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;atios using the P. assuetus data for dn and Kn are given for two
sets of values for t (n=1,2,3,...,8) (Fig. 3.2, dotted and dashed
curves). These two sets were arrived at by trial and error, such that
the true values of tn very likely fall between them (i. e., the two
sets form an upper and lower for tn). This moves the predicted sex
ratios closer to the observed values, and seems entirely justified on

logical grounds. However a qualitative discrepancy still exists.

Large-scale population structure. The effects of large-scale

population structure on fig wasp sex ratios has been discussed by Frank
(1983). However, his quantitative interpretation (1983, Fig. 8) is

incorrect. Since Pdt = Pdspst’ large-scale population structure

(i. e., Ps less than one) reduces the predicted sex ratio. The

t

P term is easily adjusted. For example, if Pst = 0.85, and

dt
settling from the local subpopulation is random, Pdt =
[(n-1)/n](0.85). However, the R term is also affected by large-scale
population structure, since R is a function of F, the inbreeding
coefficient. If there is differentiation among subpopulations, the
correlation of uniting gametes that are identical by descent with
respect to the entire population increases. So, F increases, and for
haplodiploids, R decreases (Table 2.1), and predicted sex ratios
decrease. The exact quantitative relationship between PSt and R for
haplodiploids under assumptions A, and random settling from local
subpopulations, is unknown. However, for haplodiploids (with maternal
control of the sex ratio), R is bounded within the interval [2/3,1] (see
Table 2.1), so the effect of small changes of Pst (e. &g, Pst =

0.85) will probably be reflected by insignificant changes of R. Thus,




Figure 3.3. Correlation between sex ratios and foundresses per fig for
Pegoscapus assuetus. The two curves are identical to the lower two curves
of Figure 3.2, except that P _ is set at 0.85, See text for further
explanation. st
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an upper bound for the predicted sex ratos can be obtained by changing
Pst and ignoring the small associated reduction of R. With this in
mind, the upper bounds for the predicted sex ratios using the two sets
of tn's from Figure 3.2, dn and Kn from the P. assuetus data, and
Pst set at 0.85, are plotted in Figure 3.3. A value of Pst = 0.7
yields a close fit to the observed sex ratios, however in the absence of
supporting data such a value seems extreme.

Given the population dynamics of fig wasps, and the probable
bottlenecks that occur in the winter and at the fringes of the

distribution, a value for Ps of 0.85 is not unrealistic. Wright

t
(1978, chapter 7) reviews values of differentiation for several species
based on electrophoretic data. It is difficult to compare these values
to what might be expected of fig wasps, since the population dynamics of
the species studied electrophoretically varies widely. The only
reasonable conclusion that can be made from the data summarized by
Wright (1978) is that a value for P_, of 0.85 does not appear to be
extreme. [My use of P , is nearest to 1-F, . of Wright (1978,

chapter 7). ]

The quantitave analysis of the P. assuetus data has used the
empirical disribution of the number of foundresses per F. citrifolia
fig (dn) estimated from the data in Table 3.4. These data were
collected during the months of July and August. F. citrifolia has a
pronounced flowering peak from May through August (the summer wet
season), and flowers infrequently during the winter months (the dry
season). Therefore, it is possible that the fig wasp population drops
considerably during the winter, and single-foundress and occasional

double-foundress figs predominate. To explore the effect of population



Figure 3.4. Correlation between sex ratios and foundresses per fig for
Pegoscapus assuetus. The upper curve is the average over the two lower

curves of Figure 3.2, where P__ = 1 and F is estimated from the data in
Tables 3.4 and 3.10. The midﬁfe curve is the average over the two curves
of Figure 3.3, where P__ = 0.85 and F is estimated from the data. The

middle curve is also a%proximately the predicted values for the two

sets of t_'s from Figure 3.2, with P _ =1 and F = 1. The lower curve

is the average over the two sets of £ 's from Figure 3.2, with P _ = 0.85
and F = 1. See text for further explgnation. st
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bottlenecks on the predicted sex ratio, let us consider the extreme
case. If all figs have only a single foundress, F will approach 1, and
R approaches 2/3 (Table 2.1). Figure 3.4 presents the predicted sex
ratios for the four combinations of Pst =1 or 0.85, F =1 or

estimated from the empirical distribution of foundresses per fig (Table
3.4), and taking the average predicted sex ratio over the two sets of
tn's given in Figure 3.2. These curves represent a reasonable range
for the predicted sex ratios under the conditions discussed so far.
(Most importantly, we are still assuming random settling from the local
subpopulations, and random mating and mate competition within the fig.)
A quantitative discrepancy between predicted and observed sex ratios

still remains.

