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ABSTRACT
By means of replicated experiments that were run for 20 generations, we study the effects of unidi-
rectional stepping-stone migration on the genetic structure and fitness of Drosophila melanogaster
metapopulations. We investigated several setups differing with respect to migrant sex, the timing
of migration in relation to mating and reproduction, and the initial level of genetic differentiation.
Based on the average heterozygosity within demes and fixation indices within and among
metapopulations, we assessed the levels of genetic diversity, genetic differentiation and gene flow,
and we inferred the effective number of migrants. Throughout, the experimental results were
compared with the predictions of general metapopulation models and individual-based simula-
tions tailored to our experimental setup.

We draw three main conclusions. First, despite of the high level of standardization, replicate
metapopulations differed considerably from each other, leading to large variation in the estimates
of migration rates for the same migration scenario. Second, when individuals mated before migra-
tion, the level of gene flow differed substantially between male and female migration. In other
words, the effective number of migrants is strongly affected by a sex bias of migration. When
compared to the island model of migration, the effective number of migrants was reduced by 50%
in our unidirectional stepping-stone setup. Third, even though gene flow was sufficiently large to
mitigate genetic differentiation, average fitness declined substantially in the course of the experi-
ment. Our findings illustrate that inferences of demographic parameters from genetic data can be
unreliable, and that the evolution of a metapopulation can be strongly affected by migrant sex, the
timing of migration, and the spatial configuration of subpopulations.



INTRODUCTION

The present contribution is the second of a series of studies reporting on the effects of
genetic drift, gene flow, and local extinction and recolonization on the genetic structure
and evolution of metapopulations. We use a replicated experimental metapopulation
setup with Drosophila melanogaster as a model organism, and combine this approach with
individual-based computer simulations in order to explore variations and extensions of
the experiments. Our goal is to examine the potential pitfalls of applying theory devel-
oped for highly idealized systems to natural metapopulations. It is common practice to
use such idealized theory for assessing the viability of metapopulations and to derive
recommendations for their conservation (e.g., one-migrant-per-generation rule, Mills &
Allendorf 1996, Wang 2004; assessment of connectivity, Hellberg et al. 2002, Webster et al.
2002; effects of habitat isolation and fragmentation, Segelbacher et al. 2003, Banks et al.
2005; migration patterns, Hewitt 2000, Chauvet et al. 2004).

Empirically deduced patterns of genetic variation in metapopulations are commonly
interpreted in terms of Wright’s (1931) infinite island model. This model predicts the
change of genetic differentiation FST over time among small, subdivided populations
due to genetic drift and migration as a function of population size N and migration rate
m. In practice, FST is often used to infer demographic parameters as effective population
size Ne and migration rate m, or more commonly the combined parameter Nem, the
(effective) number of migrants per generation. Nem is used in turn as estimator of the
(potential) connectivity and level of gene flow between local population fragments
(Wright 1951, Slatkin 1985, Slatkin & Barton 1989, Neigel 1997). A metapopulation struc-
ture is usually more resilient to adverse conditions than single small, isolated popula-
tions, hence connectivity is an indicator of future metapopulation viability (Reed 2004,
2005; Bouchy et al. 2005). It is unclear how well theoretical models based on highly ideal-
ized Wright-Fisher populations (Fisher 1930, Wright 1931) apply to natural systems in
general, and some recent studies indicate that inferences based on these models can be
quite misleading in natural metapopulations (Neigel 1997, Bossart & Prowell 1998,
Whitlock & McCauley 1999, Balloux et al. 2000, Balloux & Goudet 2002, Neigel 2002). A
recent study by Pearse and Crandall (2004) reviews the development and use of estima-
tors for the analysis of population genetic data in a conservation genetic context. Up to
date, however, there are very few studies that attempt to bridge the gap between model
predictions based on idealized populations and natural systems using controlled experi-
ments (but see Warren 1996, Buckling et al. 2000, Lavigne et al. 2001).

