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Individual-based simulation modelling is an excellent method for testing hypotheses,
while including realistic and stochastic population parameters. This thesis considers
the evolution of dispersal or inbreeding through individual-based simulation
modelling.

The occurrence of exclusive inbreeding and exclusive outbreeding is found in a
number of organisms and are referred to as mixed mating. Mixed mating is suggested
to be in response to low levels of inbreeding depression as well as simultaneous
inbreeding- and outbreeding depression while intermediately related mating partners
are not available. The results of this thesis show that stable mixed mating strategies
evolve in the presence of both inbreeding and outbreeding depression, as well as,
under conditions where low levels of inbreeding depression are present. Also,
inclusive fitness allows higher levels of inbreeding in genetic systems where the
mating partners are more related to each other.

Dispersal evidently evolves in response to inbreeding depression. A number of
other factors, such as local mate competition and the cost of dispersal also influence
the rate of dispersal. In addition to these factors, it is shown in this thesis that male
dispersal evolves when there is variation in patch sex ratios. Simulation data also
supports parent offspring conflict models, as males have reduced dispersal rates when
they, rather than their parents, determine the dispersal rate.

Population structure is affected by dispersal rates. Using individual-based
simulation modelling and various sampling strategies, reveals that few molecular
markers, for a few individuals, are sufficient to accurately detect population
subdivision, especially when the sub-populations are large. It is, however, indicated
that planning prior to sampling are important for proper assessment of population
structure.

Lastly, molecular data from the pollinating fig wasp reveals
that this species suffers from low levels of inbreeding depression. However, when this
data are simulated, stable mixed mating did not evolve although it is observed in

. Sex ratio variation, high local mate competitions and male only broods are
therefore suggested to drive male dispersal. It is consequently advantageous to use

various techniques to unravel the evolution of a trait and gain insight into the system.
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Each chapter in this thesis, except for the introduction and conclusion, is written as a
journal article and is either submitted or in preparation for submission and as such
includes its own introduction, and discussion section. In chapters 2 and 3 the results
and discussion sections are combined respectively as a discussion naturally follows a
description of the generated data.

Jaco Greeff, my supervisor, is included as co-author for the submitted
manuscripts for chapters 2, 3 and 4. The reasons for this are twofold. First, the models
were developed with suggestions from him, although the underlying ideas as well as
the simulation models themselves are my own. Secondly, all of the financing and
facilities required to complete these studies were provided through funding secured by
him.

In this thesis I extend a number of existing ideas with the use of individual-
based simulation modelling within the Delphi environment, compiled for the
Windows operating system. As such, these programs and source code are available in
the electronic appendix submitted with this thesis. Although these programs are
merely the tools used to test ideas, the following can be mentioned regarding the code
itself: the program discussed in chapter 4 was created first, followed by the program
for chapter 2 and lastly the program for chapter 3. Starting with no formal education
in programming and no experience with the Delphi environment the program code
may be somewhat informal. Therefore, the code for the last program is more efficient
than the first. Additionally, in the general introduction, I deal with individual-based
simulation modelling as a tool to study evolutionary processes to avoid repetition in
the chapters where it was employed.

Lastly, to keep all the theory and models grounded in reality, much of the
research in this thesis refer to pollinating fig wasp biology. While the simulation
models are not exclusive for the pollinating fig wasp system they are applicable to
them. Furthermore, chapter 5 deals with empirical data from this system and for these

reasons I introduce the pollinating fig wasp system in the in general introduction.
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Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 2.1.

Table 2.1.
Figure 2.2.

Steps in a simple individual-based simulation model. *Explicit fitness
determination is often excluded if it is an emerging property of the
simulation.

The optimal probability of dispersal under the simulated conditions (1
foundress mother dispersal cost of 0.5) is expected to be approximately
0.49 (see chapter 3). The population is initialised with a 0 probability
of dispersal. Two large mutational steps can be seen early in the
simulation but as the optimal phenotype is approached only small
mutation steps are selected for.

The life cycle of pollinating fig wasps and developmental stages of a
fig. * are one of only a few species, of pollinating fig wasps,

where the males are documented to disperse; see text for details.

Process sequence of model. *If the population is selfing rather than
sibmating the first mate will also be the second mate when inbreeding.
State variables and default input values.

The increase in the inbreeding coefficient, , during 20 sequential
inbreeding events (dotted lines) and the corresponding decrease in
fitness (solid lines) for a) both sibmating systems and b) the selfing
system. Values in italics indicate the cost of inbreeding, , that relates

the inbreeding coefficient to a fitness value (W =¢” ).
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Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 3.1.
Table 3.1.

Table 3.2.
Table 3.3.
Table 3.4.

Contour plots of the probability of inbreeding (o) for a) Sibmating
diploids b) selfing diploids and c) sibmating haplodiploids from
simulations of different fitness values for once- (W) or twice- (W>)
inbred individuals. d) Key for plots a-c with bar charts in each area
representing the general fitness trends of that parameters space. The
diagonal line in each plot indicates where there is only one fitness level
for all the inbreeding classes and one for the outbreeding class. White
areas represents exclusive inbreeding (oo = 1) while the darkest area
represents exclusive outbreeding (o = 0). Shades of grey show different
levels of mixed mating.