Patterns of mating and mate competition. An assumption underlying

the quantitative analysis of the P. assuetus data above is that mating
is random within the fig--i.e., Pid = 1. The experiment described
earlier, in which males showed a preference for searching for mates in
their own fig versus an alien fig, suggests that Pid is plausibly less
than one. Violation of the random mating assumption clearly raises F,

and thus lowers the R term. Exactly how the P term is affected is

dt

not clear. When random mating was assumed, P reflected the level of

dt
local mate competition. If mating is assortative, the degree to which
males compete with relatives for mates would greatly increase. So, it
seems that the level of local mate competition would be considerably
greater, and the predicted sex ratio lower. In summary, assortative
mating within the figs (Pid less than one) appears to lower the

predicted sex ratio considerably, since it simultaneously lowers R and

increases the level of local mate competition.
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Another plausible interpretation of the male-mating preference
experiment is that males tend to aggregate by relatedness. Typically, a
fig has 1-3 foundresses, so the males of the progeny generation can be
diveded into 1-3 sibships. One can easily imagine possible benefits to
individual males that move in brother-mating groups. For example, in a
brother-mating group little time may be wasted on jostling with nearby
males, so the overall sibship efficiency is increased. This sibship
efficiency is critical, since a group of brothers can perhaps mate more
quickly with most of the females, then chew an exit tunnel to end the
mating period. It is conceivable that efficient sibship mating followed
immediately by chewing an exit tunnel is a superior strategy for
individuals over searching alone and encountering a good deal of pushing
and competing for mates. Further behavioral observations on the males
will be helpful. I am not certain how mate searching in sibships would

affect predicted sex ratios.

Qualitative Discussion of P. Jjimenezi Sex Ratios

The total number of fig wasp progeny per fig in F. aurea is
typically 40-80 (Tables 3.12-3.14), while in F. citrifolia it is
150-300 (Tables 3.8, 3.11). The small number of progeny per aurea fig
greatly increases the variance in the sex ratio, and makes quantitative
studies more difficult. For this reason, most of the empirical research

focused on F. citrifolia. However, some data for P. jimenezi (from

aurea) were obtained (Tables 3.12-3.14), although sample sizes are too

small for statistical inference. Three interesting trends in the data

are notable. (i) The sex ratios tended to increase with increasing
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foundress number at both Key Largo (Table 3.13) and the Everglades
(Table 3.12). (ii) Sex ratios from the Everglades (Tables 3.12 and
3.14) appear to be higher than sex ratios of Key Largo (Table 3.13).
(iii) Within the Everglades, the sex ratios of P. Jimenezi (from aurea,
Tables 3.12, 3.14), appear higher than the sex ratios of P. assuetus
(from citrifolia, Tables 3.8, 3.11). These trends are discussed in the

next section.

Thesis Summary

The theory developed in Chapter II has provided a good qualitative
explanation for the P. assuetus sex-ratio data. The following issues,
which are amenable to future empirical studies, have arisen during the
development of the theory and discussion of the quantitative predictions

and observed sex ratios.

Large-Scale Population Structure

In theory, genetic differentiation among subpopulations of
pollinator wasps leads to lower predicted sex ratios. A combination of
direct genetic techniques (e. g., electrophoresis) and studies of
population demography is the most promising approach. Demographic
studies may include information on flowering phenologies of the host fig
trees, dispersal studies on the pollinator wasps (see p. 64 ), and data
on the distribution of pollinators per fig through space and time.