In CHAPTER 2 we presented the results of comparable metapopulations with isolated
demes affected by genetic drift only, which provided baseline values of a system without
gene flow. Here we address the effects of gene flow (i.e., migration of individuals
between demes in a metapopulation) in combination with genetic drift within demes. To
this end, we monitor genetic differentiation, and assess fitness in a metapopulation with
unidirectional stepping-stone migration. We try to determine how well methods derived
from idealized theoretical models are applicable to natural systems, i.e. how useful they
are for drawing a posteriori inferences. For that purpose, we apply these methods to
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experimental metapopulations of which the exact demographic structure and history are
known, and we investigate how well the demographic parameters can be inferred from
the change in genetic structure.

In particular, we will address the following questions: How big is the discrepancy
between idealized theory and the behaviour of a highly standardized experimental
metapopulation? What is the importance of factors such as migrant sex or the relative
timing of events like mating and migration? How much variation is there between repli-
cates? How reliable is the commonly used estimator of the effective numbers of
migrants?

Additionally, we intend to obtain the baseline values of a system with continuous
gene flow to investigate more complex systems including local extinction and recolo-
nization, and different spatial migration configurations (CHAPTER 4).

MATERIAL ANDMETHODS

DROSOPHILA STOCKS
For the migration experiments we used the same mutant D. melanogaster lines as for the
genetic drift experiments (CHAPTER 2), with two alleles bw and bw75 at the brown locus
(II-104.5) that in combination with the mutation scarlet (st) (III-44) in homozygous condi-
tion result in distinct eye colours for the three genotypes at the bw locus. Homozygous
bw//bw individuals have white eyes, homozygous bw75//bw75 individuals have red-
brown eyes, and heterozygous bw75//bw individuals have intermediate orange eyes at
25°C. A detailed description of these stocks and how they were raised and handled
during the experiments is given in CHAPTER 2.

METAPOPULATION EXPERIMENT: SETUP AND PROCEDURE
The experimental setup included metapopulations consisting of small populations in
vials (fig. 3.1A), and large populations in bottles (fig. 3.1B). A metapopulation consisted
of ten vial populations (= demes) initiated with 16 parents (eight females and eight
males) each per generation. Bottle populations were initiated with 160 parents (80
females and 80 males) per generation. We set up five replicates of each metapopulation
and of each bottle population.

Migration followed a circular, unidirectional stepping stone pattern with one migrant
per generation (figs 3.1C and D), so that Nm = 1 and the migration rate for N = 16 is
given by m = 1/N = 0.0625. We selected the migrant at random from the eight founder
females or males for the next generation according to the required sex in an experi-
mental series. The three experimental aspects of migration (migrant sex, the sequence of
mating and migration, and the initial level of genetic differentiation) provided the
following options: migrants are either female (F) or male (M), mating occurs either after
(A) or before (B) migration, and the initial level of genetic differentiation is either zero
(FST = 0) or maximal (FST = 1). This resulted in eight different combinations of options
(migration series AF0, AF1, AM0, AM1, BF0, BF1, BM0, BM1). We used two types of
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control series (data from CHAPTER 2): vial metapopulations without migration (series
C0, fig. 3.1A) and bottle populations (series CH, fig. 3.1B).

We initiated the control series C0 and CH and all demes in the metapopulations
starting without genetic differentiation (fig. 3.1C) with heterozygous individuals
obtained from the mixed offspring of the reciprocal crosses bw75//bw75 x bw//bw and
bw//bw x bw75//bw75. We continued this heterozygous founder population parallel to the
experiment to provide baseline values of a very large (“infinite”) random mating popu-
lation consisting of 20 bottles adding up to ca. 3100 individuals that were mixed each
generation. The demes in the metapopulations starting with maximal genetic differentia-
tion (fig. 3.1D) were alternately initiated with either homozygous red-eyed or homozy-
gous white-eyed flies from the homozygous bw75//bw75 (SR) and bw//bw (SW) stock
populations. Hence, although the genetic differentiation among demes differed between
experiments, the initial frequencies of both brown-alleles were equal (0.5) in all metapop-
ulations and in all migration series. For logistic reasons we carried out the experiments
in two successive time periods, with the series implementing mating after migration and
the vial controls in the first, and the series implementing mating before migration and
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Figure 3.1. Setup of experimental D. melanogaster metapopulations. A: One small vial population (=
deme) is founded by 16 breeding individuals (eight females and eight males) each generation. Ten
of these vial populations represent one subdivided population (= metapopulation with ten demes)
with a total size of 160 individuals. All five replicate metapopulations together may be viewed as a
higher-level, global metapopulation with a total size of 800 individuals. B: One bottle population is
initiated with 160 individuals in each generation. Five replicate bottle populations represent a
metapopulation with five large demes and a total size of 800 individuals. C: Migration between the
vial populations follows a circular, unidirectional stepping-stone pattern, with one (female or male)
migrant per generation. All demes are initialized with heterozygote (light grey) individuals to
minimize differentiation. D: Demes are initialized with alternating white-eyed (white) and red-
eyed (dark grey) homozygote individuals to maximize differentiation. Migration as in C.



