasps. In this section the natural history of

the Florida figs and fig wasps is summari zed, and references are given

to more conplete discussions of other species.

There are approxinately 900 species of fie trees eonprising the

genus Ficus (Moraceae). Each species of fig tree appears to have its

own unique species of pol l inator wasp (Agaonldae) (}I iebes 1979, in

press, Janzen 1979a). Fieus has been subdivided taxonomical ly (e.

subgenera, sections, etc. ),  as has Agaonidae (Ranirez 1974, wiebes

1982).  s ince each f ig  species- f ig  wasp species synbios is  is  a

1979,

delieately intertwined and unique relationship, there is trenendous

diversi. ty and a potential ly r ich souree of eomparative infornation

within the fig-fig wasp cornplex. The biological diversity of the 9OO

synbiot ic relat ionships corresponds roughly to the taxononic

subdivisions of both the trees and the wasps (Ranirez 1974).
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There are two speeies of native figs in south Florida, Ficus aurea

Nuttall and F. citr ifol ia P. Mi1ler. These two species are poll inated

by the agaonids Pegoseapus jinenezl Grandi and P. assuetus Grandi,

respectively (I'Iiebes in press). [T}re two speei.es of agaonids were

previ,ously considered one species, Seeundeisenia mexicana Ashm.

(Butcher 1 954). ]  A botanical descript ion and review of the 1iterature

for both F. aurea and citr i fol ia can be found in Condit ( tgeg), and in

Tonlinson ( t 9gO ) . Both speci-es range through the West Indies, and

perhaps to Central or South Anerica, although fig taxonony is

notoriously confusing. The range naps for the two species in Florida

given by Brocknan et al. (gig) agree with ny obsenratlons.

Life Cycles of Florida Figs and Uasps

The life cycles of F. aurea and F. eitrifolia and their

respeetive pol l inators are identical except for the species of parasites

attacking eaeh f ig tree-f ig r l tasp species pair.  So, this descript ion

applies to both species of f ig trees unless otherwi.se mentioned (see

Rani.rez 1974 for diversity of l i fe cycles among f ig species). In order

to describe the l i fe cycler let us arbitrari ly begin at the stage in

which already nated female fig wasps are searehing for receptive figs to

enter. 'Fig wasps' refers to the agaonid pol l inators, and wil l

somet imes be denoted by 'po l l inators '  or  'po l l inator  wasps.  '  'F ig '

refers to the inf loreseence of f ig trees, which eontains hundreds of

staninate (= male) and pist i l late (= fenale) f lowers l ining a hol low,

central cavity.
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A single ' narrow passage leads from the outside of the fig to the

central cavi.ty, and ls called the 'ostiole. ' Young figs appear as

bud-like struetures on newer twigs. After about 1i-ZO days, these young

figs have deveLoped to a stage in which the fenale flowers are ready to

be pollinated, the eentral cavity is well defined, the nale flowers are

sti l1 inmaturer and the ostiole is passable to prospective pol l inators.

This stage of f ig developnent wil l  be referred to as 'receptive. '  
When a

fig wasp finds a reeeptive fig, she antennates the ostlole. If she

deeides to enter, she forces her way through the narrow ostiole, often

losing her wings and antennae in the proeess. After the first foundress

(= pol l inator that has entered a reeeptive f ig) enters, the ostiole

begins to t ighten and is inpassable in 24-48 hours (pers. obs.).  A f ig

t1ryical1y has 1-4 foundresses, with an average of about 2 (see below for

detai ls).  I f  no foundresses enter a f ig, the f ig remains receptive to

prospeet ive foundresses for  about  10 days (pers.  obs.) .

The ostiole is a one-way passager so onee inside the f ig, a

foundress can never leave. The st igua of the pist i l late f lowers are

i-ntertwined to forn a eontinuous nat on which a foundress walks. She

probes down the styles of the pist i l late f lowers with her ovipositor.

The pistil late flowers exhibit a dinorphisn in style length; the norphs

are referred to as 'short-styled' 
and ' long-styled. '  I f  she ean reach

the ovary of a flower, she lays a singre egg in that flower. The

developing larva eats the tissue in the ovary, so that flower never

gives r ise to a seed, and ult imately harbors one wasp. Among the

long-styled morph, the foundresses are rarely able to reach the ovary

and ovlposit ,  so these f lowers usually develop seed.s.
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In aurea, the central eavity is 1 .5-2.5 mm in dianeter, and the

entire fig is 4-6 rnm in dianeter at this reeeptive stage. There are

4O-12O short-styled flowers per fie (iuaeing fron the rearing data given

below), atrd probably about the sene number of long-styled flowers per

fig. These estinates are approxinate 8O1t confidence intervals based on

visual estinates of thousands of figs (see Hill 1967 for aetual counts

of the nunber of long- and short-styled flowers in several species of

Hong Kong figs). There are abbut 2O-3O staninate flowers per aurea flg.

In citr l fol iq, the central cavity is 2-1.5 mm in diameter, and the

enti,re fig ls 5-8 rnm in dianeter at the receptive stage . The re are

175-r5O short-styled flowers and about the same number of long-styled

flowers per fig, and approxinately 25-40 staninate flowers.

After each oviposit ion a foundress renoves polIen, which she

collected in the fig in which she was born, fron two thoracic

(nesosternal) pockets. this pol len is dusted from the forelegs direetly

onto the subgenital plate, and then the plate is dragged over the stigna

as she begins to search for a new flower in which to oviposit. The

conplex pol l ination r i tual and assoeiated norphology of the two speeies

wil l  be publlshed elsewhere (Franlc in prep. ).  The pol l ination r i tual of

the Florida speeies is quite sini lar to the descript ions of two Costa

Rican species g i .ven by Gal i l  e t  a l .  ( tg l l ) ,  a l though c lear  d i f ferenees

exi-st.  For example, the Costa Rican wasps Blastophaga (= pegoscapus)

toduzi and B: esterae deposit pol len on the st igma by rubbing their

foret ibia together without actual ly touching the subgenital plate (Cafi f

e t  a I .  1977)  .
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Several foundresses may sinultaneously oviposit, pollinate, and

search for new flowers wi-thin the snall, enelosed cavity. By cutting

open figs at the proper stage, I have observed two or nore foundresses

ovipositing in the same fig. 0n one oecasion I eut an aurea fig in half

in which 14 foundresses were al l  attenpting to oviposit .  Just after

eutting this fig i-n half , several foundresses seemed to be engaged in

what appeared to be "pushing natch€s, " but af ter one nj-nute al1 of the

foundresses seemed to be focused only on finding a flower for

ovlposition. 0n no other occasion did I see any behavior that might be

iaterpreted as interfering with another foundress. Ranirez (tgZOa)

reports that New Wor1d Blastophaga (= Pegoscapus, see Wiebes in press)

which are laying eggs are very aggressive towards other foundresses. To

uiy knowledge he did not observe wasps ln Floriclar so the contradiction

between our observations nay be due to watchi-ng different speciesr op to

dif ferent methods of observation. I  have also seen one or more

foundresses dead within a f ig while other foundresses are st i1l act ively

ovipositing and pollinating. The dead foundresses' abd.omens are usually

shrunk i:l sueh a nay as to suggest that the najority of their eggs nere

laicl  before they died.

After laying their eggs and pollinating, the foundresses die within

the central cavity. From the period just before egg laying until about

1O days afterward,s, approxinately 10 dif ferent speeies of parasit ic

wasps (Hynenoptera; Chalcidoidea) lay eggs in the fie flowers by

drill ing through the fie epidernis with their long ovipositors. Some

species oviposit  in both aurea and eitr i fol ia, whereas others are

special ists. J. T. Wiebes is currently working on the taxonony of

these wasps (see also Butcher 1964). The parasites develop in the
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ovaries of the pist i l late f lowers, and often ki l l  the pol l inator wasp i f

in an ovary with a developing pol l inator (Joseph 1 95g). Each ovary

produces only one wasp, either a pol l inator or a parasi. te. Figs

col lected from the wlld usually harbor parasites. In a sanple of six

aureb f igs,  the % paras i tes reared were 5,  1g,  26,  j1 ,  34,  j7 ;  and in

f ive citr i fol ia f igs O, O, .1 
,  49, 52. fn addit ion to hynenopterous

parasites, nenatodes and a Cecidonyi idae (Diptera) were found in F.

citr i fol ia. The nematodes wil l  be discussed towards the end of this

sectionr Fnd' the eecidonyi id wil l  be discussed in the section on sex

ratio experinents on citr i fol ia.

Approxinately 28 days after the foundresses entered the fig, the

nale agaonids energe from the ovaries in which they developed.

content within the f ig is quite high at this t ine (Cafi f  et aI.

Although the feuales have netamorphosed into adults, they renain

The COZ

1 977) .

quiescent in this COr-r ich environment. (T}re f ig is st i l l  sealed at

this stage.) The males are wingless, have reducecl eyes, and are alnost

wholly wlthout piguentation. They search sithin the fie for flowers

containing a female. When they find sueh a flower, they chew a snall

hole in the ovary of the f lower, insert their long, telescoping

genitalia, and mate with the quiescent female.

After nearly all of the fenales have been nated, one or more males

will chew a tunnel through the wall of the fig. (There are some

interesting questions about whieh nales chew the tunnel, and when they

chew it .  see the section on male-nating preferenee below. ) This hole

causes the COZ eoncentration within the fig to drop, and the fenales

becone active (Cafi f  and et al.  1973 give COZ eoncentrat i_on data for

Ficus religiosa). They emerge fron the flower ovary in whieh they
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developed, walk to an aather which is loaded with pollen at this stage,

and fil l their poIlen pockets. The fenales then exit through the tunnel

chewed by the ma1es, and quickly take to wing (predaeeous ants of the

genus Pseu-domyrnex are abundant on figs at this stage). These nated

fenalesr loaded with polIen, search for receptive figs to begin a new

generation. The figs ripen within 1-2 d,ays, and are eaten by birds and

mammals whieh disperse the seed.s.

Parasitic nematodes found in several fig wasp species plausibly

affect sex rat ios. They nay do so either by causing dif ferential

nortality of the sexes r or since they are transnj.tted only through

fenale fig wasps, they nay bias the prirnary sex ratio (see Frank 1gg5).

Nenatodes Trere eommon in eitrifolia, but never observed in aurea.

Nematodes have been observed in other speci.es of agaonid polLinator

wasps (Mart in  et  a l .  197t ,  Hani l ton 1g7g,  BouEek et  a l .  19g1 ) .  No

detailed study of the biology of these nematodes has been nade. Based,

on Mart in  et  41.  ( tg l l )  and ny observat ions,  a possib le l i fe  cyele of

the nematodes is as foI lows. Female pol l inators entering a reeepti .ve

f ig harbor juveni le nenatodes within their body. After a foundress

carrying nematodes dies, the nematodes inside her feed on her body and

emerge. f oceasionally observed several entwined nenatodes emerging

from between the thoracic plates (pronotum and scutun) of a dead

foundress, approxinately 2-8 days after she died. The nenatodes are

large at  th is  s tage (0.5-1.0 mm in c i t r i fo l ig) r  and th is  is  probably  the

adult stage. These adult nematodes produce abuadant progeny. On a few

occasions, I  observed thousands 
:t  

juveni le nenatodes that were moving

quickly over the surface of the ovari-es containing seeds and wasps,

about 2-5 days before nales would have energed to begin mating.
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(Cutting open a fig for observations prevents further development of the

wasps.) As Mart in et aI.  ( tgl l)  suggest, these juveniLes probably gain

access to female pollinators by entering the ovary in which the

pollinator develops through the hole ehewed by a nale for nating.

General Methods

In this section locations, dates, and detai ls of the nethodology

common to nost of the data col lect ion or experinental protocols are

presented. The specific details of eaeh experinent precede each unit in

the renainder of this chapter.

Locations and Dates

There are two najor study areas. The f irst is Key Largo, Florida.

The site is located on the east coast of the island to 700 m inland, Et

approxinately 25o 17' north lat i tude and 8Oo 17.1' west longitude

according to U. S. Geologic Survey nap NG 17-e, series V501. Further

reference to Key Largo, Florida wil l  be to this site. The seeond najor

site is in Everglades National Park, Florida. According to the sane

Geologic Survey Bop, this site is located 254 22.4'-25o 23.3' north

lat i tude and Boo 22.1 '-8oo 24.3' west longitude. This site wil l  be

referred to as Everglad.es, Florida. Final ly, some col leetions were made

near Mrazek Pond in the Everglades, which is approxinately 25o 10.5'

north lat i tude and 8Oo 54'west longitude on the same Geologic Survey

nap. fhis site wil l  be referred to as Mrazek Pond, Florida.
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The remainder of

and from 1 May to

each unit.
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obserrrati.ons'rrere nade in Decenber

the work xras conducted fron 25 June

1 9eO and May 1 981 .

to 25 August 1 981

be presented in15 July 1982. Specif ic dates wil l

Rearing Pollinator Wasps fol Experinents

Pollinator wasps were used for several experinents, for exanple

when the number of foundresses per fig was experimentally controlled.

The wasps Ttere reared by collecting a fig at the stage in which nales

ltere searching for nates (determined by swelling and softening of the

fie) and plaeing i t  in a vial covered with a f ine mesh cloth (tergal).

A fig can be eut in half to mobilize the fenales r or one ean wait until

the males chew an exit tunaeL. (The tine interval until a tunnel is

chewed ranges from innediately to two days after collection, and

sonetimes no t at all . ) ffre rrasps will tyically live 24-48 hours ( and up

to 72 hours) io the vials if kept in the dark and below Z5o C.

Maintaining a supply of wasps for experimentation required daily

colleeting and rearing. The usual procedure nas to colleet 5O-5O figs

of  the desi red species ( i . .e . ,  F.  aurea or  c i t r i fo l iar  or  both i f

needed ) between 1 5 :00 and 2O:00 hours. Figs at the eomeet stage

(active nales inside but no exit  tunnel yet) swell  and softenr so they

ean be iclentified fairly easily. Each fig was placed in a vial and

covered. Typically, about one-half would have exit holes and ernerged

wasps by 8:00 the following morning; the renaining figs were often eut

in half  to al low the females to escape. These vials with wasps were

then kept j ,n a cooler at 8-1 5oC, and used for experiments during that

day. The
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wasps become active alnost innediately upon being removed fron the

cooler and warning up (anbient tenperature is usually above ,Ooe at the

tine of year the studies were eondueted). Due to the cl i f f iculty of

maintaining a supply of wasps for experimentation, (i) figs were

sonetines collected, cut in half, and the wasps used the same day, and

(ii) wasps lrere sometimes kept over a second night after collecting and

used the following day (io this case the wasps were stored overnight in

the dark at 25-28oC). fn aII cases the najor criterion for using a

wasP was that it appeared healthy and active. Un1ess othernsise noted

the wasps were reared in the sane locale in which the experinents were

conducted.

Preparing Trees for Study

fn all of the experinental manipulatlons that will be described

f igs at  a  reeept ive s tage ( i .e . ,  can be entered by a foundress)  wi th no

foundresses inside were used. These figs were obtained by eovering figs

about five days after they first appear with a fine-nesh tergal cloth.

This bagging procedure prevents access by either pol l inator or parasit ic

wasps. The figs beeame reeeptive 8-20 ilays after bagging, and remained

recept j.ve for about 4- 1 O days af tenrards . F. aurea and F. ci trif ol ia

d i f fer  somewhat  in  s t ructure (F ig.  3 .1)  and nethods of  bagging.  ( i )  F.

aurea f igs are sessi le, and a f ig pair is just anterior to where the

pet io le of  a  leaf  at taches to the twig (o"  just  anter ior  to  a leaf  scar ,

typieal ly about one-ha1f of the f igs on a twig are assoeiated with leaf

scars) .  To protect  a pai r  o f  young f igs wi th c lo th,  the leaf  ( i f  i t

were there) was f irst snipped off near the twig.



F igure  3 .1 .  (a )  A  tw ig
reeept ive s tage.  (b)  A
i -n the recept ive s tage.

of  F icus aurea bear ing (sessi le)  f igs ln  the
tw ig  o f  F . aurea bearing f igs (on peduncles)
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A piece of tergal cloth (about 6 X 7 nn) was

and fastened to the twig at each end with a

wrapped around the fie pair

twist  of  steel  wire.  ( i l )

F.. ci tr i fol ia f igs are borne on a 5-1t mm peduncle. young f igs were

protected by bagging an entire twig bearing 10-50 figs. No leaves were

clipped. All experinents were condueted in the field on naturally

occurring trees.