Also, an among-species hypothesis is that as the distribution of the

host fig species becomes more isolated in time and space, the lower the

predicted sex ratios of the pollinating wasps.
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Population Bottlenecks

The distribution of the number of pollinators per fig undoubtedly
varies through time. A bottleneck in the population of pollinating
wasps may occur during a low point in the flowering of the host tree
population, or after a catastrophe such as drought or frost (see p.
63). Bottlenecks will very likely affect the large-scale population
structure (see Wright 1969), tending to increase differentiation and
thus lower the predicted sex ratios. Also, during a bottleneck,
one-foundress and occasionally two-foundress figs will predominate, and
F will increase towards one. This will lower R, and thus lower the
predicted sex ratios. This prediction is empirically tractable; island
versus mainland regions, or peripheral versus central localities of a
distribution, will likely provide useful information since bottlenecks
are more common in isolated regions. Note that the sex ratios of P.
jimenezi (from aurea) are lower on an island (Key Largo) than on the

mainland (Everglades), although the sample sizes are quite small.

Patterns of Mating and Mate Competition in the Fig

The quantitative models have assumed random mating and mate
competition within a local group (e. ge., a fig). If mating and mate
competition are non-random, the predicted sex ratios will be affected.
First, the inbreeding coefficienct, F, will increase if mating is

assortative, and thus lower R and the predicted sex ratios (and vice
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versa for disassortative mating). Second, the effect of non-random mate
competition on the predicted sex ratios will depend on the fitness
valuations of a male offspring as a function of the sex ratio. The
expected fitness valuation of a male when mating is random is
proportional to F/M, the number of females divided by the number of
males (i.e., each male has a probability of 1/M of mating with each
female). In an experiment, P. assuetus males preferred to search for
mates in the fig in which they were born versus an alien fig (see p.
78). This preference may be due to either positive genetic correlation
of mates (assortative mating), positive spatial correlation of males
searching for mates, or some other cue not correlated with genotype of
mates or males. Experiments to distinguish among these three

possibilities were outlined (p. 81 ).

Conditional Sex Ratios

When sex ratios vary according to some ecological parameter, the
sex ratio may be considered conditional on this parameter. For example,
Equation 2.12 explicitly develops the ESS sex ratio as a function of the
number of foundresses in a deme (fig); that is, it predicts that the
sex ratio of a fig wasp will be conditional on foundress number. In
other words, sex ratios conditional on the level of the parameter confer
a greater fitness than unconditional sex ratios. The observed sex
ratios (Fig. 3.2) support the hypothesis that fig wasp sex ratios are

conditional on foundress number.
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Other parameters exist that may be used for adjusting the sex ratio
to achieve greater fitness. One is genetic recognition among
foundresses. The number of foundresses per fig yields information on
the expected genetic variance within a fig. However, if some proximate
mechanism exists for assessing more accurately the level of genetic
variability within a fig, then sex ratios are predicted to be
conditional on the assessed level of genetic variability. A simple
experiment was constructed to test if fig wasp sex ratios are
conditional on genetic recognition. Females reared from five separate
figs were introduced into a single receptive fig, and the sex ratio
produced was measured. For comparison, five females reared from the
same fig were introduced into a single receptive fig, and the sex ratio
was measured. Some of the foundresses within a fig will be sibs in the
second set of figs, while in the first set foundresses are never sibs.
So, genetic variability is lower within the second set of figs, and if
sex ratios are conditional on assessing genetic variability, then the
- sex ratio is predicted to be lower in the second set. No difference in
the sex ratios were detected. However, the design is quite crude. More
refined methods for experimentation were outlined (p.106 ).

Another parameter which may be assessed and used for adjusting the
sex ratio is differential contributions of the foundresses. Equation
2.20 is based on the expected variance in contribution of foundresses.
However, the actual variance in contribution of foundresses within a fig
may be used as a cue. This is perhaps testable by staggering the time
between entry of foundresses, thereby changing their relative
contributions. More information on time of entry and egg-laying

behavior is needed before a rigorous experiment can be designed.
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Some additional factors that may affect the sex ratio and some

alternative explanations need to be addressed.