the bottle controls in the second. We started the experiments in each period with a new
heterozygous founder population as described above that we will refer to as FH1 and
FH2, respectively.

Generations did not overlap and took 14 days to develop and to provide sufficient
offspring for sampling. The number of offspring per vial varied between 50 and 90. Each
generation we collected 15–25 virgin flies of each sex on the first days of eclosion. After
scoring the genotypic composition of this sample of 30–50 flies, we randomly selected
eight individuals of each sex from these flies to found the next generation.
For the series with mating occurring after migration we selected and transferred the
virgin migrant simultaneously with the transfer of the virgin founders into a fresh
breeding vial. We allowed the flies to mate and lay eggs for three days, and then trans-
ferred them to fresh vials for two more days to provide an emergency backup. In the
series with mating occurring before migration, we placed the virgin founders into a
temporary mating vial for 24 hours to mate before selecting a migrant. We then moved
both the mated residents and the selected mated immigrant into a fresh breeding vial to
lay eggs and remate for two days, and finally we transferred all flies again to fresh vials
for two more days to provide the emergency backup. The procedure for both types of
control populations and the founder populations is described in detail in CHAPTER 2.
We determined the genotypic composition of the samples from each vial and bottle
population for 20 generations to infer allele frequencies and actual and expected
heterozygosities, and to monitor fixation events.

ASSESSMENT OF FITNESS AND REMATING PROBABILITY
At the end of the experiment, we assessed the fitness of all experimental populations. As
fitness measure we used net fecundity (i.e., the average number of emerging offspring
per female), which we calculated from the total number of offspring of a sample of five
breeding pairs raised under standard conditions in 23 ml plastic vials on 9 ml of stan-
dard food with antibiotics (100 mg ampicillin per liter). The breeding pairs consisted of
virgin flies that were allowed to mate and lay eggs for 14 days with transfers to fresh
vials every third day, resulting in five consecutive series of offspring that were counted,
summed and averaged per remaining female (i.e., corrected for escapees but not for
dead females) to obtain one final value per sample. Thus, the measured net fecundity
includes female fitness characters as adult survival, fecundity (number of eggs laid) and
offspring viability (egg-to-adult survival), and assumes no limiting effects of male
virility.

We inferred the net fecundity of a vial population as the average of three replicate
samples per vial, and the net fecundity of a metapopulation as the average of 10 x 3
replicate samples, i.e., the three samples from each of its ten demes. In a comparable
way, we inferred the average net fecundity of a bottle population from 30 replicate
samples per bottle, and the baseline fitness values for the stock and founder populations
from 30 replicate samples per population.

We estimated the remating probability ρ (i.e., the probability that females mate with a
second male, Bundgaard & Christiansen 1972, Van Vianen & Bijlsma 1993) from the
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success rate of homozygous bw//bw males introduced in populations of mated homozy-
gous bw75//bw75 individuals and vice versa (experiment series BM1). Any heterozygous
bw75//bw offspring in such populations must be the result of remating. We monitored the
occurrence of heterozygous offspring on 220 of such occasions, resulting in an estimated
remating probability ρ = 0.2 per individual. Note that this estimate may be inaccurate for
two reasons. (1) We could not distinguish between heterozygous offspring of different
females. Hence, males that remated with more than one female were considered equal to
males that remated once, which tends to make the estimate conservative. (2) Remating
occurred about three times more often in case of bw75//bw75 males than in case of bw//bw
males on average, which indicates that the three genotypes in our experiments differed
with respect to male mating success.