Colleeting Figs for Sex-Ratio Counts

Maturi-ng figs ltere identified by a characteristic softening and

swelling' signalling nale activity and nating. This occurred. ZG-31 days

after the f irst foundress entered the receptive f ig. Figs col leeted

without exit tunnels during the male-active stage contain all the

progeny of the foundresses, since the only eseape is the exit tururel.

Each fig was put in a separate vial and covered wlth tergal cloth.

During the next two days an exit tunnel was usually ehewed by the males,

and the f emales energed. If no exit tunnel rras chewed, the fig was cut

in halfr nnd the fenales ltere allowed to eseape. The entlre fig and aL1

wasps reared were then placed Ln 80% ethanol. The alcohol was changed

one or two tines during the first 24 hours since the tissues of the fie

eontain much water, which lowers the tonicity of the alcohol solut j .on.

Sex ratios are obtained by eounting all individuals that were reared,

and then carefully dissecting the fie and espeeially the ovaries of the

flowers in search of wasps that did not eclose.
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Handling the Wasps

Several tj.nes during this chapter I will refer to

For fenales wasps this is acconplished by letting the

finger, then putting ny finger next to the area I want

and waiting for her to walk off ny finger. MaIe wasps

using the tip of an insect pin, which they will grasp

t plaeing a rrasp.

wasp walk onto my

the wasp to be,

are moved by

with their legs.

Species Recognit ion of Fig-Tree Hosts by El l inators

It  has been suggested that the trees produce a species-specif ic

chenicaL attractant for their respective pol l inating species when

bearing receptive f igs (see Janzen 1979a). I  have observed an aurea

tree bearing receptive figs with many thousands of fenale fig wasps on

the leaves and actively antennating the figs, while on a neighboring

aurea tree with young figs at very nearly the same stage I could not

f ind any f ig wasps. This supports the chemieal-attractant port ion of

the hypothesis, Wi.ebes ( l  glg) and Janzen ( t  gZga) reviewed the

l i terature on species speci f ic i ty  of  the pol l inators.  I t  is  genera l ly

agreed that there is usually one species of pol l inator per f ig species.

To test  the species-speci f ic i ty  of  the two species of  F lor ida f ig

wasps, a sinple experiment was conducted in the Everglades during June

1982. I examined the preference of fenale wasps reared from F.

citr i fol ia for entering F. aurea and F. ci tr i fol ia, and the preference

of wasps reared from F. aurea for entering the two f ig species. The

null  hypothesis tested was that a wasp's preference for aurea and

citr i fol ia was independent of the tree from which i t  was reared. The

be twe enalternative hypothesis was that there was a posit ive correlat ion
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species of  f igs.
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a wasp rfas reared and its preference for the two

A receptlve pair of aurea figs was chosen. These figs had been

bagged with a fine nesh cloth ( tergal ) to erclude pollinator and

parasitic wasps. An aurea-reared wasp was placed just below the fig

pair ( see Fig. t  .1). Four behaviors were consi,dered : (  i  )  attenpting

to enter a fig (entry behavior is characterized by a flattening of the

antennae against the fig epidennis while searching for the ostiole, and.

when the ostiole is found an attenpt is made by the wasp to push her

head under the topnost t issue layer), ( i i )  walking off the f ig, ( i i : .)

flying off, (i*t) and antennating the fie for at least five seconds

before leaving. ff a wasp antennated the figs for at least five

seconds, I  eonsidered her to have "assessed" the f igs. After assessing,

a lrasp would be scored either as attenpting to enterr of, flying off

after assessing the f igs. I f  a wasp f lew off before assessing the f igs,

she was not counted as having completed a trial. If a wasp walked off

the figs, she was replaced just below the figs where she began the

trial. fn sumqary, a wasp either flew off without assessing, in whieh

case she was not eounted, attenped to enterr or assessed the f lgs and

then flew off . When a wasp began entry behavior, she rras not allowed to

enter  and was d iscarded.  Af ter  13 t r ia ls  wi th  aurea-reared wasps,  11

trials with citrifolla-reared nasps were conducted on the same aurea fig

pair. Then the same experi.ment was conducted on a citrifolia fig pair

with both citr i fol ia- and aurea-reared $asps, except g4ttfol ia-reared

wasps were tested f irst.  The results are sumrnarized in Table 7.1 , and

indicate that a wasp exhibits a strong preferenee for entering the same

species of f ig from which i t  was reared.
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Table 3.1 . The tendency of pol l inating wasps to enter the same species
of fig from which they were reared. The rows indieate the flg speeies
fron which a wasp ltas reared, and the columns indicate the number of
wasps that attenpted to enter a fig and the number of wasps that
antennated a f ig for at least j  seconds and then f lew off l  respectively.
The nuI1 hypothesis tested is that a wasp's preference for aurea and
gitrifolia is independent of the tree fron which it was reaGd-lil"rsus
the alternative hypothesis that there is a posit ive associat lon between
the tree fron whieh a ttasp lras reared and its preferenee for the two
specles of f igs. For the tr ials on F. aurearusing the standard
chi-square conti-ngency tesf , x'l, \ = 24.0, p < 1o-2, and for the
t r ia l s  on  F .  e i t r i f o l i a  * - ( . ,  

)  
r ' 12 .G9,  p

recept ive f igs tested F. au rea

aurea-reared
wasps

eitr i fol ia-reared
wasps

No.

entering

13

0

of Wasps

assesslng and
flying off

0

1 1

recept ive f igs tested F.  e i t r i fo l ia

aurea-reared
rfasps

ci t r i fo l ia- reared
wasps

10o
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A few anecdotal eonments are relevant. In approxinately five

trials in the Everglades during August 1 9gt (aefinitions of trials and

detei ls were not recorded, but sini lar to experlnent described above),

one aurea-reared pol l inator wasp actual ly entered a citr i fol ia f ig. On

another occasion, one of two aurea-reared pollinators entered a

citrifolia fig. In this seeond case , 12 nj.nutes elapsed fron the tine

the wasp antennated the fie until it suceessfully found the ostiole and

penetrated the topnost layer of tissue to begin entry. 0n this same

citr i fol ia tree , 20 citr i fol ia-reared pol l inators were introduced by the

same technique described, and the average tine per wasp to find the

ostiole and begin entry was approxinately one minute.

In surnnary these experinents and observations tentatively support

the hypothesis that there is a species-specif ic attractant released by

the trees and used as a cue by a specif ie species of pol l inator wasp.

Anecdotal observations also suggest that at least occasional nistakes

oceur sueh that a part icular species of pol l inator enters the "wrong"

t ree species.

Breeding Strueture

The goal of this chapter is

rat ios asymnetric relatedness,

conpeti t ion, Pdt. Both depend on

, section is a sumnary of what was

natural populations of Pegoseapus

Flor ida.

to examine two factors affecting sex

R, and the level of local mate

the breeding structure. This

learned about the breedlng strueture of

assuetus and L. j inenenzi in south



5L

Characterization of the breeding structure will be in

wright ( lgeg, chapter 12),  as in chapter rr .  The essenee

approach is represented synbotically by

the spirit

of the

of

Pit = PidPd"P"t'

tr 'or the quali tat ive discussion in this section, the fol lowing intuit ive

definitj-ons are suffieient. Pit is a neasure of the relatedness among

nating individuals with respect to the total populat ion, or the expected

level of inbreeding over the eatire population. (ltternatively, p nay

be used to eharactetLze the relatedness among nales competing for nates.

Relatedness among nates is important when discussing as;rnmetric

relatedness, R, and relatedness anong competing males is important when

discussing local nate competit ion. ) A value of 1 represents random

mating' and 0 implies perfect assortative mating. Pia represents the

relatedness among nating individuals with respect to members of their

dene. fhere nay be a high proportion of sib nating within a dene, but

if fenales nate with a sib in the sane proportion that the sibs exist

within the dene, then Pia is 1 and nating within the deme is random.

Due to the unique natural history of fig wasps, denes can be readily

identified with individual figs. Pd" Ineasures the degree of genetie

dif ferentiat ion among demes within the subpopulat ion. The nore

honogeneous demes are with respect to their subpopulation, the snaller

the value of Pd". I f  sett l ing of foundresses out of the local

subpopulati.on of fig wasps is random, then pu" is [ ("-r ) /rrlr", . rf

the foundresses assort thenselves into demes fron the subpopulat ion by

genotJrye, Pd" wil l  di f fer fron [ ("-t  ) /nle", (posit ive assortment

lowers the value ) .

(5 . t  )
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Since subpopulation

vague definition of

spEC€. " P measures
s'I

e louds.
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are nuch harder to delinit than denes for fig wasps.

structure of these wasps is unkown, r offer onry the

"a cloud of pollinators together in both tine and

genetic differentiation among these subpopulation

In the remai.nder of this section ( i ) qualitative observations

relevant to subpopulatj-on structure wil l  be discussed; (i i ;  data and

experiments oa deme slze and patteras of settling from loeal

subpopulations will be presented; and (iii) 
"n 

experiment and sone

conments on patterns of mating within a f ig (dene) wi1l be discussed.

Subpopulation Strueture

Nothing is knowa about subpopulatj.on stnrcture of any fig-wasp

speeies. My only purpose in this section is to nake some relevant

qualitative comments about Florida figs and some predictions about

large-scale populat ion structure and f ig wasp sex rat ios. The important

factors that nust be considered are the spatial distributlon of the host

f ig trees, their f lowering phenology, and the patterns of movenent of

the wasps.

F. aurea is occasi-onal to moderately abundant throughout its

distribution on the nainland. fn a survey of trees and shrubs in six

hardwood hanmoeks in the Everglades, F. aurea obtained inportance value

ranlrs (a eombination of relative density, dominance, and frequency;

rank of  1 is "most inportant")  of  17 in a hanmock with 17 speeies, 91 of

1 8 ,  1 1  o f  1 7 ,  a b s e n t ,  5  o f  1 7 ,  a n d  1 7  o f  1 7  ( O l n s t e a d  e t  a I .  1 9 B O ) .
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rndividuals range fron 2 n to over to n in height, with typleal

individuals bearing between 1o3 and 105 figs per crop. The flowering

phenolory for figs is usually given as well-synchron:lzed withia a single

treer And asynchronous wlthin the population (Janzen 1979a). F. aurea

does not follow this pattern; the flowering within a tree is sonet j.mes

quite asynchronous- On several occasions I observed a single tree

bearing both naturing and receptive figs. Synchrony within a crown was

also observed, so no crear rule can be stated.

oeeasional frosts also have an effect on the populat ion structure

of the pol l inators. A frost oceurred over much of southern Florida in

early February 1981. About 11 weeks later, I  traveled through the area,

and noted that nany aurea trees had lost all of their leaves and figs.

Most trees were in the early stages of putting out new leaves, and some

trees were bearing f igs in the receptive stage. These reeeptive f igs

nostly had no polliaators inside, and occasionally one pollinator. No

data were recorded. My after-the-fact est inate is 10-70% of the f igs

had a single pol l inator. This anecdote supports Janzen's (tgzga)

predict ions that severe eondit ions at the edge of a distr ibution of f igs

will lead to occasi.onal extreme bottlenecks or actual extinctions

followed by reeolonization, and that in harsh environnents intra-crown

asynchrony of flowering i,s more likely in order to naintain a 1ocal

subpopulat ion of pol l inator wasps. Sueh extinct ions and recol-onization

events are conducive to genetic differentation among subpopulations

(wrieht 1969) .

F. citr i fol ia is less conmon on the nainrand

confined to a more southerly distr ibution than

than F. aurea,

aurea.  0 lmstead

and

etLs

a l . ( lgAO) Aia not  repor t  any F.  c i t r i fo l ia  in the six hammocks
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studied, althougtr citrifolia is more often found in the extensive

pinelands than is aurea (pers. obs.).  ci tr i fol ia is occaslonal in the

Everglades Park and throughout the Florida Keys, but ls rarely, if ever,

eommon' The nainland eitrifolia have a pronounced flowering peak from

May to JuJ-y, and appear to flower only occasionally the remaj-nder of the

year' Individual trees are sometimes well synchronized, while other

individuals bear figs at all stages of developnent. r have no

observation on the phenology of citr ifol ia in the Keys.

Nothing is knora about the movement of the wasps between trees r or

how long they live in the wild. The wasps rive less than T2 hours at

25o C when kept in vials rithout water or a sugar souree. Aneedotal

observations reviewed by Ranirez ( t SZOU) suggest that the wasps are

capable of traveling a long distanee; however, it is likely that these

rere rare events - Janzen (lgl9r) also discusses longevity and movement

of pollinator wasps. Experinents sinilar to those of Dobzhansky and

Wright ( lg+1, 1947; see Wright 1g7g for a review) examining the

movemeats of narked Drosophila individuals fron a release site would be

interesting. The key would be to extract sone of the chernical

attractant fron flowering trees for baiting traps, and then perforning

release-recapture experinents.

In summsrX, littIe is known about the large-scale population

structure of the pol l inator wasps for any f ig speeies. From Equation

2'21 i t  can be seen that any stnrcturing at the level of subpopulat ions

(p less than one)  w111 decrease the predic ted sex rat ios.  A lso,  F- s t

from Equation 2.4 was calculated assumi-ng random rnixing of the entire

populat ion between each generation. I f  Pst is less than one, F wil l

be greater than predicted by Equation 2.4i for haplodiploidy this
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inplies R is lower and the predicted sex ratio is lower than when p",

is assumed to be one. A quali-tative prediction for fig wasp sex ratios

was given by Frank (tgal). Across fig wasp speciesr BS the degree of

isolation in the host fig tree flowering increases in space aad tine,

the predieted sex ratios for a given set of coaditions will become more

fenale biased.

Sett l of Foun4resses fron Local Sub lations

An assunption relied upon to derive specif ic quantitative

prediet ions (e.  g. t  Equat ion 2.12) for haplodiploids is that the wasps

settle randonly into demes in each generation (uanilton 1gG7, 1g7g). I

treat this assunption in two parts: (i) there is no subpopulation

structure ( t" ,  = 1,  see above seet ion),  and ( i i )  set t l ing fron the

1oca1 cloud (- subpopulation) is randon [tu" = (n-t ) /n; see chapter

rr] '  rn this section I examine the settl ing of foundresses into denes

(rigs) fron the local cloud. Two aspects are addressed. First, the

distribution of dene sizes in wild populations is studied for both Fieus

aurea and citr i fol ia, and this infornation is related to previous

studi 'es on other species. Seeond,, three preferenee experiments are

descrlbed' These experinents were designed to determine whether strong

preferences of foundresses for certain attr ibutes of a reeeptive f is

exist '  In addit ion to providing clues about the breedlng structure,

these experinents also provide some infornation about the attr ibutes of

a reeeptive f is assessed by prospective foundresses. Thls i-nfornation

wil l  be of interest when discussing the introduction of an

experimentally deternined number of foundresses into receptive figs for

sex - ra t io  s tud ies  (see  ' sex - ra t io  
da ta '  sec t ion ) .
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Distribution of the nunber of Srundresses per fig . Janzet ( t gZgU)

studied the distributions of foundress numbers in four speeies of Costa

Rican figs, and concluded that the distributions were significantly

different from a Poisson clistribution. IIe hypothesized that the

departure fron the Poisson distribution is due to ". . . active

seleetion of unoceupied figs by newly arriving fenale wasps" (Janzen

1979br pp.. 127-28), since there rrere fewer unoecupied figs than

expected ( fat te 7.2).  I  col leeted data on the distr ibut lon of

foundresses per f ig in both F. aurea and F. citr ifol ia (Tables 3.3 and

t.4). fhese data also differ signif icantly fron a Poisson distributi-on,

with fewer unoccupied figs than expected. However, f suggest that this

departure fron a Poisson distribution is due in part to the ostiole

being sealed off by the fig soon after a wasp has entered rather than

solely due to active selection of unoccupied f igs by wasps. This

suggestion is based on (for aurea and citr i fol ia) ( i)  qual i tat lve

observations that an unoccupied fig renains receptive to wasps for about

10 days, whereas an oecupied f ig closes one to two days after being

entered (pers. obs.);  ( i i )  the experinents I  performed suggesting that

the wasps do not discriminate between unoccupied figs and figs entered

for the first tine an hour previouslJr, but that wasps do not attenpt to

enter f igs that have been occupied for 22 hours (see next section); and

(iii) tfre fact that the tree benefits fron having fewer foundresses

sinee proportionately nore nales are produced with increasing foundress

number (sex-rat io data below), and only fenale wasps benefi t  the tree

sinee only they earr? pol len (Hanil  ton pers. cornm. ; this point is

d iscussed la ter) .
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Table t.2. The distr ibutions of the number of pol l inatlng wasps per f ig
for three f ie species in costa Rica (data of Janzen |g7gbr. x is the
observed number of foundresses per fig and n is the total sanple size. y
is the number of-wasps entering each fig after the first wasp has entered(r = x-l) ,  and n' is n minus the number of observed zeros. 