Sex Ratios Conditional on Number of Foundresses Expected versus Number

Present

To illustrate this point, I will discuss a particular example. A
first foundress enters a receptive fig, and begins to lay eggs. At this
time, this is a one-foundress fig. As she lays her last eggs, the
overall sex ratio of her progeny has nearly been determined. Should she
(i) behave as if no other foundress will enter, or (ii) behave as if
another foundress will enter with some specified probability? If (i),
then she should produce a very low sex ratio, if (ii), then a slightly
higher sex ratio. In either case, she should produce a lower sex ratio
than if she were in a two-foundress fig (equivalently, if the
probability of a second foundress arriving equals one) (Hamilton 1967).
Assume the first foundress dies, and a second one enters the fig. Since
the first foundress is dead, the second foundress adjusts her sex ratio
conditionally according to being with a foundress that has produced a
sex ratio below the simultaneous two-foundress predicted level (i.e.,
the expected sex ratio when two foundresses both can assess each other
and adjust their sex ratios accordingly). An interesting property of
this situation is that if the second female behaves so as to maximige
her expected fitness, the overall sex ratio for both foundresses will be
below the simultaneous two-foundress level (Hamilton 1967). To
circumvent this difficulty, in all the experiments reported in this

thesis the foundresses were introduced into a receptive fig within 90
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minutes of one another. (A single female lays eggs for about 18-36
hours, a fig is receptive about 24-48 hours after the first foundress
enters.) Entry of all foundresses within such a short time span under
natural conditions is probably unusual. To study this problem, a
combination of three approaches is needed. (i) A theoretical study of
predicted sex ratios for various entry times of foundresses and for
various sex-ratio strategies. (ii) Experiments in which the times
between the entry of the foundresses is varied. (iii) Comparison among
species in which the length of the egg-laying period per female and the
length of time that a fig is receptive to new foundresses after the

first has entered varies.

Control over the Sex Ratio

The predicted sex ratios for fig wasps as a function of foundress
number were obtained by assuming the genetical control was autosomal and
the mother had control over the sex ratio. There is a good precedent
for maternal control of the sex ratio in Hymenoptera (Flanders 1956).
However, if an extranuclear genetic element, or a parasite such as a
nematode, were able to influence the sex ratio of the wasps, the
predicted sex ratios would be different (Hamilton 1979). For example,
matrilineally inherited particles are predicted to increase the female
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 (Fig. 3.2) argue against control

other than autosomal and maternal.
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Another interesting point is that there is an inherent conflict
between a fig tree and its pollinator wasps over the wasps' sex ratio
(Hamilton pers. comm.). The tree loses one seed for each fig wasp
reared, and gains one pollen disperser only for each female fig wasp
reared. So the tree is benefited by a low pollinator sex ratio,
independent of foundress number. Since the wasps' sex ratio increases
with increasing foundress number, this conflict between tree and wasp
may help explain why the ostiole closes so quickly (24-48 hours) after
the first foundress enters. Once the foundresses are inside, it does
not appear that the tree can affect the pollinators' sex ratio, since
the sex ratio rises steadily with foundress number. However, the
inability of the tree to affect the pollinators' sex ratio is not

certain, and remains a fascinating, open question.

Sex Ratio or Investment Ratio?

The predicted sex ratios depend on the assumption that the cost to
a female of producing a son equals the cost of producing a daughter.
This seems a reasonable assumption for fig wasps, since each progeny is
laid in its own flower. If the cost of a female were greater, perhaps
due to increased oviposition time required for fertilization, or
increased nutrient content of eggs, the predicted sex ratios would
increase (i.e., more males). If males were more costly, perhaps due to
extra nutrients in the eggs to promote rapid development and an
advantage in mate competition, the predicted sex ratios would be lower.
I can think of no simple, direct methods for testing the cost of

producing males versus females.
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Efficiency of Theoretical Modeling Exceeds Efficiency of Adaptation?

Models can be made increasingly complex as more and more parameters
are added. With enough parameters, agreement between theory an
observation can easily be achieved. However, the reality of adding
additional parameters must be questioned. Parameters such as
large-scale population structure are plausible, and when added to the
model a better fit of theory to observation is obtained (Fig. 3.3).

Deciding which parameters to add to a model is a difficult task.