F -STATISTICS
For each generation, we monitored the genotype frequencies of parents and offspring
per population and used these to determine allele frequencies, and observed and
expected heterozygosities. From these data, we inferred estimates of the level of genetic
differentiation within and among the five vial metapopulations (fig. 3.1).

As a measure of genetic differentiation among subpopulations within a metapopula-
tion, we calculate the fixation index FST as defined by Wright’s hierarchical F -statistics
(Wright 1951, Hartl & Clark 1997) from the expected heterozygosities within and among
subpopulations:

FST = HT – –HS . (3.1)
HT

In the experimental setup, HT represents the total expected heterozygosity of the
metapopulation, while –HS indicates the average expected heterozygosity of the ten vial
populations in the metapopulation.

To compare between replicate metapopulations, we use an analogous, higher-level F-
statistic FTG:

FTG = HG – –HT . (3.2)
HG

Here, –HT is the average expected heterozygosity at the metapopulation level. HG
indicates the total expected heterozygosity in all five replicate metapopulations
(“global” heterozygosity), and FTG is then a measure of genetic differentiation (“global
fixation index”), and thus an indication of the variation, between these five replicate
metapopulations.

The lowest level of F -statistics compares the observed heterozygosity within demes
HI to the expected heterozygosity HS of a population in Hardy-Weinberg equilibrium:

FIS = HS – HI . (3.3)
HS
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An FIS value of zero indicates a population in Hardy-Weinberg equilibrium, FIS > 0
and FIS < 0 indicate a shortage or a surplus of heterozygotes with respect to the Hardy-
Weinberg expectation, respectively.

INDIVIDUAL-BASED SIMULATIONS
The individual-based Monte-Carlo simulation model is based on the Drosophila mating
system resembling lottery polygyny (all females mate once, while males can mate with
more than one female; Bateman 1948, Nunney 1993) with female remating. In case of
remating the last male tends to be the most successful due to sperm displacement (i.e.,
most sperm of a previous male is inactivated). Typically, the fraction offspring sired by
the second male is p2 > 0.75 (Prout & Bundgaard 1977, Scott & Williams 1993). For
simplicity’s sake, we assume that p2 = 1 (i.e., complete instead of partial sperm displace-
ment) in the simulations. We include migration based on the circular unidirectional step-
ping-stone model that corresponds to the experimental setup.

We implemented the simulation model as follows. Depending on the migration
scenario, each generation starts with either migration followed by mating, or mating
followed by migration. There are Nf = N/2 females and Nm = N/2 males per generation.
Migration between n demes happens by randomly choosing one female (male) migrant
from Nf (Nm) resident females (males) in each deme and moving it into the next deme in
sequence. Mating happens within each deme by associating each of the Nf females with
a male that is randomly chosen (with replacement) from Nm males. The next step is
remating, where each mated female has a probability ρ to be associated with a second
male that is randomly chosen from the “new” male population (i.e., one resident male
has been replaced by a migrant in case of male migration, or all males have been
“replaced” with the male population of the target deme in case of female migration). In
case of remating the second male’s gametes completely replace the first male’s gametes.
In the final step reproduction takes place by randomly choosing one mated female per
offspring until Nf female and Nm male offspring are produced. Each offspring receives
two randomly chosen alleles per locus from the mother and the mother’s mate, respec-
tively.