- i( i i -#";t t i

are the expected nunber of wasps per fig and the expected nunber of wasps
entering a fig after !h" first wasp has entered, respectively, based on the
Poisson tlistribution ( ttre values in the table are rounded to the nearest
whole nunbe4, caleulatioas are based on values rounded to three decimal
places). Xt values are for the standard goodness-of-f l t  test. I f  there
are sufficient degrees of freedon, the categories are lunped such that the
expected numbers are at least 5 in each ceII.  Janzen also reported data
for F. ipsipida that f l t  neither the expected X nor Y distr ibution well .

x

Y=X- l

0 2
5x- d f

0

F . cotinofolia 275 325 50 257 17

s(x)

E (Y )

morlzaniana

E (x)

E (Y )

oval is

E(x)

e (v)

112 1  1g

257

1Og 170 21 5e

t5 46

154 175 21 80

78 58

74

54

218

,9

to

t5

49

44

54

29 1 <0.00,|

o. og

21 254

o.7

173

0 .5  1

<0 .001

0 .  50

<0 .001

o.54

F . 12

13

1261

F . 15

23 12

20 5 .1
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Table 3.3. The distr ibutions of the number of pol l inating wasps per f ig
for four sanples from F. EIS. Each sanple was taken fron a different
tree on a cl i f ferent day. Sanples 1-7 are from Key Largo, Florida, during
June 1 981 , and sanple 4 is fron Everglades, Florida, during Augusi, 1 981 .
The structure of the table is the same as TabLe 3.2.

d fx2n01Z545Gf+

n '  0  1  2  5  4  5  6

x

Y=X- l

sanple

u(x)

E(Y)

sanple

E(x)

E( I )

sanple

E(x)

E(T )

sanple

E(x)

E(Y)

94 100 5 29

11  24

24

99 100 1 t2

1 t  24

29

101 102 1 48

18  71

48

18t 205 22 141

67 75

142

t2  15

27 20

3t 22

57  19

27 20

76 22

406

27  15

35  17

184

42  15

155

10

11

15

6

11

13

5

10

5

7

1

7

4

2

174

1 .0  2

185

1.5  1

7

1

5.5

4 .2

10,

o.2

o.2 t

o  .12

0 .002

0 ,51

< .001

o .22

< .001

o .65

Totals 477 5O7 tO 25O 147 44 21
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Table 7,4. The distributions of the
for six samples fron F. citr ifol ia.
neighboring trees. Af s6@
1 981 . The structure of the table is

nunber of pol l inating wasps per f ig
Each sanple yras taken f rom several

fron Everglades, Fl-orida, during July
the same as Table t .2 .

x

T=X-1

n01274567

n '  0  1  2  ,  4  5  6

x2 d f

sanple

E (X )

E (Y )

sanple

s(x)

E(T  )

sanple

E(x)

s(r)

sanple

E(x)

u(y)

sanple

E(x)

E(Y)

sanple

E  (X )

E (Y )

125 126

2  105  105

,  173 1r5

5 120 124

5 145 149

59  41  1 t

t6 ,4 21

52 45 20

59 24 15

t7 28 16

51 77 17

54 44 21

17 57 24

48 49 25

i l t1  20

15  19  17

15 25  20

102  15  5

45  25  17

101  18  2

90 , t  15

49 18 20

80 49 18

5

5

o

19

0
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26

2 .5
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<0.  001

0 .01  4

4

2

,

1

4

2

<0 .001

0.008

<0.001

o .27

0 .002

0 .15

<0 .001

0 .19

<0.001

0.006

760

6

76 7

9

5

4

3

2

1

1

1

7

1 1 51

7.5

Totals 706 715 9 ,75 1 88 87 t5 17

do  =  x /n '  . 53  . 27  . 12  . 05  . o2 o
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Each sanple was obtained by collecting 1 00-200 figs fron several

aurea or ci tr i fol ia trees on a single day. These f igs were no longer

receptive to entering 'rrasps. The figs were cut open and the nunber of

dead foundresses inside each f lg, designated X, were counted. I f  a f ig

were considered to be stil l receptive to entering wasps after it was cut

open (e.g. ,  po l l inators s t i l l  act ive ly  ov iposi t ine) ,  i t  was d iscarded

from the sample. The data are reported in Tables t.3 and 3.4, along

with dates and locations. Each sanple was eompared to a theoretlcally

generated Poisson distr ibution by the X2 goodness-of-f i t  test. As

Janzen (tgZgt) found, the observed distr ibutions are signif icantly

different from Poisson. However, when the number of wasps entering a

f ig  af ter  the f i rs t  wasp entered,  Y,  ( i .e . ,  Y = X-1 )  was eonpared to a

Poisson by a goodness-of-f i t  test),  the f i t  was nuch closer for Y than

for X, for both the data I col lected in Florida and for sone of Janzen's

data (Tab1es t .2-3.4) .  Harn i l ton ( tg lg)  repor ted the number of

foundresses per fig for a Brazilian Ficus speeies that fit neither the

expected X nor Y distr ibution consistently we}I.  In sunmariy, i t  appears

that for F. aurea and F. ci tr i fol ia the deviat ion from a Poisson

distributlon for the number of wasps per fig, X, is largely explained by

the relatively long period ( about I O days ) tft.t a fie rema j.ns receptive

to a wasp when it has not been entered versus the short period (about 1

tlay) of tine a fie is receptive to entering wasps after the first wasp

has entered the fig.

Preference of foundresses for occtlpied versus unoccupied figs. An

occupied f ig is defined as a f ig receptive to entering wasps that

already contains at least one foundress--an unoceupied fig eontains no
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foundresses. The nu1l hypothesis that Pegoscapus spp. fenales enter

occupied and unoccupied receptive figs at the frequency at which they

are encountered (no preference).was tested against the alternative that

unoceupied figs are entered at a proportion greater than the frequency

at which they are encountered I preference for unoccupi-ed figs Tras

suggested by Janzen ( r gZgt) ] .

Tria1s were conducted on F. aurea by placing a wasp just below a

pair of receptive figs that were unoccupied ( tfrey had been bagged to

exclude al l  wasps). The f irst wasp entered one of the pair of f igs, and

this fig was then designated occupied. When a wasp enters a fig, she

loosens the top piece of t issue of the ostiole, and leaves her wings

tucked just uader this top flap such that the wings are visible from the

outside of the fig. Another wasp was placed below the pair of figs and

allowed to begin entry on either of the pair of figs. If a wasp flew

off,  or did not attenpt to enter either f ig over a !-minute period, a

new tr ial  was begun with a new fenale; thus 10 tr ials lnpl ies 10 tr ials

in which an entry was atternpted on one of the two figs. When the entry

behavior pattern began, the female '!ras renoved and the fig she chose

(oecupied or unoccupied) was recorded. This procedure was repeated 10

tines on two different F. aurea pairs of figs. The data are reported

in Table , .5 .  Tria1s r{ere conducted on F. ci tr i f  ol ia by hold ing a pair

of unoccupied reeeptive f igs together so that a wasp could easi ly walk

fron one f ig to the other direct ly, and then placing a wasp on either

the left  or r ight f ig. The f irst wasp was placed on one f ig (choice of

left or right was randon), ild she entered one of the figs which was

then designated oecupied. Ten wasps were then plaeed alternately on the

left and right fig, and scored for beginning entry behavior as above'
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Table 7.5. Preference of poll inating wasps for entering occupied versus
unoccupied figs. The experinental nethods are deseribed in the text. The
957tn upper confidenee bouna for pr the probabillty of a wasp entering an
unoceupied fig glven a choiee between one oceupied and one unoecupied fig,
is reported where the sanple size is at least ZO (see Lindgren 1gi6, p.
429, for the technique used to estimate the snall-sample confidence
intervals for p). Although I tr ials are insuffieient for estinating a
confidence bound for p in the case of a 22 hour delay between the first
entry and the experinental trials (right-nost column, see text for
experinental detaiLs), the probabil i ty of I successes in 8 trials, over al1
values of p less than O .71 , is less than 0. 05 ( tf,i" is obtained by
integrating over the l ikelihood density function). Thus, the l ikelihood of
less t}.aa 71% preference for an unoccupied fig versus a fig oceupied for 22
hours is low. 'c i t r '  is  an abbreviat ion for 'c i t r i for ia. '

aurea
tr ial 1 tr ial  2

aurea
tota l  e i t r  g ,  c l t r

c i t r  w i th  22
hr.  delay

unoccupied entries

total entries

unoceupied/total
,\enIr].es, p

9576 eonfidence
bound for p

16

101010 20

o.45

<o.6 ,

30

0.70  o  .5 ,

<0. 5g

I

1  . 0

>0 .71
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Data are in Table 7.5. This experinent was repeated on L eitr ifol ia,

except that 22 hours were allowed to elapse between the tine the first

nasp entered one of the two figs to establish an oecupi.ed fig, and the

tine that I preference trials were performed. Data are in Table 5.5.

The nost striking result is that Pegoscapus assuetus

(citr ifol ia-reared) clearly prefers an unoccupied fie over a f ie that

has been occupied for one day. Statistical analyses of the other

results indicate that strong preference for unoccupied figs over

recently entered figs seens unlikely (taUte 7.5).

Preference for parasit ized versus u+parasit ized f igs. I  have

observed parasi-tes of several species dri l l ing into unoceupied f igs with

their ovipositor. Wtrether eggs are laid into unoceupied figs is

unknown. The pollinator wasps (Pegoscapus spp. ) often antennate a fig

for 1 -5 ninutes before entering a fig or leaving in search of other

receptive f igs. An interesting question is whether the pol l inator wasps

respond to eues of parasitism, such as puncture holes nade by a parasite

ovipositor. Although an assoeiat ion between a response to parasit ism

and sex rat ios is not clear, this experiment adds some infornation about

the attr ibutes of a receptive f ig assessed by prospeetive foundresses.

The nulI hypothesis that Pegoscapus spp. fenales entered unoccupied

f igs with Idarnes carme ( a cornslon parasite of the farnily Torymidae )

oviposltor puncture holes as frequently as they entered unoccupied figs

that have not been punctured by a parasite ovipositor was tested against

the alternative hypothesis that pollinator wasps ehose unpunctured figs

more frequently than punctured figs.
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The experinent was conducted on F. eitrifolia, usi.ng Pegoscapus

assuetus (eitr l fol ia-reared) fenales. A f ig pair lras bagged. These

figs were uncovered when receptive to entry by pollinators ' ed _I:

carne fenales were released on the figs and allowed to perform their

ovipositi.on behavior, which includes puncturing the outside of the fie

with their long ovipositor. It is not knotm whether an I. carme female

lays an egg when she clril ls into an unoccupied fig with her long

ovipositor; this is an i.nteresting problem since Idarnes spp. nay only

be able to develop in the ovarTr of a flower in which there is a

pol l inator wasp egg (see Joseph 1958 on Philotrypesis caricae, a torynid

parasite of f igs). 0n one of the two f igs , 7-12 punctures were nade by

I. earme females, EDd this f ig was designated 'parasit ized. '  The

parasites were not allowed to puncture the other fig of the pair, and

this lras the unparasitized flg. The two figs were held together so that

a pollinator wasp could walk back and forth between the figs. A

recently reared pollinator wasp was placed on one of the two figs and

allowed to antennate them. Eventually a wasp would either fly off, walk

off the f igsr or begin entry behavior on one of the f igs. f f  a wasp

flew off , it rras not included in the data. f f a wasp walked of f the f ie

pair,  i t  was replaced on the f ig on whieh i t  began the tr ial ;  returning

the wasp to the fig on which it began the trial was contlnued for about

5 minutes. f f  a wasp continued to walk off the f ie pair for nore than 5

ninutes without beginning entry behavior, she nas discarded and not

reeorded in the data. I f  a wasp began entry behavior on a f ig, an entry

was scored for that fig and the fenale was removed before she actually

entered the f ig .  A d i f ferent  wasp was used for  each t r ia l .  I t  is

assuned that ignoring wasps that f lew off,  or continue to walk off the
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figs for more than 5 mi.nutes, does not introduce a bias into the

estinate of the probabil i ty that a poll inator wasp wil l  ehoose to enter

an unparasitized versus a parasitized fig.

In 12 of 22 trials, the poll inator wasps began entry on the

unparasitized fig. The estinated probability of entering an

unparasitized versus a parasiti-zed fig is 0.545, with a 957'' upper

confidenee bound of 0.714 (tfris value rras obtained following the nethod

given in Lindgren 1976r p. 429). Thus, strong preference for a fie

without puncture holes nade by the parasite I. carme versus a fig with

puneture holes seems unlikely.

Preference for figs containing genetic relatives versus

nonrelatives. Since the degree of bias in the sex ratio depends, in

theoryr oD the genetic dif ferentiat lon among nating groups, the pattern

with respect to genetic relatedness in which the wasps sett le into f igs

out of the local subpopulat ion of rrasps is of part i-cular interest. The

null  hypothesis that pol l inator wasps enter f igs with genetic relat ives

at the frequency in whieh they are encountered (random settling) was

tested against the alternative hypothesis that wasps enter f igs with

genetic relatives at a frequency different from the frequeney that such

f igs are encountered (e i ther  assor tat ive or  d isassor tat ive set t l ing) .

The experiment was conducted on F. eitr i fol ia, using Pegoscapus

assuetus (c i t r i fo l ia-reared) wasps. Two natur ing f igs were col lected,

and the dispersing pol l inator wasps were reared fron these mature f igs.

A branch of a citr i fol ia tree bearing reeeptive f igs that had been

protected f ron pol l inator '  and parasite yrasps by bagging rras uncovered,

and a pair of receptive f igs selected. One pol l inator wasp from one of
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the two mature figs (arbitrarily designated the left mature fie) rras

introduced into the left  f ig (feft  receptive f ig), and one wasp reared

from the other mature fie (rieht mature fig) was introduced into the

right receptive fig. Then a wasp reared from one of the two nature figs

was placed on one of the two receptive figs (starting fig was alternated

fron trial to trial), and allowed to walk back and forth between the two

receptive f igs. I f  she f lew off,  she was not eounted; i f  she walked

off the fie pair, she was returaed to the recepti.ve fig on which she

started the trial; if she began entry behavior, she was removed before

actually entering, and both the fig she was reared from and the fig she

attenpted to enter were reeorded.

Before analyzing the data, a problen inherent in the design of this

experi.nent needs to be addressed. Two fenale wasps reared fron

fig are not necessari ly sisters, since more than one foundress

laid eggs within the f ie (see above section on the distr ibution

poll inating wasps per f ig). Thereforer oD nany of the tr ials

the same

nay have

o f

erperinental lrasps chose between two figs that were both oecupied by

noa-sibs. Keeping this caveat in nj-nd , the data are : 52 trials in

which 27 experimental wasps entered a reeeptive f ig containing a wasp

that was reared fron the same fig as the experinental wasp, yielding an

estinated probabil i ty of O .519, with a 95% eonfi .dence interval of

(oJe7,  0.550) .  The d i f f icu l ty  is  that  i f  the a l ternat ive hypothesis  is

t ILe ( i .  € . r  there is  assor tment  of  the foundresses based on genotype) ,

then for some of the trials of the experinent the experimental wasp and

the wasPs already in the receptive f igs are non-sibs, so the expected

probabil i ty of entering either f ie is 0.5; on the remainder of the

trials the experinental wasp and one of the wasps in the reeeptive figs
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were sibsr so the expected probabil i ty of entering either f ie is

dif ferent from 0.5. Thus, under the al, ternative hypothesis the expected

probability varies from trial to trial, and an accurate confidence

interval for the probability of entering a particular fie is not

attainable. Nevertheless, the closeness of the observed probabil i ty to

0.5 suggests that strong assortment by genotype is unlikely (see the

discussion below).