Future Directions

In this study of fig wasp sex ratios, an excellent qualitative
agreement between theory and observation has been achieved. Methods for
the quantitative analysis of fig wasp sex-ratio patterns have been
clearly developed and applied in an a posteriori fashion. A great
advantage of studying the fig tree-fig wasp complex is that with 900
species there is a rich source of comparative information. This allows
an extensive test of the predictive powers of these quantitative
theories. As more information on other species is obtained, the
accuracy and precision of these quantitative models can be assessed in

detail.
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APPENDIX A
MATHEMATICS FOR LOCAL MATE COMPETITION

There are three sections in this appendix, (i) an index of symbols
used in Chapter II, (ii) a derivation of Equations 2.10, 2.12, and 2.20
by extending the methods of Taylor and Bulmer (1980), and (iii) a
discussion of the variance terms, Vd, Vt and Pdt used in Chapter II,

including derivations of the conditional variances used.

Index of Symbols Used

"Complete" coefficient of relatedness of the parent
controlling the sex ratio to son or parent to daughter,
respectively (Hamilton 1972).

ratio of relatedness coefficients, R = 2BPS:Bpd

Wright's index of panmixia (Wright 1969) represents the
genetic (or phenotypic type) differentiation among demes
within the population. A value of 1 denotes no
differentiation among demes, while a value of O denotes
complete differentiation.

predicted, unconditional sex ratio of each female in the
population

predicted, conditional sex ratio for each female within a

deme of size n (n = 1,2,3,...,L)
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a,b

X,¥,2
ni
ni

nj
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The number of already mated females founding a deme to start
a new generation. Upper case is used to denote that all
demes are of exactly the same size N.

as above, except that deme sizes vary fromn = 1,2,3,...,L
the proportion of demes that are of size n

number of eggs laid by each femalé in the population
number of eggs laid by each female in a deme of size n
genetic variance within demes over the entire population
genetic variance within a deme, lower case used to denote
that the variance within a particular deme is a random
quantity

genetic variance among demes

genetic variance among demes, lower case used to denote that
this quantity is dependent on conditions which are random
genetic variance within the population

Wright's fixation index (Wright 1969), the correlation
between homologous genes of uniting gametes relative to the
gene frequencies in the whole population.

proportion of sib mating in each generation over the entire
population

proportion of sib mating in a deme of size n

defined in Equation 2.11

defined in Equation 2.13

number of eggs by the ith female in a deme of size n

kni/Kn

the probability of a particular array (hnij) such that

the sum of gnj over j is one
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t a measure of the variability in clutch sizes of foundresses
within a deme of size n, a value of 1 means equal clutch
sizes for all females, and a value of n means that all eggs
are laid by a single foundress

L
n n/tn

x',y',2' Equations 2.20

Derivation of Results

In this chapter, Equations 2.10, 2.12, and 2.20 were developed from
Hamilton's (1979) formula (Equation 2.1). At this time, the only proofs
I can offer for these results follow as an extension of the methods of
Taylor and Bulmer (1980). This section develops the methods and proofs
of Equations 2.10, 2.12, and 2.20 in order.

Taylor and Bulmer (1980) found the solution for the constant deme
size, equal contribution of foundresses, and random settling situation
in haplodiploids. First, the methods they used are presented, then the
necessary extensions for proving the new results developed in this
chapter are provided.

Assume the following. The sex ratio is controlled at a single
locus on an X chromosome. The allele R causes females to produce a sex
ratio of r (males/total), and the allele S a sex ratio of s. R is
assumed dominant, i. e., RS yields a sex ratio of r. The allele S is
rare, such that there is never more than one of N females bearing an S
allele per deme. Name the S allele a mutant type; let x(i,j) (0<i<2,
0<j<1, i+j>0) be the relative frequency of demes in which there are N-1
non-mutant fertilized females and one female of type (i,j) with i S

alleles in the female and j S alleles in her mate.
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Letting x+ be the relative frequency of deme types in the next

generation

x+(2, 1)\ pu/(1-x) 0 ZIN_ 0 o x(2,1)

< (2,0) (1-p)u/ (1-1) 0 ZL o0 x(2,0)