For all simulations the mating system is lottery polygyny with remating, generations
are discrete, and population sizes are kept constant at either 16 or 160 individuals, with a
sex ratio of 1:1. The remating probability is kept constant at ρ = 0.2. The reproductive
success of females in our experimental system did not follow a Poisson distribution but
had a variance-mean ratio α = 1.6. We implemented this by mimicking the experimen-
tally obtained distribution of eggs laid per female (CHAPTER 2). The genetic parameters
are kept constant (one locus, two alleles, no mutation). Unless indicated otherwise, the
standard simulations do not include selection since we want to focus on the effects of
genetic drift, migration and mating system per se. When including selection, we use an
additive viability selection model (i.e., the relative viability of the genotypes bw75//bw75,
bw75//bw and bw//bw is 1, 1 – s/2 and 1 – s, respectively) with selection coefficient s = 0.08
(see CHAPTER 2 for details).
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STATISTICAL ANALYSIS
For the statistical analysis of our data, we mostly use the simulation model to construct
95% confidence ranges from the 2.5 and 97.5 percentiles of 1000 simulation runs, with
each run representing one metapopulation.

For the statistical evaluation of the population fitness data, we use analysis of vari-
ance (ANOVA) with the average net fecundity of a (meta)population as the dependent
variable. We test the effect of the different migration scenarios on population fitness in a
2 x 2 x 2 factorial ANOVA. The fixed factors are time of mating (after or before migra-
tion), migrant sex (female or male) and initial differentiation (zero or maximal), and
there are five replicate metapopulations for each combination of factors. We test the
effects of population size and gene flow on population fitness separately in single fixed-
factor ANOVAs. The factor population size has three levels: small vial populations (N =
16, 49 (50 minus one outlier) replicates), larger bottle populations (N = 160, 15 repli-
cates), and large stock and founder populations (N ≈ 3100, six replicates). The factor
gene flow has five levels: effective numbers of migrants of 0, 0.2, 1.0, 1.8, and ∞ (see the
corresponding section for explanation), with respectively 5, 10, 20, 10 and 15 replicates
per level. In case of the single factor ANOVAs, we use post hoc testing (Tukey’s HSD) to
pinpoint significant differences.

Each data point in an ANOVA is the average of 30 replicate net fecundity measurements
(i.e., three measurements per vial for each of ten vials in a metapopulation, or 30 measure-
ments per bottle, stock and founder population), with the exception of the vials in the
analysis of population size, where each data point is the average of three measurements.

RESULTS

GENETIC DIVERSITY AND DIFFERENTATION
In this section we evaluate the changes of the average expected heterozygosity –HS as a
measure of genetic diversity within demes (Varvio et al. 1986), and the fixation index FST
as a measure of genetic differentiation among demes in our experimental meta-
populations. Both measures are important in conservation genetic studies to assess the
status of populations, and to make recommendations for future management (e.g.,
Keyghobadi et al. 2005). Figure 3.2 shows the expected heterozygosity –HS averaged over
five metapopulations to depict the global trend for each series, and figure 3.3 shows –HS
of the individual replicates. Figures 3.4 and 3.5 show the corresponding plots of the fixa-
tion index FST. We will focus on the effect of the timing of mating (top: mating after
migration, bottom: mating before migration), and also evaluate the differences between
migrant sex (left: female migration, right: male migration) and initial level of differentia-
tion (red: FST = 0, black: FST = 1) at the moment of population fragmentation.

Mating after migration
First we consider the scenario where mating occurred after migration (A-series, top
panels). As expected, diversity increases rapidly for population fragments without initial
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diversity that become connected through migration (fig. 3.2, AF1 and AM1). In contrast,
we find a decline of genetic diversity starting immediately after the connection of demes
in metapopulations with maximal diversity (fig. 3.2, AF0 and AM0). The observed
dynamics of diversity is in line with the predictions from simulations (fig. 3.2, solid red
and black lines) although over time, the decline tends to become significantly steeper
than predicted (i.e., the observed values fall outside the 95% confidence bands indicated
by dashed lines). According to the simulations, the higher variance in reproductive
success of males should not result in substantial differences in the dynamics of –HS in the
cases of female and male migration. The experimental results are roughly in line with
this prediction, although series AF0 shows a much steeper decline than the other series.
When considering the dynamics of –HS in individual replicates, figure 3.3 (red markers)
shows that all five replicates in series AF0 fall below the predicted decline and that three
of the five replicates even fall below the 95% confidence bands. We have no explanation
for this discrepancy, since all metapopulations of series AF1 are well in line with the
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Figure 3.2. Genetic diversity within experimental D. melanogaster metapopulations with either
female (left) or male (right) migrants that mated after (top) or before (bottom) migration. The plots
show the expected heterozygosity –HS averaged over five replicate metapopulations (markers), and
the prediction from standard individual-based simulations (solid lines) with 95% confidence bands
based on samples of five replicates (dotted lines). The red series are the results of initially undiffer-
entiated, heterozygous metapopulations ( –HS = 0.5, FST = 0), and the black series are the results of
initially completely differentiated, homozygous metapopulations ( –HS = 0 , FST = 1).