Dlscussion of three preference experiments. Summarizing the

pattern of sett l ing of foundresses fron a loeal eloud, there is no

evidence that sett l ing is other than randon. A sl ightly stronger

statenent can be nade. Within the linitations of the experimental

designs, strong preference for either ( i)  unoecupied f igs versus f igs

just  entered ( tess than two hours) ,  ( i i )  unparasi t ized f igsr  or  ( i i i )

genetic relatives can be nrled out with a high probability.

Sone inprovenent in the experi.mental designs can be achieved . ( i )

When comparing occupied versus unoccupled figs, a fresh fig pair could

be used for eaeh tr ial .  In other words, one tr ial  would consist of

allowing a fenale to enter one of two unoccupied figs, then allowing a

second to ehoose between these two figs. The next trial begins on a new

fie pair.  This would control the problen of chemical eues }eft at the

ostiole by a wasp that has begun entry behavior. ( i i1 For parasit ized

versus unparasit ized f igs, comment ( i)  appl ies. Also, parasites other

than Idarnes ggg may be used. ( i i i )  The greatest dif f iculty in

test ing for genetie reeognit ion at the ostlole is that the relat ionship

anong females reared fron the same fig is unknown. Females reared from

a fie in which it is known that there was only a single foundress could

be used '  thereby guaranteeing sisterhood. The technique for obtaining a
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generation of

the sex-ratio

fenales reared fron a single-foundress fig is described in

experinents below.

Male Pollinator Wasp Mating Preference

An assunpt ion of  the quant i ta t ive nodels  (e.g. ,  Equat ion 2.12)  l "

that nating occurs randonly within a local group (tr. =1 ). This

assunption is dif f icult  to test direct ly since the f ig, which forms the

local nating group, must remain sealed until the nales emerge and begin

to nate. During mating the movement of the nales may be observed by

cutting open a fig; however at this stage no method has been developed

to determine which males and fenales are sibs. In order to test for a

pattern in the searching of the nales, a sinple experinent was

perforned. The null hypothesis tested was that there was no eorrelation

between male movement while searching for fenales and any cues within

the f ig  (e.g. ,  the locat ion of  nale and/or  fenale s ibsr  or  areas r ich in

unnated fenales). Since there was no a priori reason to suspect

posit ive or negatj .ve correlat ion, the alternative hypothesis was that a

eorrelation between nale novement and some eue within the fig existed

(tfris experiment vras suggested to me by ll. D. Hamilton).

Two citr i fot iq f igs with nales searching for mates were seleeted

randomly' brought into the lab, and cut in ha1f. Only one-half of eaeh

of the two figs ldas used in each tiial. From one-half of each of the

two figs a nale was randonly ehosen and narked with Testor's enamel

hobbyist paint. Each narked nale was then either returned to the

half-fig from which it was taken (= o!flr fig) r or each marked male was

placed in the fig-haIf from which the other marked nale was obtained (=
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not own fig). The two half figs, each containing one narked male and

nany unmarked males, were then joined with inseet pins for 5O-7O

mlnutes. After this t ine elapsed, the location of these marked males

was deter"mined as either own fig or not onn fig. The data are reported

in Table 7.5. The standard contigency table X2 test yields * 'e) =

6,4889 (p = O.Otg) when test ing the nul l  hypothesis that the location of

the males at the end of the trial was independent of the fie fron whieh

that male was reared versus the two-sided alternative that either a

positive or negati-ve correlation between final location and the fig from

which a nale was reared exists. The data suggest that nales spend

significantly more tine in the fig-haLf from which they were reared than

in a fig-half fron which they were not reared. -

An independent eontrol was perforned to test the efficacy of the

design. First,  i t  was noted that the probabil l ty of switching f ie

halves during the experiment, when averaged over both types of starts

( t t , t t  or  OrO),  was 58/102,  or  37%. The exper inenta l  des ign was repeated,

except that the two marked males were each returned to a randonly

selected f ig-half that belonged to neither nale. The predict ion was

that a nale would change fig halves 57iX of the time, the average rate of

exchange over both types of swltches (t t  to 0 and 0 to N) in the f irst

experj.nent. Switehes were observed in 14 of 32 tr ials r or 431tr. These

two rates of exchange are not signif icantly dif ferent ( p = O.52, using a

test for the equali ty of two pereentages givea by Sokal and Rohlf 1969,

p. 607). This lends a degree of independent support to the val idity of

the results.
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Table t.6. I [ale pol l inator nating area preference. Two Ficus
citrifolia figs lrere cut in half, then a pair of half figm-t
originally forning a single fig, were joined. The rovrs designate
whether both experinental nales began a trial in their own-half fig
(O,O) or  in  the hal f - f ig  that  is  not  the i r  own (w,N) (see text  for
further detai ls of the design). The columns are defined as fol lows:
(i) if both nales finished the trial in the same fig-ha1f in which they
began the t r ia l ,  'no swi tches '  was recorded for  that  t r ia l ;  ( i i )  i f  one
nale finished the trial in the sane flg-half in which it began the trial
and the other nale finished in the opposite half fron which it began,
'one swi tch 'was recorded;  and ( i i i )  i f  both males f in ished the t r ia l
in the opposite f ig-half fron which they began, ' two swltches' was
recorded. For exanple, i f  a tr ial  started (Or0) ana no switches
occurred, then the f inish was (OrO); i f  one switch occurred, the f inish
was (O ,lU ) ; and if two switches occurred , the finish rras (N, N ) . The
nuIl hypothesis that there is no correlation between the tendency to

no switches

15

5

one switeh

9

15

two switches

suitch and the position of the start was fested e.gainst the two-sided
alternat ive that a correlat ion exists.  *-(r)  = 5.49, p = 0.O4.

start
0 '0

N ' N
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The results suggest that a male prefers his own fig-haIf. Exactly

what cue a male is assessing is not clear. The inplications of this

behavior for sex rat los depend on whether ( i)  the cue is posit ively

correlated to relatedness of mates, ( i i )  t fre cue is posit ively

correlated to relatedness of other nales searehing for mates r or ( i i i ;

the cue is not eorrelated to relatedness.

If  the cue is posit ively eorrelated to relatedness of mates, then

the value of Pid is less than 1 , and F ean be eonslderably larger than

under random mating. Adjustnents would be necessary in both the R and

Pat tems of Chapter I I .  The predicted sex rat ios for f ig wasps would

be below those gi.ven in Chapter II for haplodiploids under random

mating. Experinents to test for correlation among mates would be

facilitated by using figs in which the number of foundresses is known.

(T}te technique for obtaining such figs is described in the section on

sex-rat io experiments below.) for exanple, the tendency of a male to

return to his own f ig when (a) his f ig had one foundress, and (U) his

fig had nany foundresses, could be compared. The problem with this

design is that a stronger tendeney of a nale to return to his own fig

when it is a single-foundress fig versus multi-foundress fig does not

separate between comelation of nates and correlat ion of nales. I f  the

males show a stronger tendency to nove to one-foundress figs, then a

second experiment to test for correlat ion among nales is required.

A test for correlat ion among nales ls as fol lows. A f ie that had

two foundresses (and therefore two sib-ships of males) is eut in half .

The location of al l  males is noted, they are marked, and then their

locations are randonized upon being returned to a dif ferent f ig that had

a single foundress. (f fre nating males from this second f ig are f irst
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renoved. ) the halves are joined, and an hour later the locati .on

narked nales is noted. ff there is correlation among the males,

wiLl tend to aggregrate in the positions relative to each other

were found in their original fig. If the naLes tend to move in

groups' then inplications for sex ratios are not clear (ttris is

discussed again later). Movement in sib groups nay be a form of

of the

they

as they

sib

eooperative natlng among brothers. A1so, the problern of which male

ehews the exit tunnel, and when, is interesting when viewed with respect

to male-mating patter"as. As a f inal note, I  see no clear lnpl icat ions

for the sex ratio if the tenden'cy of nales to move to their own figs is

uncorrelated to relatedness.

Sunnary of Breeding Structure

Randon sett l ing from the entire populat ion between each generation

and random nating within local groups are probably never realized in

natural popuJ.at ions. For f ig wasps, i t  is convenient to consider the

breeding structure over three hierarchical levels-- large-scale

populat ion structure, sett l ing of rrasps into f igs fron a local

subpopulation, and nating patterns within the fig.

The large-scale population structure refers to the degree of

genetic differentiation alnong subpopulations of fig wasps that are

grouped together in tine and spaee over several generatj.ons. Most

theoretical nodels conclude that genetie dif ferentiat ion among

subpopulations ean' occur only under extremely unlikely eircumstances

(Waae 19?8) .  However,  the models thenselves are qui te  unreal is t ie .

Several authors, while adnitt ing the dif f icult ies with the fornal
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theory, suggest that genetic differentiation among subpopulations may

not be uncommon (Wrieht throughout his works, see 1g5g-1g7g, Wilson

1980,  Wade 19?8) .  Indeed,  the use of  Wr lght 's  index of  pannix ia,  p ,

for the sex-ratio models in Chapter II inply that these are

group-seleetion models. Hamilton ( lg1l,  1975, 1g7g) recognized sex

ratios as one of the few phenonena in nature for which there lras

inpressive evidence support ing the action of group seleetion. CoIwelI

( t9at  ) '  Wi lson and Colwel l  ( tget  ) ,  Charnov ( tgea) ,and Frank Ugal)  a tso

discuss local nate conpeti t ion in a group-selection framework.

Wright (tgfA) nas sunmarized and discussed the empir ical 1iterature

on variability among subpopulatj-ons. Ednunds and Alstad (tgZg) present

evidence for genetic dif ferentiat ion of scale insect subpopulat ion among

host trees r end suggest how such differentiation is naintained by

select ion. Wade (tggZ) nas inferred the act ion of  group seleet ion

rate nuch greater than predicted by theoretical ruodels in a series

experinents on Tribolium_. This is perhaps evidence that selectable

genetic dif ferentiat ion among subpopulat ions is not as rare as

previously supposed.

The study of differentlation among subpopulations of fig wasps will

require a mult i- faceted approach. Possible techniques inelude

eleetrophoresis, DNA hybridization, ehromosonal studies, genetic markers

with release-recapture experinents, and studies of the phenology of host

trees. Also, comparisons of the sex rat ios between insular versus

nearby mainland subpopulat ions within a populat ion, and comparisons of

sex rat ios among species in which host-tree distr ibutj-ons dif fer may

provide a tentat ive assay for  d i f ferent ia t ion (a: - f ferent ia t ion is

predicted to be a negative correlate of the sex rat io, see earl j-er

d iscuss ion) .

a t a

o f
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The next lower leve1 of fig wasp population structure is the

sett l ing of foundresses into f igs from a local cloud (subpopulat ion) of

wasps. There is no evidenee that settling is other than random with

respect to genotype. Inpl icat ions of assortat ive and di.sassortat ive

settling for group selection (and sex ratios in the ease of fig wasps)

have been dlscussed often in the l i terature (Hanil ton 1967, 1971, 1975;

Wilson 1 980 and references).

The final leve1 to eonplete the hierarchy is the mating patterns of

the wasps within a fig. An interesting enpirieal result was obtained in

this study. Males, when given a choice, prefer to seareh for nates in

the fig in which they were born versus an alien fig. Whether this male

preferenee is correlated to assortat ive matingr or to nales tending to

move in sibships as they nate, is unknoun. fmportant inpllcations for

sex rat los exist i f  ei ther of these eases are true. These implications

were discussed above.

The theory developed in Chapter II demonstrates that empirical

studies of Local nate conpeti t ion are studies of two factors--breeding

strueture, and if and how an organJ.sm uses correlates of the breeding

structure to adjust  the sex rat io  i t  produces (eondi t ional  sex rat ios) .

This seetion summarized enpirical evidence on fig wasp breeding

structure. fn the fol lowing seetion, data correlat ing sex rat ios of f ie

wasps and their breeding structure are presented.
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Sex Ratj.os in Florida Fi.g Wasps

Data were col lected ( i)  to test the hypothesis that sex rat ios of

fig wasps are conditional on number of foundresses per fig (dene size)

and i-ncrease with increasing number of foundresses (Equation 2.12 in a

quali tat ive sense), and ( i f)  to test the hypothesis that f ig wasp sex

ratios are conditional on the anount of genetie variability within a fig

for a given nrrnber of foundresses--the prediction is that the sex ratio

will decrease with decreasing variability. fhese qualitative hypotheses

lrere developed a priori. The data will also be used for a posteriori

comparisons to the quantitative theory of Chapter II.

The data and discussions are organized as fol lows. ( i)  Sex rat ios

from wiLd, unmanipulated figs are presented for both Pegoscapus jinenezi

( f rom Flcus aurea)  and P.  assuetus ( f rour  F.  c i t r i fo l ia) .  These data

provide some baseline information against which experimental results nay

be compared. ( i i )  Sex rat ios and foundress numbers are reported for P.

assuetus (citr i fol ia). These data were gathered from f igs in which the

number of foundresses was controLled experimentally and parasites were

excluded. ( i i i )  Sex rat ios in ( i i )  rrere found to be condit ional on

foundress numbers. These data are examined in an attenpt to discover

the nechanism underlying the sex-ratio ad justment. ( iv; Sex rati.os in

P. assuetus were studied in f igs in whieh some of the foundresses were

sibs. These data are conpared to the data of 1i i)  in which no

foundresses in a given f ig were sibs. The predict ion was that the sex

ratio would be lower in f igs with sib-foundresses. No dif ferenee was

detected, and an inproved experimental design is suggested. (")

Sex-rat io experiments for P. j inenezi (aurea) are brief ly mentioned.

(" i)  The data on sex rat ios and breeding structure are compared to the
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theozy of Chapter If. The results are discussed and future direetions

are suggested.

Data fron Unnanipulated Figs-:F. citrifolia and aurea

Rlpening figs that have not been experinentally nanipulated can be

collected before an exit hole is chewed by the pollinator ma1es. The

parasite and pollinator wasps from these figs can be reared and counted,

and the flowers within the fig dissected in order to insure that all

wasps within the fig are eounted. Thus a very precise estinate can be

nade of the sex ratio of the pollinator wasps within a naturlng fig.

The sex rati.os of the pollinator wasps and the numbers of parasites per

f ig for six aurea aad f ive citr i fol ia f igs are reported in Table 7.7.

The theory that this thesis addresses is coneerned with the

relationship between both the amount of inbreeding, F, and the genetic

cl i f ferentiat ion among nating groups (= f igs), Pdt, and the sex rat io

within each group. Two problens exist with respect to the data in Table

7.7. ( i)  A major conponent of both the level of inbreeding, and the

leveL of genetic dif ferentiat lon, is a function of the nunber of

foundresses per f ig. Thus, to est inate the nagnitude of F and Pdt,

the number of foundresses nust be estinated. Sinee the foundresses t l ie

inside the fig, their number nay be estinated by searehing inside the

fig for the chitinous remains of the foundresses. While an estinate can

be obtained in this nanner, I  have l i t t le confidence in this technique

sinee the chitinous parts of one or more of the original foundresses nay

be scattered throughout the f ig, naking i t  di f f icult  to reeonstruct

precisely the original number of foundresses. Also, i t  is impossible to
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Table 7. ' l  .  The proport ion of nales
jinenezi and assqe_!r1s_ in naturally

respec t ively.
f ig are also reported. A11 f igs of
Everglades National Park, Florida.

of poll inator wasps Pegoseapus
occurring figs of F. g ) ana

The total numbers of parasites per
both species were collected from

Fle speci,es nales/total, % nales No. paras i tes

19/89

12/st

67 /176

71 /8o

34/79

,5 /81

4/67

14  /  115

15 /89

21 /89

16 / 158

1g t2

t

19

76

47

42

58

0

o

21

78

79

47

4t

5

12

14

94

17

1g

22
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deternine whether the foundresses entered the fig at approxinately the

same tlne, and therefore probably produced about the same number of

progenyr or some of the foundresses entered very early and some very

late, and therefore clisproportionate contributions of the foundresses

were possible. (ii) The second problen is that the theory predicts the

sex ratio of the progeny produced by the foundresses, and the parasitic

wasps probably kiIl a proportion of the progeny [tfris has not actually

been denonstrated for any of the parasites of F. aurea or F.

citr i fol ia; however, Idarnes carme may ki11 a pol l inator wasp

i ts  developnent,  see Joseph ( tgle) and Gordh ( tgZl) . ]  Thus, the

pollinator sex rati.o is only an estinate of the actual progeny

during

observed

sex rat io

slnce a proport ion of the progeny have been ki l led by parasites. This

estimate of the sex rat io within a f ig is probably unbiased ( i ." . ,  there

is no differential parasitism of nales and fernales), however the

variance of this est inate increases as the proport ion of pol l inator

wasps ki l led by parasites increases, which nakes i t  more dif f ieult  to

estinate sex rat ios preelsely.