Comparison of optimal a (indicated by contours) when different initial
mating strategies are specified. The initial inbreeding frequency of the
population is 0 in plots a, ¢ & e while it is 1 in plots b, d & f. Similar
levels of mixed mating can be seen when comparing the same genetic
system: sibmating diploids (a & b), selfing diploids (¢ & d) and
sibmating haplodiploids (e & f). For all three genetic systems the final
mating strategy is similar regardless of the starting a, except in the
lower left quadrant below the diagonal.

Probability of inbreeding (o), for different cost of inbreeding ( ). For
selfing diploids (triangles, dotted line), sibmating diploids (diamonds,
dashed line), and sibmating haplodiploids (squares, solid line). Error

bars indicate standard deviation of the four repeats.

Life history of individuals (process sequence of model).

Population and patch parameters for each simulation. *Average
number of males per patch when binomial variation was introduced.
Each parameter set was simulated 10 times.

ANOVA table for model from experiment 3.1.

ANOVA table for model from experiment 3.2.

ANOVA table for models from experiment 3.3.
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Figure 3.2.

Figure 3.3.

Figure 3.4.

Table 4.1.

Figure 4.1.

Figure 4.2.

Modelled relationships between dispersal and sex ratio with binomial
variance (from experiment 3.1, see table 3.2). Diamonds and solid
lines: 1-foundress simulations; circles and dashed lines: 2-foundress
simulations; triangles and dotted lines: 3-foundress simulations. Dash-
dot line indicates the binomial distributed sex ratio with an average of
0.25 males. The response intervals for each of the simulations are
indicated above the graph.

Modelled relationships between dispersal and sex ratio with no
variation between patches (from experiment 3.2, see table 3.3). Solid
line: 5 males per patch; dashed line: 10 males per patch; dotted line: 15
males per patch. Dash-dot line indicates the predicted level of dispersal
(0.833) at for one-foundress patches at dispersal cost of 0.2 (see text).
Modelled relationship between dispersal rate and cost of dispersal
(from experiment 3.3, see table 3.4). Diamonds and solid lines: 1
foundress; circles and dashed lines: 2 foundresses. Bold lines indicate
our results, thin lines from predicted dispersal if under maternal control

(see text).

Parameters used for each simulated population in experiment 4.2. The
Fst value for all the simulations at the separation of the single
population into two sub populations was 0. Final Fst was calculated
using all individuals and loci.

Standard deviation of Fst over a number of generations (calculated
using repeated sampling of different sample sizes, from 10 to 100). It
can be seen that the variation over generations was very small except at
generation 5000, where the populations were separated (also figure 4.2
for actual Fst values).

The increase in summary statistics when a population was separated
into two subpopulations. The summary statistics were calculated using
all the loci from all the individuals at different generations and a clear

increase in the population structure can be seen.
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Figure 4.3.

Figure 4.4.

Table 5.1.

Figure 5.1

Table 5.2.

Table 5.3.

Table 5.4.

Table 5.5.

Decrease in standard deviation of the Fst as the number of individuals
sampled increases for an increasing number of loci sampled for
different sized populations (subpopulation size indicated in the legend
from 1000 to 10000 with the Fst of the population when all individuals
and loci are used). Larger populations have a lower standard deviation
for all combinations of loci and individuals sampled.

Contour plot of the standard deviation of the Fst. The standard
deviation decreases when either the number of loci genotyped or the

number of individuals sampled increases.

Population source data with averages and standard deviation (SD) for
the clutch size and number of underdeveloped individuals as well as
the percentage of virgin females (i.e. male only broods) and average
homozygosity per tree.

a) Range of traps, constructed from eppendorf tubes, used on different
sized fruits. b) Traps fitted on figs of Tree 2. Scale = 1 cm.

Primer sequences, label colour, size and number of alleles of the 6
microsatellites loci used to determine foundress genotypes. Reaction
pools indicate the combinations of primers amplified together, with
their respective annealing temperatures.

PCR conditions, and reagents. The denaturing, annealing and
elongation steps were repeated 30 times. *quantity for each primer in
the pool 3.

Parameters used for simulations. The maximum and minimum fitness
values are from the 95% confidence intervals of . Each
parameter set was simulated 5 times. The number of homozygous loci
for each successive sibmating was determined from Greeff et al.
(2009).

ANOVA table and model estimates for (Adjusted R* =
0.188)
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Figure 5.2.

Table 5.6.

Table 5.7.

Table 5.8.

Figure 5.3.

Relationship between clutch size and number of homozygous loci for
each tree ( ). Tree 1: dash-dot line, Tree 2: Long-dash line,
Tree 3: short-dash line, Tree 4: dotted line, Tree 5: solid line.

ANOVA table and estimates for the linear model: Under-developed ~
tree (Adjusted R? = 0.045).

ANOVA table and estimates for the generalised linear model:
Proportion under-developed per clutch ~ tree (data transformed with
logit transformation)

Probability of sibmating from simulated parameter estimates (see table
5.4).

Different trees used in study: a) Tree 1; b) Tree 2; ¢) Tree 3; d) Tree 4
and e) Tree 5. Scale = 1 meter, measured from marker attached to each

tree.
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