(LD 0 pu/(1-1) & w0 e |x@D

x(1,0) 0 (1-p) u/ (1-1) 212;11 212;]1 x(1,0)

x+(0,l)/ -1)p w-np S AL x(0,1)
u= l-s p = s/{s+(N-1)r}

The eigenvalues of this equation are functions of r and s, so write

AMr,s). First, note that A(r,r) = 1, which is the dominant eigenvalue.
Now, we seek r €[0,1] such that A(r,s)<! for all s €[0,1]. So, a
necessary condition for A(r,s)<! for all s is that 33/ 3s = O at r = s.
Denoting the transition matrix as A(r,s) and the characteristic
equation of A as f(r,s,A), A is obtained by solving f(r,s,\) = 0 for A

as a function of r and s. Differentiating f with respect to s,

Note that the condition 93X/ 3s = O at r = s implies 3f/3s = O at r = s,

and that A (r,r) = 1. So, taking
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3/9s |A-I} = 0O

one can solve for r¥, the value of r such that (r%*,s)<1 for all s.
Elementary row operations that do not affect the determinant simplify
the work. Replace row 3 by row 3 + (1/2)row 4 + (1/2)row 5, and note
that only the upper left 3 X 3 determinant need be evaluated. The

result obtained is Equation 2.5.

Now, I extend Taylor and Bulmer's (1980) work. First, some of the
unrealistic assumptions are relaxed. (i) Let demes of size n occur with
probability dn’ such that the sum of dn over all n (n = 1,2,3,...,L)
equals one. (ii) Denote the number of offspring per female in a deme of
size n as K , where K is a positive, finite integer. (iii) Denote
the sex ratio produced by the R allele in demes of size n as r € [0,1]
for n = 1,2,3,...,L, and the sex produced by SS homozygotes as s €

[0,1].

Call the above transition matrix An for a deme of size n, and let

x = x(i,j,n), i and j ranging as above and n = 1,2,3,...,L, be the

relative frequency of demes of type (i,j) of size n. Then

4R (-r DA 4R (I-r)A, o . . 4K (-r)A
24K, (1-1))A ZdéKz(l—rz)Az .. 24K (1-r))Al
34K (1-r DA, 34K, (1-r))A, « . . 3d,K (1-r A
+ 1 . . .
X " 2a

LdLKl(l-rl)Al LdLKz(l—rz)A2 .« e LdLKL(l—rL)AL
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where a is defined as in Equation 2.11. Let r = (r1,r2,r3,...,rL),
and s = (s1,52,33,...,sL). It can be shown that (r,r) = 1 is the
dominant eigenvalue, so we can mimic the above methods. Calling this
transition matrix for variable deme sizes Q, it is easy to show by
elementary row and column operations that

L
Q-1 =+ i[ Z_

!
1 ndnKn(1 rn)An]/Za 1!
Evaluating BlQ-II/asn at r = s yields Equation 2.10; hence the
solution is as in Equation 2.12.
The second problem discussed in this chapter deals with unequal
contributions of foundresses within a deme. Using the notation in the

text,

a0 -&,— 0 0
8 0 22;','1 o o0
An B 0 «a Z%T 4i' 0
o s M2 a0
AU S
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iz nj nljsn( sy
(1—r ){n r + nh (s -r )}
n n

g (1=s ) _
0SS (RS - iy
n

n(l-rn){nrn+ hnij(sn-rn)}

r ..
£ = Enj thnij q#i hnqj

n{nr + h (sn-rn)}

(n=h_..)

g Sy nij nii
n{nr + h (s -r )}
n n

1=

Following the steps outlined above, the solution for rn* given by

Equations 2.20 is obtained.

Variance Terms

Classically, genetic variances at a locus with two alternative
alleles are obtained as follows. Let allele A occur with probability p,
and allele a with probability q, such that p + ¢ = 1. Assign the value
1 to allele A, and O to allele a, and apply the properties of the

binomial distribution. The variance of a population is given by pgq. As




138

in classic analysis of variance procedures, the variability in the total
population, Vt' is the sum of the total variability within groups
(here, demes), V4> plus the total variability between groups, V_, and
V=V, * Ty (infinite population size assumed). If 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-ratio type a be q.
The variance of types within the population is pq. Pnder assumptions A
and random settling of foundresses into demes from the entire population
in each generation, a standard result is Va = pq/n, which is the
variance of an estimate of p for a sample size of n. From above, Vd =
vV, = pa-pa/n = pq(1-1/n), so Py = Vd/Vt = 1-1/n.