Sex Ratio versus Foundress Nunber--F. eitr i fol la

Theory (Chapter  I I )  predic ts  that  condi t ional  sex rat ios of

haplodiploids in a deme-struetured populat ion are favored over

uncondi t ional  sex rat ios.  For  exanple,  Equat ion (Z. tZ)  suggests that

sex rat ios condit ional on the relat ive genetie homogeneity within a dene

are favored. So, i f  the foundresses adjust their sex rat io aeeording to

the genetic honogeneity within their f ie relat ive to the populat ion, as

the nodel prediets, then the number of foundresses within a f ig is a
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likely proxinate cue for sex-ratio adjustnent. Foundress number is

correlated to relat lve genetlc honogeneity (see section on breeding

stnrcture above ) .

An experiment was conducted on L citrifolia in Everglades

Nationar Park, Florida, in order to obtain sex-rat i .o data at

experimentally deternined foundress numbers. Twigs bearing 10-50 figs

too young to have been entered by pollinating wasps were bagged with a

f ine nesh eloth (tergal).  When the f igs became receptive to entering

pollinator wasps, the bag was removed and 1-8 pollinator wasps were

introduced into each fig. The pollinator wasps were obtained for

iatroductions by rearing wasps fron naturing figs on trees within

approximately a 1 O kn radius of the site of the experinental trees. The

introductions were acconplished by placing a wasp on a reeeptive fig and

observing whether the wasp entered the fig, walked off, or flew off. If

the lrasp entered the f ig, an entry for that part ieular f ig was recorded;

if she walked off the fig, she was replaced on the fie repeatedly for

about 5 minutes, and then i f  she st i l l  had not entered, she was

discarded; and if the wasp flew off, a ner wasp was placed on the fie

(potential t l i f f icult ies of thls technique are discussed below). This

proeedure was repeated until the desired number of lvasps had entered a

part icular f ig. Al l  introductions into a single f ig were performed

during a 9O-ninute period. Also r Etr important point is that each wasp

that entered a part icular f ig was reared fron a dif ferent naturi-ng f ig,

guaranteeing that no two foundresses within an experimental fig were

sibs. (This point wi l l  be discussed nore ful1y below, where an

experiment is described in which only wasps reared from the same

maturing f ig were introduced into each receptive f ig. ) l f ter pol l inator
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wasps were introduced into the receptive figs, the tergal bag was

replaced over the twig to exclude additioaal pollinator wasps and al1

parasltic wasps from the figs. The bag was kept in place for 15-ZO days

after introductions, and then renoved.

After 27-32 days following the introductions, the erperinental figs

began to nature. These figs were collected about one day before the

exi t tunnel lras chewed by the polli.nator nales , guaranteeing that all

male and female pollinator wasps of the progeny generation were

collected with each fig. The Trasps were reared, iltd the sex ratios

counted. No parasit ic rrasps were reared since the f igs were protected

by a tergal cloth.

The data are reported in Table 1.8. The sex rat io r ises steadi ly

with foundress number. Three technical diffieulties nust be nentioned

before discussing the data.

(i) Not all experi.nental figs reaehed naturity (y of 80 in a

representative sanple), and the pol l inator wasps did not develop to a

stage at whieh they could be counted aceurately. A variety of factors,

ineluding disease and eeeidonyi id gaII midges (see below) kept these

flgs from reaching naturi ty. AIso, i tr  11 of 58 experimental f igs that

were eollected, very few wasps energed from the fig, thus most of the

wasps were st i l l  in the ovaries of the pist i l late f lowers where they

developed. This occurred when the f igs were col lected too many days

before the males would have eelosed r so that no nating oeeurred. I f  the

fig failed to rear any wasps r or only very few wasps actually emerged

from the f ig, (for eitr i fol ia, less than about 40 wasps, for aurea less

than about 20) ,  the sex rat io of that f ig was not eounted.
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Table 3.8. Sex rat ios of the progeny generation of Pegoscapus assuetus
wi th i nF i cuse i t r i f o1 ia f i gs fo ranexpe r i nen t i nw t r f f i
n u n b e r s T i G 6 f f i d . a n a a 1 1 p a r a s i l i c w a s p s w e r e e x e 1 u d e d . , n , i s
the total number of pollinator wasps reared in the progeny generati.on;'ranl< 

m' is the rank of n within a given number of foundre"J"". ;e"ii"'
describes whether the central cavity of the fig was crowded with
eecidonyi id  gal ls  at  rear ing (** ) ,  had a few gal ls- (* ) ,  had O or  1 gal l
(-) '  or the condit ion of the f ig was not recorded (nn). The experiment
was conducted Everglades National Park, Florida, May-July 1982. Each
foundress introduced into a receptive fig was reared fron a different
naturing f ig eol lected in the Everglades.

foundresses sex ratio rank m ga11s

0.047

0 .051

0.058

o. o5g

0.077

o.1  1 '

o .122

4 . l t1

o .251

o.o75

o.096

o.097

0 .  108

0 .1  1  5

o .1 t2

o .1 t t

o .1 r5

o .241

98

lto

25

191

250

124

157

11 t

197

8t

158

137

85

39

52

68

+ +

++

NR

NR

91

62

2x
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Tabre 7.8 continued

foundresses sex ratlo rank n galls

7

t

,

,

t

7

5

5

3

t

,

0 .105

0 .1  10

0 .114

0 .1  18

0 .140

0 .141

0 .1  51

0 .160

0 .182

0 .188

o.228

o .134

o .1 tg

o .1  5 t

o .165

o .174

o  .194

o-197

0 .19?

o.2o9

o .211

o  .219

1 8 8

t 5

149

272

247

l9e

279

105

154

128

101

276

,17

115

t34

195

217

217

152

295

151

to5

6

11

4

10

9

7

I

2

5

t

1

7

10

9

t1

4

6

5

3

8

2

1

+ +

+ +

+ +

+ +

4

4

4

4

4

4

4

4

4

4

4
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Table 7.8 continued

foundresses sex ratio rank n galls

o.155

o.172

0.195

0 .189

o.207

o  .219

o.22 '

o.242

o.24 '

0. 295

o.294

0.755

0 .21  I

o .231

o.235

o.28t

o .414

599

297

177

112

,19

224

215

198

1 8 1

175

176

t91

274

277

119

166

1 8 1

12

9

4

1

1 0

8

7

6

5

2

t

11

4

5

1

2

t

+ +

* This datun
analyses.

point considered an out l ier  in  a l l  s tat is t iea l
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(ii) The second problen was that cecidonyiid gall midges, Ficiomyla

birdi FeIt ( lglq), were abundant in f igs of F. eitr i fol ia (these gal l

nidges seem to be much nore abundant during the sunmer nonths). These

galls appeared in figs that were bagged when only about t mm in

diameter, I 0-1 4 days before these figs beeame receptive to entering

pollinator wasps. This suggests that the eecidonyiid eggs are laid in

the figs at a very earJ.y stage in the ontogeny of the fig, probably

before the tissue forning the center cavity invaglnates (also, the

midges do not have a piercing ovipositor). The midge larva forns a

large gall that protrudes into the center cavity; these ga]ls can be

found in reeeptive figs not yet entered by pollinator wasps. If the

gaLLs are numerous, they crowd the eenter cavity, possibly affeeting a

foundress' assessment of the nunber of co-foundresses. Also, the

crowding by these ga1ls nay cause some nortality among the

pollinator-wasp progeny. A crrrde eoding for the degree of crowding in

the central cavity due to cecidonyiid gaIls, at the time of rearing and

counting the sex rat io, is reported along with sex rat io and total

number of progeny per f ig in Table 7.8. These sex-rat io data wil l  be

related to theory (Ctrapter I I  )  in a discussion section below.

( ii i ) T}re behavior of the f enale wasps during introductions rvas

highly variable and (to ne) unpredictable. As stated above the

introductions were acconplished by placing a wasp on a receptive fig and

observing whether the wasp entered the f ig, walked off,  or f lew off.  I f

the wasp entered the f ig, an entry for that part icular f ig was reeorded.

1f she walked off the fig, she was replaced on the fig repeatedl-y for

about 5 minutes, and then i f  she st i l l  had not entered, she was

discarded; and i f  the wasp f lew off,  a new wasp was placed on the f ig.
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I did not successfully quantify these behaviors. Based on r3y

quali tat ive observations, I  suspect the fol lowing factors affect whether

a wasp enters a fig, walks off , or flies off : the nunber of lrasps in

the vial fron which a fenale was taken fron; light intensity; wind;

length of tlne since the wasp eclosed; the manner in whieh I got her to

walk on my finger; the quickness with which I moved ny finger to the

receptive fig and got her to walk on it; chenical attractiveness of the

receptive fig; and if she walked off, the snoothness with which I got

her to walk onto ny finger again and replaced her on the recept1ve fig.

The goal of this experinent was to elucidate the correlation between

foundress number and sex ratio. No inforuation was obtalned concerning

the above factors and the rasps' behavior during introductions.

Howeverr the introduction teehnique was uniforn with respect to

foundress number. Hence if there is a correlation between any of the

above factors l isted and sex rat io, the only effect would be to inerease

the variance in the sex rat io at each foundress Ievel. In other words

the effect would be to increase the experinental error, deereasing the

precision of the experiment, and possibly preventing a true correlat ion

between foundress number and the sex ratio from being deteeted. As a

f inal noter the foundress-preference experiments discussed in the

breeding structure section were designed in part to examine entry

behavior--no notable patterns were detected (see above).
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Mechanism of Sex-Ratio Adiustnent

Although the sex ratio rises steadily with foundress number ( these

data are discussed in ctetail below), the nechanlsm underlying the

increase in sex ratlo with foundress number is not clear. Three

possible mechanisms ares (i) a foundress lays proportionately nore

males anong her earlier eggs, and as foundress number increases the

number of eggs per foundress clecreases; (ii) when a foundress lays

small  clutch of eggs relat j .ve to her co-foundresses, she increases the

propor t ion of  nales la id  [ i . " . ,  the sex rat io  adjustnent  is  act ive

rather than en effect of decreasing total cluteh size as in ( i) ] ;  and

( i i i )  nost r  or  a l l ,  o f  the foundresses adjust  the i r  sex rat io  accord ing

to the ntrmber of eo-foundresses.

Sone infornation relevant to the three possible nechanisms

underlying sex-ratio variability ean be gleaned fron the data by

examining correlates of the observed sex ratio in figs within each

foundress number. Two possible correlates are l isted in Table J.9--the

ranlr of n' which is the rank within a given foundress number of the

total nunber of progeny reared fron a f ig, and the presence (+ or ++ in

Tab1e t.8) or absence (-) of ceeidonyi id gal ls in the f ig. There are

three pairwise correlat ions among the fol3.owing three variables; ( i)

the rank of the sex ratio within a given foundress number, designated r,

( ij-) the rank of n within a given foundress number, and ( ii i) tfre

presence or absenee of ga11s. The trends are s 'rnnari.zed in Table 3 .g .

The correlat ion between rank m and r was tested using Kendall 's tao

(Hollander and Wolfe 1973). For the nul l  hypothesis that K is zero (no

correlat lon) versus the alternative that K is dif ferent from zero, K =

-0.259,  9 = 0.014 ( two- ta i led test ) .  A test  o f  the nul l  hypothesis  that

a

th
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Table 3.9. The eorrelat ions among the three variables ( i)  absenee of
gal ls (coded as a 1ow quanti ty) or presence of gal ls (coded as a high
quantity), (ii) rank n, whieh 1s the rank, wlthin a given foundress
number, of the number of progeny reared fron a single fig, and (iii) r,
which is the sex ratio in that fig. Statistj.eal analyses of these
relationships are described in the text and in Appendir B. The values
in parentheses aproxinate the probability that the correlation is
different from zero. Sing1e-foundress figs Ttere not ineluded in the
analysis, since the theozy does not nake a elear prediction about the
sex rat io ln such f igs. From data presented in Table 3.8.

rank m

ga11s

rank m

- (0 .a4) +(0 .?5 )

- (0 .99 )
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there is no correlation within a given foundress number between the

absence (coded as a low quanti ty) or presence (coded as a high quanti ty)

of galls and rank tn versus the alternative of a negative correlation

indicates a weak negative trend (p = 0.15, one-tai led test l  se€ appendix

for cletails of the statistical procedure ) . A test of the nu1l

hypothesis that there is no correlation within a given foundress nunber

between gaL1s (coded as above) and ranlr of sex ratio t tt versus the

alternative that there is either posit ive or negative correlat ion

lndicates a weak posit ive trend (p = O.25, two-tai led test, see

appendix). The average number of progeny per fig at a given foundress

number are also valuable sumoary statistlcs for interpreting the

relations among r, rank m, and presence or absence of gaIIs. These

stat is t ics are repor ted in  Table 1.1O.

Each of the three nechanisns (nentioned above) tfrat possibly

underlle the strong correlation between sex ratio and foundress number

are discussed in turn. ( i)  The f irst mechanism suggested was that a

foundress lays proportioaately more males among her earlier eggs, and

that as foundress nunber increases the number of eggs per foundress

d,ecreases, and thus the sex ratio within the fig increases. The data

relevant to this mechanisn foIIow. (a) The weak negative comelation

betreen rank m and rank r within a given foundress number does not

contradict this mechanism, since as the total number of progeny produced

in a fig, n, within a given foundress number increases, either the

relatj.ve contributions of the foundresses with the fewer progeny are

increasing or the contributions of the foundresses with more progeny are

increasing. In other wordsr BS m increases the addit ional progeny are,

on average, later in the laying sequence of one or more of the

foundresses.  (U)  The sex rat io  wi th in a f ig ,  r ,  can be corre lated wi th
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progeny per
presented in
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The average number of progeny per
foundress at the foundress nunbers
Table 7.8 for P. assuetus from F.

fig and average nunber of
studied. From data

ci t r i fo l ia.

foundresses totals*

number of figs

Bean number of progeny
per f ie

s.  € .  o f  the mean

Bean nunber of progeny
per foundress

s. €. of the mean

g8

72 .O 159 .1

10 .9  18 .8

72 .O  79  . 5

10 .9  9 .4

11  12

2t1 .9 240.t

547

195 .4 208 .5

11

192.1

22 .1

64.O

7 .4

24.2

58 .0

5 .1

25.9 27 .4

48 .1  24 .4

5.2  5 .4

11  . 4

58.5

5 .9

* All totals exclude
were nade for these

one-foundress figs,
f igs.

since no sex-rat io predict ions
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the average number of progeny per foundress within a fig, x. fhe

regression liae obtained fron the data (excJ-uding single-foundress figs,

and the datun point for the 5-foundress flg with a sex rati.o of O J55)

ls r = 0.282 O.OO1?8x, yielding a coeff icient of determj-nation , R2,

of  0.503.  (c)  The ev idence in  both ( r )  and (U)  do not  contradic t

nechanism (i) ;  however, neither do they separate clearly nechanisn ( i)

f rom nechanism ( j.i ) and ( iii ) . The information provided by the

single-foundress figs is the best test of nechanisn (i), since neehanisn

( i ) predicts that the sex rati.o of a foundress ' progeny becones more

fenale-biased as the total brood size increases, independent of aII

other factors, such as number of eo-found,resses. In other words, males

are laid early in the laying sequence. The data for r and rank m for

single-foundress figs are in Table ,.8. Correlating rank r and rank m

with Kendall 's tao, K equals 0.222 (p = O.2tB). I f  the datun point m =

27 ,  r  =  0 .251 ,  i s  eons idered  an  ou t l i e r r  K  =  0 .55 ,  p  =  O.Ot l  ,

conditional on the removal of the outlier. Hence, there appears to be a

mild posit ive correlat ion between the sex rat io and the brood size,

which suggests that nales are laid nore frequently at the end of a

laying sequence rather than at the beginning, thus eontradicting

mechanism (i) .  In sunmary, nechanism (i)  seems unl ikely based on the

observed tendency of males to be laid later in the laying sequence in

single-foundress f igs.