predictions. The variation among the other three series is equally large, but mostly
within the confidence bands (fig. 3.3, AF1, AM0 and AM1).

Genetic differentiation among demes (fig. 3.4, top panels) appears to approach equi-
librium levels that are similar for both initial situations (red versus black) and for both
migrant sexes (left versus right). The dynamics of individual metapopulations (fig. 3.5,
top panels) show similar ranges of variation for genetic differentiation as for genetic
diversity. The observed levels of differentiation tend to be (significantly) lower than
predicted by simulations for all series. The occurrence of directional selection favouring
the bw75-allele (CHAPTER 2) suggests an explanation for this pattern, since directional
selection will generally reduce the level of differentiation within metapopulations (Crow
& Kimura 1970, Glemin et al. 2003). Simulations including selection do indeed predict a
reduction of FST (5% on average in generation 20, data not shown), but this reduction is
not sufficient to explain the difference between the observed and the simulated patterns.
Obviously, selection based on a simple viability model does not fully describe the
processes in our experimental metapopulations. Further inspection of our data reveals
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Figure 3.3. Variation of genetic diversity among experimental D. melanogaster metapopulations
with either female (left) or male (right) migrants that mated after (top) or before (bottom) migra-
tion. The plots show the average expected heterozygosity –HS of individual replicate metapopula-
tions (connected markers), and the prediction from standard individual-based simulations (solid
lines, cf. figure 3.2) with 95% confidence bands based on single replicates (dotted lines). Colour
codes as in figure 3.2.



that the number of demes fixed for the bw75-allele is almost twice the number predicted
by simulations, suggesting some additional factor favouring the bw75-allele. The experi-
mental regime of 24 hours of light might be such a factor. White-eyed flies tend to be
sensitive to high light intensities, which negatively affects their activity (Reed & Reed
1950). Incidental observations of our experimental fly stocks, e.g., the unequal rate of
remating between red- and white-eyed males, support this notion. Thus, the experi-
mental procedure limiting egg-laying to three days might have inadvertently favoured
the most active flies, suggesting that density-dependent selection is more likely in prac-
tice, but validation of more complex selection scenarios is beyond the aims of this study.

Mating before migration
When we next consider the scenario where mating occurred in the resident demes before
the migrants were moved into their target demes (B-series), the resulting picture is
considerably different (fig. 3.2, bottom panels). In contrast with the previous scenario of
mating after migration, we observe a pronounced difference between female (left) and
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Figure 3.4. Genetic differentiation within experimental D. melanogaster metapopulations with either
female (left) or male (right) migrants that mated after (top) or before (bottom) migration. The plots
show the fixation index FST averaged over five replicate metapopulations (markers), and the
prediction from standard individual-based simulations (solid lines) with 95% confidence bands
based on samples of five replicates (dotted lines). The red series are the results of initially undiffer-
entiated, heterozygous metapopulations (FST = 0), and the black series are the results of initially
completely differentiated, homozygous metapopulations (FST = 1).



male (right) migration that is also predicted by simulations. For both initial situations,
the levels of genetic diversity in metapopulations with male migrants (BM0 and BM1)
are low relative to the levels in metapopulations with female migrants (BF0 and BF1).
The observed results are largely within the 95% confidence bands for all series, and the
experimental variation in genetic diversity among replicate metapopulations is also
conform the range of variation predicted by simulations (fig. 3.3, bottom panels). We
observe similar large differences between female and male migration for the change in
genetic differentiation (fig. 3.4, bottom panels). Both the observed and predicted levels of
differentiation appear to approach an equilibrium (see appendix) that is similar for both
initial situations (red versus black), but much lower for female migrants (left) than for
male migrants (right). The variation among replicate metapopulations is in line with the
predicted range for male migrants, and the variation among metapopulations with
female migration tends to be less than predicted (fig. 3.5, bottom panels). These results
indicate that migration of males is less efficient than migration of females when individ-
uals have mated before migration.