Equations 2.8, 2.10, and 2.19 use the expectation of a conditional
variance to obtain P_,,. The general rule for the expectation of a

dt

conditional variance is (Lindgren 1976)
Var X = ] +v
ar EY[Var(X| )] ar(uxiY)
Var(uyiy) = Eol (ugiy-u )2]
XY Y-UUXIY X

where uX{Y is the conditional mean of X. In the case of random
settling, uX}Y =ugy = p, 89 this term can be ignored. However, with
other forms of settling, this may not be the case.

Let X be the proportion, p, of a certain sex-ratio type in a deme
of size n, and Y be a random variable denoting deme size. Since
Ex=y[Var(le)] f_1-1/n [this is the standard result for E(sz) for a

random sample of size n], it follows in Equation 2.8 that

ByEy 1y [Var(xiY)] = ZE=1 4. (1-1/n)
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which is the value for Pdt needed. In Equation 2.10, the Pdt term
required is Exly[Var(le)], which is (n-1)/n. In Equation 2.19,
define X as the proportion of a certain sex-ratio type in the progeny
generation, Z as a random variable denoting a particular array of
(hznij) with probability distribution given by the gnj’ and y as a
fixed value denoting the deme size, n. Note that Vd = Vt-va, where

Vo is the variance among demes (which depends on the values of y and z,
and is therefore written in lower case), and Piy = 1—E(va)/Vt. The

variance among demes in the variable X, given y and z as fixed values of

the random quantities Y and Z, is

I - 2 2
EX:y,zvar(x'y'Z) ( Eh nij/n )(Vt)

] =( «® n 2 2
BpBxly,zlVer (i3] =G 2l g 5/00) ()

So, E(vd)/Vt is reported in Equation 2.19.




APPENDIX B
STATISTICAL NOTE

Two sets of hypotheses were tested in Chapter III with a novel
nonparametric procedure. These two sets of hypotheses were discussed on
pp. 98 and in Table 3.10 during the analysis of the mechanism
underlying the increase in sex ratio with increasing foundress number in

Pegoscapus assuetus (from Ficus citrifolia). The hypotheses are (i)

that there is no correlation within a given foundress number between the
absence (coded as a low quantity) or presence (coded as a high quantity)
of cecidomyiid galls and rank of the number of progeny in the fig, m,
versus the alternative of a negative correlation; and (ii) that there
is no correlation between galls (coded as above) and rank of sex ratio,
r, versus the alternative that there is either positive or negative
correlation.

Within a given foundress number the data can be divided into two
groups, those with galls and those without. For hypothesis (i) the
response can be considered rank m, and for (ii) the response can be
viewed as rank r. Within a given foundress number we are looking for a
shift in the location of the response between the two groups of figs
with galls and without galls. A standard test for shift in location
between two populations is the Wilcoxon Rank Sum Statistic, W (Hollander
and Wolfe 1973). The special problem is that we wish to combine the
information over all foundress numbers. Let Wi be the Wilcoxon
Statistic for figs with i foundresses, where
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Wy = Lien Rij

and Rij is the rank of the jth response in figs with i foundresses

and NG are figs with no galls. To combine the information in Wi for

figs with exactly i foundresses, consider W = Z§=2 Wi. W can be

obtained directly from Table 3.8 for both hypotheses (i) and (ii). TFor

(i), w = 88; for (ii) W = 67. To obtain an approximate significance

level for these statistics, let

W - E(W)
W*:—————l/-
{var(w)}?

Note that

E(wW) = E(zwi) = ZE(wi)

Var(w) = Var(zw,) = LVar(V,)

since the Wi's are mutually independent under the null hypothesis.

E(Wi) and Var(wi) can be obtained by the standard formulae for the
Wilcoxon Rank Sum Statistic (Hollander and Wolfe 1973). For (i) w¥ =
1.00, and for (ii) W¥* = -1.21. Under the null hypothesis, statistics of
the form given for W¥ are typically asymptotically N(0,1) (or Z) random
variables. In this case I have no proof of the asymptotic normality of
W¥*, nor have the small sample properties been analyzed by simulation.
However, this procedure has historically been successful for obtaining
approximate significance levels (see Hollander and Wolfe 1973 for
examples), so it seems reasonable to apply it here. The significance

levels reported in the text were obtained by comparing observed values

of W¥ to a N(0,1) (or Z) table.
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