The second nechanism (ii) proposes that foundresses laying snall

clutehes relat ive to their co-foundresses wil l  lay a relat ively high

proport ion of ma1es. The data avai lable provide l i t t le information on

this hypothesis. Howeverr Br experiment could be perforned that would

probably yield suff icient infornation to test this hypothesis. Most of
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the egg-laying in a fie oecurs within 24-16 hours after the first

foundress enters the fig, and in all of the experimental figs reported

in this thesls ' all the wasps rrere introduced within a 9o-ninute period,

and nost often during a shorter interrral. An experiment could be

performed in which the tine between j-ntroductions was varied for a fixed

number of total foundresses. For exanple, two fouadresses would be

introduced within a short tine interval, then the tine until the third

introduction could be varied. I f  nechanisn ( i i )  is correct, there

should be a positive correlation between tine until the third entry, and

sex rat io within the f ig, since the relat ive contr ibution of the third

foundress is l ikely to decrease with increasing t ine between entr ies.

Meehanisn ( i i i )  i"  a l ikely possibi l i ty, however i t  is dif f ieult  to

conceive of what sort of easily obtained evidence would clearly

inpl icate this mechanism over mechanisns ( i)  and ( i i ) .  A genetie

markerr ES Werren (tgAOarU) used, would be extrenely useful,  but none

are knorrn among fig rrasps.

Genetic Reeognit ion and the sex Ratio--F. ci tr i fol ia

The number of foundresses within a fig ls a correlate of the

relat ive genetie honogeneity, Pdt. However, other eues, such as

odorsr traX provide a better est inate of the genetic homogeneity. To

test whether sex rat ios are condit ional on cues of genetic honogeneity

other than foundress numberr 8n experinent was perforned on P. assuetus

( f rom c i t r i fo l ia) .  The data presented in  Table 1.8 represent  the sex

ratio in f igs into whieh a given number of foundresses were introdueed.,

each foundress having been reared from a dist inct maturing f ig. Thus,
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the foundresses represent a random sanple from the local subpopulation.

To create a comparison with the random sample of foundresses, five

females all reared from the same maturing fig were introduced into each

of three receptlve f igs ( i .e.,  15 females reared fron one f ig were

introduced into three f igs, yielding three repl icates). Since sone of

these fenales are sibs, the expected genetic variance within these figs

ls lower than in figs where the foundresses are a random sanple. Three

a priori  hypotheses folIow from the theory. ( i)  The location of the

populat ion of sex rat ios (a stat ist ical populat ion) per f ig wi l l  be

lower in figs with foundresses reared fron a eommon fig than in figs

with foundresses reared from t l i f ferent f igs. ( i i )  The distr ibution of

sex ratios per fig will have a stronger l-eft-skew in figs with

foundresses reared fron a connon fig than in figs with foundresses

reared fron dif ferent f igs, since the sex rat io is predicted to decrease

as the number of sibs increases within a fig with five foundresses.

(ii i) ryre varianee in the sex ratio anong replicates taken from a single

naturing fig is less than the variance in the sex ratio among figs where

foundresses were reared from different maturing figs, since sone

maturing figs would have had few foundresses and therefore have reared a

high proport ion of sibs, whlle other naturing f igs would have had many

foundresses and thus reared a low proportion of sibs. The data for this

exper iment  are in  Table t .11.

Analysis of the three hl4rotheses are discussed in turn. ( i )

Denoting figs with five foundresses taken fron different naturing figs

as 'control f igsr '  and f igs with f ive foundresses taken from the same

maturing f ig as 'experinental f igs, '  the median of the sanple of control

f igs is 0.221 (n = 12) and the median of the sanple of experimental f igs
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Table 3.11. The sex rat io anong the progeny generation in f igs of F.
citrifolia to which five pollinating rrasps reared from the sane naturing
citr i fol ia f ig were iatroduced. Fenales iatrodueed into f igs with the
same maturing fig eode number were reared from the same naturing fig,
and thus fort replicates. 'm' refers to the total number of progeny
reared fron each experinental fig, and 'gaIls' refers to the absence
(- ) '  presence of  a few (* ) ,  or  nany (** )  cec idonyi id  gal ls .  ' ( t r1n) '

indicates that the presenee or absence of gal1s was not reeorded.. The
experinent was conducted in the Everglades National Park, Florida. See
text for stat ist ical analysis.

naturing fig code sex ratio gal1s

0 .107

o.151

o .1  67

o .156

0 .171

o.240

o.202

o.22 t

o.297

0 .195

o.245

0 .196

0.249

0 .227

o .224

o .175

o.205

o .242

o.246

159

713

221

205

170

145

188

165

157

738

t19

242

197

247

223

444

161

207

275

++

+ +

++

+ +

I
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Table 7.1 1 continued

naturing fie code sex ratio galls

9

9

10

10

11

11

12

o.203

o.232

o.258

o .292

o .219

o.254

o .125

1t8

275

187

120

146

158

190

++
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,is 0.221 (n = 26). No corunonly used statistical procedure applies since

the control population is not a priori symmetrically distributed (a

binonial distribution with p(0.5 has a right skew). However, it is

quite elear that no detectable shift in the loeation occumed, since the

nedians are equal. (il) The only standard procedure available for

testing shift in skew between two populations when the eontrol is not a

priori s;nnmetric, is the Kolnogorov-Smirnov two-sample test (procedure

is outlined in Hollander and Wo1fe L973). The alternative hypothesis is

one-sided since the prediction is that the experinental population will

exhibit a greater right-skew than the control population. The test

stat ist ic is JZ'  = Q.533, g = A.43. Thus, there is insuff ie ient

evidence to reject the nuII hypothesis. However, the Kolmogorov-Smirnov

test is notoriously weak (i. €.r high type II error rate), and if a

real difference between the control and experinental populations exists,

it is likely to be snall. (iii) The hypothesis that the variance among

replicates fron the sane naturing fig is less than the varianee over all

sanples can be tested by a Kruskal-Wallis test (Hollander and Wolfe

1977).  The test  stat ist ic is H = 16.14. An approximate signi f icanee

level can be obtained by eomparison to the ehi-square distribution (i.

2
€ . r  l e t  X ' t r . \  =  16 .14) .  Th is  p rocedure  y ie lds  an  approx ina te

\ t t l

attained signif icanee level of p = 0.14. The only inference that can be

drawn fron this approxinate procedure is that strong within-group

honogeneity rras not deteeted.

A more preeise experinent can be designed for detecting genetle

reeognit ion and an associated sex-rat io shif t .  In the experinent

deseribed above, the number of foundresses in the maturing figs fron

whieh the wasps for introductions were reared was unknown. Wasps reared
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fron figs in which the foundress numbers were experinentally controlled

could be used, thus the expected number of sibs introduced into an

experinental fig could be controlled. The proportion of sibs among the

foundresses could be nanipulated, and the total nurnber of foundresses

could be varied, allowing conparisons over a broad range of genetic

varj-ances within figs. Such atr experiment shouLd indicate whether the

proxinate cue used by the foundresses is genot;pic recognition or

foundress number.

Sex Ratio versus Foundress Nunber--F. aurea

An experinent excluding parasites and controlling foundress numbers

identical to the experinent described above for F. ci tr i fol ia was

perforned on L gg, usi.ng Pegoscapus i inenezi rrasps. Table 1.12

reports sex ratlo and foundress number for an experinent conducted in

I"t  
Largo, Florida In thls experinent each foundress introdueed into a

reeeptive fig was reared fron a clifferent maturing F. aurea fig

col lected on Key Largo.  Table 1.17 repor ts  sex rat io  and foundress

number for a similar experinent on F. aurea conducted in Everglades

National Park, Florida, with eaeh foundress introduced into a receptive

fig reared fron a dif ferent naturing f ig col lected in the Everglades.

An experinent was also perforned on F. aurea in the Everglades in which

three or four foundresses, each reared fron the same naturing fig, rrere

int roduced to a reeept ive f ig .  The data are in  Table 1.14.  Sanple

s izes are too snal l  for  in ference,  however  ( i )  sex rat ios appear  to

increase with increasi-ng foundress number, and ( i i )  the sex rat ios

appear higher in the Everglades than on Key Largo.
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Table 7.15 cont inued

foundresses sex ratio

0.000

0.000

0 .010

o.o4'7

0.080

0.082

o.og,

o.125

o.179

o.13O

0 .174

25

,2

75

54

75

77

75

120

106

54

59
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Table 7.14. The sex rat ios among the progeny generation in f igs of F.-
gg31 to which three or four pollinating wasps reared fron the same
naturi-ng aurea fi.g were introduced. 'n' refers to the total number of
progeny reared fron each experimental fig. The experiment was conducted
in Everglades National Park.

foundresses sex ratio

o.1  45

o .1 '15

0 .189

o.241

o.250

o . t1g

o.344

74

108

48

116

54
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Discussion of Data and the"r,Z

In this section the theory of Chapter II is compared with the data

on f ig wasps. As stated earl ier, the quanti tat ive theory of Chapter I I

was developed a posteriori with respect to this data set. llhis a

posteriori clata analysis is ained at increasing our understanding of fig

wasp sex ratios and inproving our predictive porrer in future studies.

First,  a detai led quanti tat ive study of the data for Pegoscapus assuetus

( f ron F.  c i t r i fo l ia)  is  repor ted.  Seeond,  a gual i ta t ive d iscussion of

the data for P. j inenezi (fron aurea) is presented. Final lyr 8R

overview of the fig wasp data and the theory is discussed, and future

direct ions for enpir ical work are outl ined.

Quanti tat ive Analysis of P. assuetus Fex Ratios

Data have been obtained that allow a direct cheek of the

predict ions of Equation 2.12. The underlying assumptlons of thls nodel

are assumptions A of Chapter I I ,  with the fol lowing addit ions and

changes. ( i)  The sett l ing of foundresses from the populat ion is random

in each generation. ( i i )  The denes are of size n with probabil i t ies

d_. d_ is estinated. by taking the average values over the data inn n

Table 5 .4. ( i i i  )  T}re clutch size for each foundress in a deme of size n

i s  K  ( n  =  1 r 2 r 3 r . . . ) ,  i n s t e a d  o f  K .  K '  i s  e s t i n a t e d  f r o n  T a b l e  3 . 1 O ,n

using Kr = 40 and Kn = 72 (Uy interpolat ion). ( i tr)  Sex rat ios are
o t

eondi t ional  on deme size.  These changes were out l ined in the

deve lopment  o f  Equat ion  2 .12  in  Chapter  I I .
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Equation 2.12 glves the predicted sex rat i .o as 
"o* 

=

( c / Z ) [ ( " - t ) / t ]  ( o  =  1 r 2 r J r . . . ) ,  w h e r e  C  i s  t h e  t e r m  f r o m  t h e  q u a d r a t i c

equati .on. Using the estinates for do and Ko in equations 2.1t, C =

0.81 5 . The predictetl values for 
"o* 

f ron Equati-ons 2 .13 are given in

Figure 3.2 (so l id  curve) ,  a long wi th the sex-rat lo  data f ron Table 1.8.

The qualitative trends of predicted and observed sex ratios are similar

(Uotfr increase with foundress number at about the same rate), but the

observed sex ratios are significantly more fenale-biased than predicted.

Several additional factors affecting sex rati.os were mentioned in

Chapter I I ;  howeverr rro data are avai lable on these addit ional factors.

How these factors affect the predicted sex rat io wil l  be explored

brief ly. The faetors are: ( i)  dif ferential eoutr j-bution of the

foundresses within a f ig, represented by to (Equations 2.14-2.20),

which would lower the predicted sex rat io; ( i i )  large-scale populat ion

structure, represented by Pst, which also leads to more female-biased

predict ions; and ( i i i )  patterns of mating and local nate conpeti t ion

wlthin a f ig, which nay eause the predict ioned sex rat ios to increase or

decrease. Each is discussed in turn.

Differential eontributions of foundresses. The foundresses within

a fig certainly do not all lay the same number of eggs. Equations

2.15-2.2O descr ibe the predic ted sex rat lo  when the contr ibut ions of  the

foundresses differ. The paraneter used to measure the expected

variabi l i ty ln clutch sizes is t

|  (slmilar to Charnov 1982r p.

variance in clutch sizes and ,o'

ar

to may be written as ont/Vn

where o^2 is the expeetedn

the square of the expected

n '

72) ,

i s

2 +

cluteh

sexs i z e  i n  f i g s  o f  s i z e  n  ( n  =  2 r 3 r 4 s . . . i  t t  =  1 ) .  T h e  p r e d i c t e d



Figure 3.2. Correl-at lon between sex rat los and foundresses per f ig for
Pegoscapus assuetus from Flcus cltr l fol la. The upper curve ls the predlcted
sex rat lo accordlng to Equatlon 2.L2, uslng the data in Table 3.4 to estlmate
d,, , the data ln Tab le 3 . 10 to estlmate K,, , and assumlng that clutch slzes
of al l  f  oundresses wlthln a f 1g are equal (t-  = 1 for al l  n) .  The l-ower
two curves are f rom Equation 2.2O, using t, .  (n=1 ,2 13, .  .  .  ,  8) as l lsted ln
the f lgure. t_ is defined ln Equatlon 2.L7. The two sets of t  ts represent
what I consideP to be a reasonable range for the expected vartaBce ln cLutch
sizes wlthln f lgs with n foundresses. These vaLues for t  were arr lved
at by tr lal  and error. o
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rati.os using the P. assuetus data for d_ and K_ are given for twonn

s e t s  o f  v a l u e s  f o r  t o  ( r =  1 , 2 r 7 r . . . , 8 )  ( f  i g .  1 . 2 ,  d o t t e d  a n d  d a s h e d

curves). These two sets were arrived at by trial and error, such that

the true values of to very likely falL between then (i. e., the two

sets forn an upper and lower for to). This moves the predicted sex

ratios closer to the observed values, and seems entirely just i f ied on

logical grounds. However a qual i tat ive discrepancy st iD exists.

Large-scale populat ion structure. The effects of large-scale

population structure on fig wasp sex ratios has been discussed by Frank

( t9gr) .  However,  h is  quant i ta t ive in terpretat ion ( lga l ,  F ig.  8)  i "

incorrect. Since Pat = Pd"P"t, large-scale populat ion structure

(i .  €.r Pst less than one) reduces the predicted sex rat i .o. The

Pat tern is easi ly adjusted. For exanple, i f  Pst = 0.85, and

settling from the local subpopulation is random, Pat =

[ ( " - f ) /n ] (0 .85) .  However ,  the  R  te r r  i s  a l so  a f fec ted  by  la rge-sca le

populat ion structure, since R is a function of F, the inbreeding

coeff icient. f f  there is dif ferentiat ion among subpopulat ions, the

correlat ion of unit ing gametes that are identical by descent with

respect to the entire populat ion increases. So, F increases, and for

haplodip lo i t ls ,  R decreases ( faUte 2.1) ,  and predic ted sex rat ios

decrease. The exact quanti tat ive relat ionship between P", and R for

haplodiploids under assunptions A, and randon sett l ing from local

subpopulat ions, is unl<nown. However, for haplodiploids (with maternal

contro l  o f  the sex rat io) ,  R is  bounded wi th in the in terval  lZ / l r l f  (see

Tab le  2 .1 ) ,  so  the  e f fec t  o f  sna l l  changes  o f  Ps t  (e .  E . t  P

0.85) wil l  probably be ref lected by insignif icant changes of

s t

R .  Thus ,



Flgure 3. 3. CorrelatLon betrf,een sex
Pegoscapus assuetus. The two curves
of Fl-gure 3.2, except that P _ ̂  Ls set
e:rplanatlon. 

' st

ratlos and f6undresses per flg
are ldentlcal to the l-ower two

at 0,85, See text for further

for
curves
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an upper bound for the predieted sex ratos ean be obtained by ehanging

P"t and ignoring the snall associated reduetion of R. With this in

nind, the upper bounds for the predicted sex ratios using the two sets

of to'" from Figure 5.2, do and Ko from the

P"t  set at  O.85, are plot ted iD Figure 3.3.

P .

A

assuetus data, and

value of P_^ = 0.7st

yields a close f i t  to the observed sex rat ios, however in the absence of

supporting data sueh a value seens extrene.