Chapter 3

70

0
0.0

0.2

0.4

0.6

0.8

1.0

fix
at

io
n

in
de

x
F S

T

1510 205
generation

0.0

0.2

0.4

0.6

0.8

1.0

0 1510 205
generation

fix
at

io
n

in
de

x
F S

T
AF0 & AF1 AM0 & AM1

BF0 & BF1 BM0 & BM1

Figure 3.5. Variation of genetic differentiation among experimental D. melanogaster metapopula-
tions with either female (left) or male (right) migrants that mated after (top) or before (bottom)
migration. The plots show the fixation index FST of individual replicate metapopulations
(connected markers), and the prediction from standard individual-based simulations (solid lines,
cf. figure 3.2) with 95% confidence bands based on single replicates (dotted lines). Colour codes as
in figure 3.4.



Effective migration rate
Many theoretical population genetic models make the implicit assumption that mating
and reproduction occur after migration, so that both the migrants and the residents in
their target demes are virgins. The experimental A-series were set up according to this
assumption, with exactly one migrant per deme per generation. The migration rate m is
then inversely proportional to the population size N: m = 1/N.

In case of the B-series, we allowed the flies to mate in their resident deme before any
migration occurred. Now the probability to reproduce successfully after migration is
different for both sexes, and the impact of a migrant on the target deme depends on its
sex. A mated female reproducing in the target deme without interaction with resident
males has twice the impact of a virgin female, since she introduces not only her own
gametes but also those of her mate. The effective number of migrants per generation is
not one but two in this case.

In the Drosophila mating system, a mated female migrant has a probability ρ to
remate with one of the resident males before she starts reproducing, so that the resulting
effective number of female migrants per generation equals 1 + (1 – ρ) = 2 – ρ. Male
migrants, on the other hand, will only contribute to reproduction if they successfully
compete with the resident males for remating opportunities. The effective number of
male migrants per generation is thus reduced to ρ, and with ρ = 0.2 we can calculate
effective migration rates

me,f = (2 – ρ)/N = 0.1125 , me,m = ρ/N = 0.0125 (3.4)

for mated females and for males arriving in populations where individuals have already
mated, respectively. Our results illustrate that knowledge of a species’ life-history is
indispensable for the correct interpretation of patterns of genetic diversity or genetic
differentiation.

EXPECTED PATTERNS OF GENETIC DIFFERENTIATION
We now investigate how well the observed results correspond to predictions from stan-
dard theoretical models, of which the island model of migration (Wright 1931) is the
most notorious. Wright’s model assumes many independent demes of constant size N
with random mating within each deme, and an equal migration rate m for all demes
(Wright 1951). Slatkin (1977) distinguished the infinite ‘continent-island’ model (cf.
Wright’s model), and the finite “n-island” model. For both models, the change of autozy-
gosity F (i.e., the probability that two alleles within one individual are identical by
descent) over time can be predicted from recurrence equations (appendix, fig. 3A.1).
Under the additional assumption that individuals from different demes are unrelated
(Rousset 2004), as is the case in the continent-island model where migrants originate
from outside the metapopulation, the autozygosity F equals the fixation index FST that
measures genetic differentiation among demes. If m is sufficiently small, FST converges
rapidly to the well-known drift-migration equilibrium:
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^FST = 1 (3.5)
1 + 4 Nem

In contrast with the continent-island model, migrants in the n-island model originate
from demes within the metapopulation. Thus, individuals from different demes will
become more related over time due to migration, so that the autozygosity F may not be
equated to FST, and will eventually converge to an equilibrium value ^F = 1 (appendix,
fig. 3A.1). In such a situation FST is given by (Rousset 2004):

FST = Fw – Fb (3.6)
1 – Fb

where Fw is the probability of identity (either by descent or by state) within demes and
Fb is the probability of identity between demes.