Given the population dynanics of fig wasps, and the probable

bottlenecks that occur in the winter and at the fringes of the

tl istr ibution, a value for Pst of 0.85 is not unreal ist ic. Wright

(tgZg, chapter 7) ' reviews values of dif ferentiat ion for several species

based on electrophoretic data. I t  is cl i f f icult  to compare these values

to what might be expeeted of fig wasps, since the population dynamics of

the species studi.ed electrophoretieal ly varies widely. Ihe only

reasonable eonclusion that can be made from the data summarized by

Wright (tgZg) i" that a value for Pst of 0.85 does not appear to be

extreme.  [My use of  P"a is  nearest  to  1-FOS of  Wr ight  (1979,

ehap te r  ? ) .  ]

The quantitave analysis of the P. assuetus data has used the

enpir ical disr i-bution of the number of foundresses per L citr i fol ia

f ie (do) est inated from the data ia Table 1.4. These data were

col lected during the nonths of JuIy and August. L eitr i fol ia has a

pronounced flowering peak fron May through August ( ttre sunmer wet

season), and f lowers infrequently durlng the winter nonths (t fre dry

season) .  Therefore,  i t  is  possib le that  the f ig  wasp populat ion drops

considerably during the winter, and single-foundress and occasional

clouble-foundress f igs pret loninate. To explore the effect of populat ion



Flgure 3.4. Correlat lon between sex rat ios and foundresses per f lg for
Pegoscapus assuetus. The upper curve ls the average over the tws lower
curves of Flgure 3.2, where P^* = 1 and F ls esttmated from the data in
Tables 3.4 and 3.10. The mldi l te curve is the average over the two curves
of  F lgure 3.3,  where P^* = 0.85 and F is  est imated f rom the data.  The
uriddle curve ls also apfiroxlmately the predicted vaLues for the two
sets of  t - ts  f rom Flgure 3.2,  wl th  P^*  = 1 and p = 1.  The lower curve
is  the 

" . rBt"g"  
over  the two sets of  E l t "  i tor - f fgure 3.2,  wl th  p--  = 0.85

and p = 1. See text for further explBnatLon. 
- '  st
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x = datum polnts from Table 3. 8

A  =  Average  over  ArE i  P" t=  0 .85 ,  f rom F i .gu re  3 .3

= Average over  ArEi  P" t= 1 and F = I

o  =  Average  over  ArO i  P" t=  0 .85  and  F  =  1

@ = Average over  ArEi  P" t= 1.  f rom Flgure 3.2
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bottlenecks on the predicted sex ratio, let us consider the extreme

case. I f  al l  f igs have only a slngle foundress, F wil l  approach 1, and

R approaches 2/t ( faUte 2.1). Figure 5.4 presents the predicted sex

ratios for the four eonbinations of P"t = I  or 0.85, F = 1 or

estinated fron the enpirical distribution of foundresses per fie (taUte

7.4), and taking the average predicted sex rat io over the two sets of

t- 's given in Figure 7.2. These eurves represent a reasonable rangen

for the predicted sex rat ios under the condit ions diseussed so far.

(Most inportantlyr w€ are stil l assuning randon settling from the local

subpopulations, and randon nating and nate eonpetition within the fig.)

A quantitative discrepancy between predicted and observed sex ratios

s till rernains .

Patterrrs _of nating and nate eompetition. An assunption underlying

the quantitative analysis of the P. assuetus data above is that nating

is random within the f ig-- i .€.1 Pia = 1. The experiment deseribed

earlier, in which males showed a preference for searching for mates in

their own fig versus an alien fig, suggests that PiA is plausibly less

than ore. Violat ion of the randon mating assunption clearly raises F,

and thus lowers the R term. Exactly how the Pat term ls affected is

not elear. When random nating was assumedr Pdt reflected the level of

local mate conpeti t ioa. I f  nating is assortat ive, the degree to whieh

males compete with relat ives for mates would greatly increage. So, i t

seems that the level of local nate conpeti t ion would be eonsiderably

greater, aad the predieted sex rat io lower. In summary, assortat ive

nating within the figs (tr. less than one) appearsr to lower the

predicted sex rat io considerably, si-nce i t  simultaneously lowers R and

lncreases the level of loeal nate competit ion.



L22

Another plausible interpretation of the male-mating preference

experiment is that nales tend to aggregate by relatedness. Typically, a

fig has 1-, foundressesr so the nales of the progeny generati.on can be

diveded into 1-1 sibships. One can easily inagine possible benefits to

individual nales that move in brother-mating groups. For exanple, in a

brother-mating group little tirne nay be wasted on jostling with nearby

nalesr so the overall sibship efficiency is increased,. This sibship

efficiericy is critical, since a group of brothers can perhaps nate more

quiekly with nost of the fenal-es, then chew Fn exit tunnel to end the

nating period. I t  is conceivable that eff icient sibship mating fol lowed

innediately by chewing an exit tunnel is a superior strategy for

individuals over searching alone and encountering a good deal of pushing

and conpeting for mates. Further behavioral observations on the males

will be helpful. I arn not certain how nate searching in sibships would

affect predieted sex rat ios.

Quali tat ive Discussion of P. i inenezi Sex Ratios

The total nunber of fig wasp progeny per fig in F. aurea is

typ ica l l y  40 -80  (Tab les  5 .12-7 .14) ,  wh i le  in  F .  c i t r i f o l i a  i t  i s

150-rOO (Tables 1.8,  7 .11) .  The snal l  number of  progeny per  aurea f ig

greatly increases the variance in the sex rat io, and nakes quantl tat ive

studies nore dif f icult .  For this reason, most of the enpir ical research

focused on & c i t r i fo l ia .  However,  some data for  P.  i imenezi  ( f ron

aurea)  were obta ined (Tables 5.12-r .  14)  ,  € l l though sanple s izes are too

snall  for stat ist ieal inference. Three interesting trends in the data

are notable. ( i)  The sex rat ios tended to increase with lncreaslng
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foundress number at both Key Largo (taUte t.13) and the Everglades

(naUte 3. IZ).  ( i i )  Sex rat ios from the Everglades (Tables 3.12 and

t.14) appear to be higher than sex ratios of Key Largo (Taute t.17).

( iii) Within the Everglades, the sex ratios of Pj- iinenezi ( f ron aurea,

Tables 1.12, 3.14),  appear higher than the sex rat ios of  P. assuetus

(fron ci t r i fo l ia,  Tab1es 7.8,  7.11).  These trends are discussed in the

next section.

Thesis Sunmary

The theory developed in Chapter II has provided a good qualitative

explanation for the P. assuetus sex-rat io d,ata. The fol lowing issues,

which are amenable to future enpirical studies, have arisen during the

developnent of the theory and discussion of the quantl tat ive prediet ions

and observed sex rat ios.

Large-Scale Populat ion Structure

In theory, genetic dif ferentiat ion among subpopulat lons of

pol l inator wasps leads to lower precl icted lex rat i .os. A eonbination of

d i reet  genet ic  techniques (e.  E. t  e leetrophoresis)  and studies of

population denography is the most promising approach. Demographic

studies nay include infornation on flowering phenologies of the host fig

t rees,  d ispersal  s tudies on the polL inator  wasps (see p.  64 ) ,  and data

on the distr ibution of pol l inators per f ig through space and t ime.

Alsor atr among-species hypothesis is that as the distr ibution of the

host fig species becomes more isolated in time and space, the lower the

predicted sex rat ios of the pol l inating wasps.
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Population Bottlenecks

The distribution of the nrrnber of pollinators per fig undoubted.ly

varies through tlne. A bottleneck in the population of pollinating

wasps nay occur during a low point in the flowering of the host tree

populat ion, or after a catastrophe sueh as drought or frost (see p.

63). Bott lenecks wil l  very l ikel,y affeet the large-seale populat ion

structure (see l{right 1969), tending to inerease differentiation and

thus lower the predicted sex rat ios. AIso, during a bott leneck,

one-foundress and occasionally two-foundress figs will predominate, and

F wil-1 increase towards one. This will lower R, and thus lower the

predicted sex rat j .os. This prediet ion is enpir ical, ly tractable; island

versus nainland regionsr oF peripheral versus central localities of a

distribution, will l ikely provide useful infornation sj.nee bottlenecks

are more conmon in isolated regions. Note that the sex rat ios of P.

jinenezi (fron aurea) are lower on an island (fey Largo) ttran on the

nainland (Everglades), although the sanple sizes are quite small .

Patterns of Mating and Mate Conpeti t ion in the Fig

The quantitative nodels have assuned random mating and nate

conpet i t ion wi th in a local  group (e.  B. r  a  f ig) .  I f  mat ing and nate

competit ion are non-random, the predicted sex rat ios wil l  be affected.

First,  the inbreeding coeff icienct, F, wi l l  increase i f  mating is

assortat ive, and thus lower R and the predicted sex rat ios (and vice
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versa for dj.sassortative nating) . Second, the effect of non-random mate

eonpeti t ion on the predicted sex rat ios wil l  depend on the f i tness

valuations of a nale offspring as a function of the sex ratio. The

expeeted fitness valuation of a nale when nating is randon is

proportional to E/VI, the number of females divided by the number of

nales ( i .e.,  each nale has a probabil i ty of t /W of nating with each

fenale). fn an experinent, L. assuetus nales preferred to seareh for

mates in the fig in which they lrere born versus €u1 alien fig (see p.

78). [his preference may be due to either posit ive genetic correlat ion

of nates (assortat ive nating), posit ive spatial correlat ion of nales

searching for nates r or sone other cue not correlated with genotype of

mates or males. Experinents to distinguish €rmong these three

possib i l i t ies were out l ined (p.  8L ) .

Condit ional Sex Ratios

When sex rat ios vary aceording to some ecologi.cal parameter, the

sex rat io Bay be considered condit ional on this paraneter. For exanple,

Equatlon 2.12 expl ici t ly develops the ESS sex rat io as a function of the

number of foundresses in a dene (f igl ;  that is, i t  predicts that the

sex ratio of a fig wasp will be conditional on foundress number. In

other wordsr s€x rat ios eondit ional on the level of the parameter confer

a greater fitness than unconditional sex ratios. The observed sex

ratios (Fig. , .2) support the hypothesis that f ig wasp sex rat ios are

eonditional on foundress number.
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Other paraneters exist that nay be used for adjusting the sex ratio

to achieve greater fitness. One is genetic recognition among

foundresses. The nrrmber of foundresses per fig yields j-nfornation on

the expected genetic variance within a fig. However, if some proxinate

nechanism exlsts for assessing more accurately the level- of genetic

variability within a fig, then sex ratios are predictetl to be

conditional on the assessed level of genetic variabj-lity. A simple

experinent was constructed to test if fig wasp sex ratios are

eonditional on genetic recognition. Females reared fron five separate

figs were introduced into a single receptive fig, and the sex ratio

produced was measured. For conpari.son, five fenales reared fron the

sane fig were introduced lnto a single receptive fig, and the sex ratio

was measured. Some of the foundresses within a fig will be sibs ln the

second set of f igs, while in the f irst set foundresses are never sibs.

So, genetic variability is lower within the seeond set of figs, ed if

sex rat ios are condit ional on assessi-ng genetic variabi l i ty, then the

sex rat io is predicted to be l-ower in the second set. No dif ferenee in

the sex rat ios were detected. However, the design is quite crude. More

refined nethods for experimentation were outl ined (p.106 ).

Another parameter which nay be assessed and used for adjusting the

sex rat lo is dif ferential contr ibutions of the foundresses. Equation

2.2O is based on the expected varlance in contr ibution of foundresses.

However, the actual varianee in eontr ibution of foundresses within a f ig

nay be used as a cue. This is perhaps testable by staggering the time

between entry of foundresses, thereby changing their relat ive

contributions. Ivlore information on tine of entry and egg-laying

behavior is needed before a r igorous experiment can be designed.
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Some addltional factors that nay affect the sex ratio and sone

alternative explanations need to be addressed.

Sex Ratios Conditional on Nunber of Foundresses Erpected versus Nunber

Present

To ilLustrate this point, I wilL discuss a particular example.

first foundress enters a receptive fig, and begins to lay eggs. At

tine, this is a one-foundress fig. As she lays her last eggs, the

overall sex ratio of her progeny has nearly been determined. Should

(i) behave as i f  no other foundress wil l  enterr or ( i i ;  behave as i f

A

this

she

another foundress wilL enter with some specif ied probabil i ty? If  ( i ) ,

then she should produee a very low sex rat io, i f  ( i i ) ,  then a sl ightly

higher sex rat io. In either case, she should produee a lower sex rat io

than if she were in a two-foundress fig (equivalently, if the

probabil i ty of a second foundress arr iving equals one) (Hanil ton 1967).

Assume the first foundress dies, and a second one enters the fig. Sinee

the f irst foundress is dead, the second foundress adjusts her sex rat io

condit ional ly according to being with a foundress that has produced a

sex rat io beLow the sinultaneous two-foundress predicted level ( i .e.,

the expected sex ratio when two foundresses both ean assess eaeh other

and adjust their sex rat ios aceordinely). An interesting property of

this sltuation is that if the second fenale behaves so as to naximize

her expected f i tness, the overal l  sex rat io for both foundresses wil l  be

below the sinultaneous two-foundress level (ttanilton 1967). To

eircumvent this dif f iculty, in al l  the experiments reported in this

thesis the foundresses rrere introdueed into a reeeptive f ig within 90
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ninutes of one another. (A single fenale lays eggs for about 18-36

hours, a fig is recepti.ve about 24-48 hours after the first foundress

enters. ) Entry of all foundresses within such a short tine span under

natural conditlons is probably unusual. To study this problen, a

conbination of three approaches is needed. (i) A theoretical study of

predicted sex ratios for various entry tines of foundresses and for

various sex-ratj.o strategies. (ii) Erperinents in which the times

between the entzy of the foundresses is varied. (iii) Conparison among

speeies in which the length of the egg-laying period per fenale and the

length of tine that a fig is receptive to nen foundresses after the

first has entered varies.

Control over the Sex Ratio

The predicted sex rat ios for f ig wasps as a function of foundress

number were obtained by assumj-ng the genetical control was autosornal and

the nother had control over the sex rat io. There is a good precedent

for naternal control of the sex ratio in Hymenoptera (Flanders 1956).

However, l f  an extranuclear genetic elementr or a parasite sueh as a

nematode, Trere able to inf luence the sex rat io of the wasps, the

predicted sex rat ios would be dif ferent (Hanil ton 1979). For example,

natr i l ineal ly inherited part icles are predicted to lnerease the fenale

bias in the sex ratio to an extreme degree. The steady rise in the sex

ratio with foundress number and the low variance within a given

foundress number for  P.  assuetus ( f ig .  1 .2)  argue against  contro l

other than autosonal and maternal.
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Another interesting point is that there is an inherent conflict

between a f ig tree and i ts poLl inator wasps over the wasps' sex rat io

(Hanil ton pers. cornm. ).  The tree loses one seed for each f ig wasp

reared, and gains one pollen disperser only for each fenale fig wasp

reared. So the tree ls benefi ted by a low pol l inator sex rat io,

independent of foundress number. Sinee the wasps' sex ratio inereases

with increasing foundress number, this eonflict between tree and wasp

nay help explain why the ostiole closes so quickly (Z+-qA hours) after

the f irst foundress enters. Once the foundresses are inside, i t  does

not appear that the tree ean affect the pol l iaators'  sex rat lo, since

the sex ratio ri-ses steadiLy with foundress number. However, the

inabi l i ty of the tree to affect the pol l inators'  sex rat io is not

certai.n, and remains a fascinating, open question.

Sex Ratio or Investnent Ratio?

The predicted sex ratios depend on the assunption that the cost to

a female of produeing a son equals the cost of producing a daughter,

This seens a reasonable assumption for f ig wasps, sinee each progeny is

laid in i ts o$n f lower. I f  the cost of a fenale were greater, perhaps

due to increased oviposit j-on t ine required for fert i l izat ionr or

increased nutr ient content of eggs, the predlcted sex rat ios would

increase ( i .e . ,  more males) .  I f  na les were nore cost ly ,  perhaps due to

extra nutrients in the eggs to pronote rapid development and an

advantage in nate conpeti-t ion, the predicted sex rat ios would be lower.

I  can think of no sinple, direct methods for test ing the eost of

produci.ng males versus females.
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Efficiency of Theoretical Modeling Exceeds Efficieney of Adaptation?

ilIodels can be made increasingly complex as nore and nore parameters

are added. With enough paraneters, agreement between theory an

observation can easily be achieved. However, the reality of adding

additional parameters nust be questioned. Paraneters such as

large-seale population strueture are plausible, and when added to the

nodel  a bet ter  f i t  o f  theory to  observat ion is  obta ined (F ig.  7 . r ) .

Deciding which paraneters to acld to a nodel is a dlifficult task.

:
Future Directions

In this study of f ig wasp sex ratiosr 8n excellent qualitative

agreenent between theory and observation has been aehieved. Methods for

the quantitative analysis of fig wasp sex-ratio patterns have been

cl-early developed and applled in an a posterlori  fashion. A great

advantage of studying the fie tree-fig wasp complex is that with 900

species there is a r ieh source of conparative information. This al lows

an extensive test of the predict ive powers of these quanti tat ive

theorj-es. As nore infornation on other species is obtained, the

accuraey and precision of these quanti tat ive models can be assessed in

de ta i l .



APPM{DIX
MATHEMATICS FOR LOCAT

A
MATE COMPETITION

There are three sections in this appendix, ( i)  an index of symbols

used  in  Chap te r  I f ,  ( i i )  a  de r i va t ion  o f  Equa t ions  2 .1O,  2 .12 ,  and  Z .ZO

by extending the nethods of fayror and Bulner (tgeo), and (t i i )  a

dj-scussion of the variance terns, Vd, Vt and Pat used in Chapter I I  ,

includlng derivations of the eonditional variances used.

Bp"' Bpa

Index of S]rnbo1s Used

"Complete" coeff icient of relatedness of the

control l ing the sex rat io to son or parent to

respeetively (Hanil ton 1972).

parent

daugh t er,

R

Pat

rat io of relatedness eoeff icients, R = ,tn"rBpd

Wright 's index of pannixia (Wrieht IgGg) represents the

genetic ( o" phenotypic type) dif ferentiat ion anong demes

within the populat ion. A value of 1 denotes no

differentiat ion among demes, while a value of O denotes

conplete dif ferentiat ion.

predicted, uncondit ional sex rat io of eaeh fenare in the

popula ti on

predic ted,  eondi t ional  sex rat io  for  each female wi th ln a

d e m e  o f  s i z e  n  ( n  =  1  , 2 r 3 r . . .  r L )
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r*

r *n
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The number of already mated fenales founding a

a nen generation. Upper case is used to denote

demes are of exactly the same size N.

as above, except that deme sizes vary from n =

the proportion of demes that are of size n

Wright 's f ixat ion index (Wrieht 1969), the

between honologous genes of uniting ganetes

gene frequeneies in the whole population.

proport ion of sib mating in each generati .on

dene to start

that all

n

d
n

K

K
n

va

td

nunber of eggs laid by each fenale in the population

number of eggs laid by eaeh fenale in a dene of size n

genetic variance within denes over the entire population

genetic variance within a deme, lower case used to denote

that the varianee within a particular deme is a random

quantity

genetic variance anong denes

genetic varlance among demes, lower case used to denote that

this quantity ls dependent on conditions which are random

genetic variance within the population

v
a

v
a

vt

F coruelat ion

relat ive to the

over the entire

w
n

a r b

x ; Y  t z

k
nL

h
nL

0onj

p opulat i on

proport ion of sib mating in a deme of size n

def ined in  Equat ion 2.11

def ined in  Equat ion 2.1t

nunber of eggs by the ith fenale in a deme of size n

koi/Ko

the probabil i ty of a part ieular array (norj) such that

the sum of Boj over i is one
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a neasure of the varlability in clutch

within a deme of size n, a value of 1

si.zes for all females, and a value of

are laid by a single foundress

a/t
n

Equations 2.2O

sizes of foundresses

means equal clutch

n means that all eggs

n t

x t , Y ,  , 2 ,

Derivation of Results

In th is  chapter ,  Equat ions 2.1O, 2.12,  and 2.2O were developed f ron

Hami l ton 's  (1979)  fornula (Equat ion 2.1 ) .  At  th is  t ime,  the only  proofs

I caa offer for these results fol low as an extension of the nethods of

Taylor and Bulner (t9gO). This section develops the methods and proofs

o f  Equa t ions  2 .14 ,  2 .12 ,  and  2 .2O in  o rder .

Taylor and Bulner (tggO) found the solut ion for the eonstant dene

size, equal eontr ibution of foundresses, and randon sett l ing situation

in haplodiploids. First,  the nethods they used are presented, then the

necessarT extensions for proving the new results developed in this

ehapter are provided.

Assume the fol lowing. The sex rat io is control led at a single

locus on an X chronosone. The al lele R causes fenales to produee a sex

rat io  of  r  (na les/ tota l ) ,  and the a l le le  S a sex rat io  of  s .  R is

assuned doninant ,  i .  € . r  RS y ie lds a sex rat io  of  r .  The a l le le  S is

rare, such that there is never more than one of N females bearing an S

a l le le  pe r  deme.  Name the  S  a l le le  a  mutan t  t ype i  l e t  * ( i r j )  (O< i<e ,

OSi! '  i+i>O) be the relat lve frequeney of demes in whieh there are N-l

non-mutant fert i l ized females and one fenale of type ( ir j)  with i  S

al leles in the fenale and j  S al leles in her mate.
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frequency of deme types in the nextLetting

generation

, +'x '  
(2  ,  L )

J.

x ' ( 2 r 0 )
.L

x '  ( 1 r  l )

J-

x l  ( t ,  o)
-t-

x ' ( 0 ' 1 )

pu/ (1-r)

(1-p) u/  (1-r)

0

0

(N-1) P

0

0

pu/ (r-r)

(1-p) u/ ( 1-r)

lrrr-1) n

I
iN-

2N-1

4N
N-L
2N

0

0

1
6

2N-1

0

0

0

1

0

x ( 2 , L )

4N
1

6-
2N-1

4N
2N-1
E

x (2  '  o )

x ( l ,  1 )

x ( l , 0 )

x ( 0 , 1 )

Wiv

u= l - s p  =  s / { s+ (N- l ) r }

The eigenvalues of this equation are functions of r and s, so write

),(rrs) .  First ,  note that l ( r rr)  = 1,  which is the dominant eigenvalue.

Now,  ' ! r e  seek  r  e [o , t ]  sueh  t ha t  l ( r , s )< l  f o r  a l l  s  e [o , l ] .  so ,  a

neeessary condit ion for l ( r r")S1 for al l  s is that D1/ as = O at r  = s.

Denot ing the transi t ion natr ix as A(rrs) and the character ist lc

equat ion o f  A as f ( r rs r t r ) ,  I  i s  obta ined by so lv lng f ( r rs , t r )  =  o  for  ) ,

as a funetion of r and s. Differentiating f with respect to s,

af ,
d S

af al
- g

al  Ds

Note that  the condi t ion D),  /  as =

and  tha t  1  ( r r r )  =  1 .  So ,  tak ing

=0

O a t  r  =  s  imp l ies  E f /Ds  =  O a t  r  =  s ,
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D/Es ! l - r l  =  o

one ean solve for r*, the value

Elenentary row operations that

the work. Replace row 1 by rort

that only the upper left t X 5

f o r  n  =  1 r ? r 7 r . . . r l r  a n d  t h e

[o,r  ] .

t .  .  \

I =  x ( i ' i ' n ) '  i  and  j  r ang ing

relative frequency of demes of

a t r=s

of r such that ( r*,  s )!  f  or al l  s.

do not affect the deterninant simplify

t  +  ( t  /Z ) row 4  +  (  /Z ) row 5 ,  and  no te

deterninant need be evaluated. The

sex produced by SS honozygotes as 
"r, 

E

result obtained is Equation 2.5.

Now, I extend Taylor and Bulmer's (tggO) work. First,  some of the

unreal is t ic .assumpt ions ate re laxed.  ( i )  Let  demes of  s lze n oceur  wi th

probabi l i ty  do,  sueh that  the sum of  do over  at r l  n  (n = 1 ,2  r7,  .  . .  ,  L)

equals oD€. (ii) Denote the nunber of offspring per fenale in a deme of

s ize n as K. ,  where Ko is  a posi t ive,  f in i te  in teger .  ( i i i )  Denote
n

the sex ratio produced by the R a1lele in demes of size n as 
"r, 

e [0, t J

Ca1l the above transit ion natr ix A for

dr*r ( 1-rr) A,

n

as above and n

t y p e  ( i , j )  o r

drKZ (t-r r) A,

2d2K2Q-x r) A,2dzKt( 1-rr) A,

3d3K1 ( 1-rr) A,

a deme of size

=  1 1 2 r 3 r . . . r L ,

s ize D.  Then

and let

the

n ,

be

drtl(r.-rr)\

2dZKr(1-rr)\

3d3KZ(1-tr)A, .  .  3dgt(1-rr)\

+1
vA 2 a

Ld-  K .  (L - r "  )AL  I '  L '  1
LdLKzG-rr)A, . . Ldr,t(1-rr)A,
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where  a  i s  de f i aed  as  i n  Equa t ion  2 .11 .  Le t  g  =  ( "1  r t 2 r r1 r . r . r r r ) ,

and  s  =  ( " , ,  , " z r " r r . . . r "L ) .  I t  can  be  shown  tha t  ( " r I )  =  1  i s  t he

doni.nant ei-genvalue, so we can ninic the above nethods. Calling this

transition natrix for variable deme sizes Q, it is easy to show by

elenentary ron and colunn operations that

le-r ! = : ! t t l=, ndoKo(t -ro)Anl/z^-rl

EvaLuat ing E !e-f ! /a"o at  r  = g yields Equat ion 2.10; hence the

sol ,ut ion is as in Equat ion 2.12.

The second problen dlscussed in this chapter deals with unequal,

contributions of foundresses within a deme. Using the notation in the

text ,

A =n

1
0+0

4 n '

o 2l'--L o
4 n t
11

u' 
4n t 4n'

ra Znt -L 2nt -L
F  

4 n t  4 n t

0

0

0

1

0
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n
\

c x , =  )
4_

i=L

B=Effi , 2gr, nrr, (l-sr) 
", \

n ( l - r  ) { n r  +  h  . .  ( s  - r  ; lnnn ] . Jnn /

gni srrhnii xq*i hnq'i

n{nrrr+ hrrtj (srr-rrr) }

grr, srrhrrr, (n-hrrr.i )

n {n r  *  h  , , ( s  - r  ) }nnaJnn

steps outl ined above, the solut ion for

is obtai.ned.

n @E=>
i= l  j= l

n @

F t . r
] .=I J =I

Followlng the

Equat ions 2.2O

r 1 3
n

given by

Variance Terns

Classical ly, genetic variances at

al leles are obtained as fol lows. Let

and al lele a with probabil i ty er such

1 to aI le le  A,  and O to a l le1e a,  and

binonial distr ibution. The variance

a loeus with two al te rna tive

al le1e A oeeur  wi th probabi l i ty  p,

that  p + q = 1.  Assign the value

apply the propert ies of the

of a populati on is gi-ven by pq . As
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in classic analysis of variance procedures' the variability in the total

populat ion, Vt, is the sum of the total variabi l i ty within groups

(here, denes), Vd, plus the totaL variabi l i ty between groups, Vr, and

Vt = V" + Va ( inf ini te populat ion size assuned). I f  phenotypic types

are considered, as in the Price equation analysis of this chapter '  let

the probability of sex-ratio type A be P, and of sex-rati.o type a be q.

The variance of types within the population ls Pq. Under assunptions A

and random settling of foundresses into demes fron the entj.re population

in each generation, a standard result is V" = Pg,/n, which is the

variance of an estinate of p for a sanple size of rr. Fron abover Vd =

vt-v.  = pe-pq/n = pq( l  -1/n)r  so Pat  = vu/va = 1-1/o '

Equations 2.8, 2.1O, and 2.19 use the expectat lon of a condit ional

variance to obtain Pdt. The general nrle for the expectation of a

condit ional variance is (Lindgren 1975)

var  x  =  
\ [var (x l t ) ]  

*  var (ox ;y )

Var(u* r r )  = Ey[  ( , r* , r - , r r )2J

where oXly is the condit ional mean of X. In the case of random

sett l ing, oXly = oX = p, so this term can be ignored. However, with

other forms of sett l ingr this nay not be the cES€.

Let X be the proport ion, pr of a certain sex-rat io type in a deme

of size n, and Y be a random varlable denoting dene size. Since

Ex ; r [ v " t ( x l y ) ]  =  1 -1  /n  [ t r , i "  i s  the  s tandard  resu l t  fo r  E ( "2 )  fo r  a

random sanple 'of  sLze n] ,  i t  fo l lows in  Equat ion 2.8 that

EyEx 
!y[v""(x ir) ] = rl=, uo ( I -r /n)
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which is the value for PU, needed. In Equation

required is Ex 
;r[v""(x !y) ] , which is (n-1 ) /n.

define X as the proportion

generation, Z as a random

G2 . . ) with probability distribution given by the gnj, and y as a-  naJ '

fixed value denoting the

v_ is the variance among
a

and is therefore written

variance among demes in

the random guantities Y and Z, is

Ex 
f y, uvar(x 

ttY ru)

Ezux,,y,z[var (x !y, z) ] =t rl=r tl=r.

So, g(va)/V, is reported in Equat ion 2.19.

2 .1O,  the Pat  term

In Equat ion 2 .19,

of a certaj.n sex-ratio type in the progeny

variable denoting a parti.eular array of

deme size r rr. Note

denes (whieh depends

in lower case), and

the variable X, given

that rd = Vt-r", where

on the values of y and z,

Pat = I  -E( v 
^)  /v , .  The

y and z as fixed values of

= ( l r t2
L ni3/n2) 

(vr)

srjh2oi j/n',) (vt )



APPENDIX
STATISTICAI

Two sets of hypotheses were tested in Chapter III with a novel

nonparanetric procedure. These two sets of hypotheses were diseussed

pp. 98 and in Table t.1O during the analysi.s of the mechanism

underlying the increase in sex ratio with increasing foundress nunber

Pegoscapus assuetus (fron Ficus citr ifol ia). The hypotheses are (i)

B
NOTE

on

Ln

that there is no correlation within a given foundress nunber between the

absenee (eodecl as a low quanti ty) or presenee (coded as a high quanti ty)

of cecidonyiid gaIls and rank of the number of progeny in the fig, m,

versus the alternative of a negative correlat ion; and ( l i )  that there

is no correlat i-on between gal ls (eoded as above) ana rank of sex rat io,

t ,  versus the alternative that there is either posit ive or negative

correlat i-on.

Within a given foundress number the data can be divideil into two

groups, those with gal ls and those without. For hypothesis ( i)  the

response can be considered rank m, and for ( i i )  the response can be

vlewed as rank T. Within a given foundress nunber we are looking for a

shift in the location of the response between the two groups of figs

with gal ls and without gal ls. A standard test for shif t  in loeation

between two populat ions is the Wilcoxon Rank Sun Statist ic, W (Hollander

and Wolfe 1973) .  The special problem is that we wish to combi-ne the

information over al l  foundress numbers. Let Wi be the Wilcoxon

Statist ie for f igs with i  foundresses, where

L40
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T J  = T  R
" i  -5eNG "l j

and R. = is the rank of the jth response in figs with i foundresses
1 J

and NG are figs with no gaIls. To conbine

f igs with exactly i foundresses, consider

obtained directly from Table 3.8 for both

( i ) , t f  =88 ;  f o r ( i i ) I ' I =67 .  Toob ta i n

level  for these stat ist ics,  let

the information in W. for
R

W =  X :  ^  W. .  W ean  be
L=Z l_

hypo theses  ( i )  and  ( i t ) .  Fo r

an approximate signifieance

w - E(vil)
[ d r * = -

{var (W}U

Note that

u(w)=n(r t r i )=xn(wi)

Var(W) = var(X$r) = Xvar(wr)

sinee the W='s are nutual ly independent under the nul l  hypothesis.
l-

E(W, ) ana Var(Irr= ) can be obtained by the standard fornulae for the
l _ L

Wileoxon Rank Sun Stat is t ie  (HoUander and Wo1fe 1973) .  For  ( i )  g*  =

l .OOr FFd for  ( i i )  } I *  = -1.21.  Under the nul l  hypothesis ,  s tat is t ics of

the form given for W* are typical ly asynptotical ly t t(O,t ) (o" Z) random

variables. In this case I have no proof of the asynptotic normali ty of

W*, nor have the small  sample propert ies been analyzed by sinulat ion.

However, this procedure has historical ly been successful for obtaining

approximate signif icance levels (s." Hollander and Wolfe 1973 for

exanples), so i t  seems reasonable to apply i t  here. The signif icance

levels reported in the text were obtained by courparing observed values

o f  W *  t o  a  t t ( O , t )  ( o "  z )  t a b l e .
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