In a stepping-stone model of migration gene flow is high between adjacent demes,
but it gets lower as demes are further apart. This asymmetry is larger as the model has
fewer dimensions (Kimura & Weiss 1964). Maruyama (1970) considered a one-dimen-
sional, bidirectional stepping-stone model with symmetric short-range migration by
analyzing a set of recurrence equations predicting the autozygosity F for two alleles that
might have originated from any combination of the same or different demes. We use a
similar approach to derive a more general set of recurrence equations that allows for
asymmetric migration as in the unidirectional model in our experiments (appendix). As
for the n-island model, individuals in different demes become more related over time due
to migration in the stepping-stone model, so that F and FST are not equal. To predict the
change of FST, we use eqn (3.6) equating Fw to the autozygosity in the focal deme and Fb
to the average autozygosity between demes that are one or more steps apart (appendix).

In figure 3.6 we compare the observed FST with predictions from the stepping-stone
(red and grey lines) and island (black lines) models based on eqn (3.6). In the first 20
generations (the duration of the experiment) the patterns expected on basis of the island
model (black lines) and the stepping-stone model (red and grey lines) only differ when
the metapopulation is started with maximum initial differentiation. The equilibrium
values of FST differ markedly between the two migration scenarios, but these differences
would only have become apparent in later generations. At such a later stage inadequate
use of the island model might have led to substantially biased predictions (see the next
section).

The predictions in fig. 3.6 suggest that none of the experimental series should have
reached its equilibrium in generation 20, although the observed values (red and grey
circles) appear to level off in the last five generations of the experiment. We presume
that this discrepancy is mostly due to the effect of selection in favour of the bw75 allele in
the experimental series that is not included in the theoretical predictions.

EFFECTIVE NUMBER OF MIGRANTS
In practical applications (e.g., Seppa & Laurila 1999, De Matthaeis et al. 2000, Antolin et
al. 2001, Anderson et al. 2004, Roberts et al. 2004, Shephard et al. 2005), predictions based
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on Wright’s island model of migration are often used to infer estimates of the effective
number of migrants per generation Nem from the measured levels of genetic differentia-
tion FST among local population fragments. In table 3.1 we apply eqn (3.5) to the
observed FST to estimate the effective number of migrants Nem = (1 – FST)/4FST for each
replicate metapopulation in generation 20 (M1 to M5). We compare these numbers with
predictions from individual-based simulations in generation 20 (SIM20). In line with the
observed variation in diversity and differentiation, the estimated Nem vary considerably
among replicate metapopulations and tend to be (significantly) larger than predicted in
most cases, even with the confidence intervals (SIM20) spanning a factor ten. Although
none of the experimental metapopulations is at equilibrium in generation 20, neither are
the simulated metapopulations (fig. 3.6). Hence, the non-equilibrium condition of the
populations does not explain the difference between the experimental and simulated
results. We presume that this difference is mostly due to the effect of directional selection
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ance-mean ratio α = 1.6 for the reproductive success per mating. Note that the red and black lines
coincide for populations with initial FST = 0, and the log-scale of the time-axis.



that reduces FST, and hence will increase the estimates of effective migration. The large
confidence intervals imply that estimates of Nem from single metapopulations might
deviate by a factor three on average, but when we consider the experimental metapopu-
lations the estimates deviate by even higher factors up to 20 (replicate M2 in series AF0).

The simulated metapopulations had approached their equilibrium after 100 genera-
tions (300 generations in case of series BM). The values of Nem (tab. 3.1) in simulated
non-equilibrium metapopulations (SIM20) are much higher than in simulated metapop-
ulations approximately in equilibrium (SIMeq). This suggests that the number of
migrants can easily be overestimated in natural populations, which might often be out
of equilibrium due to e.g., environmental disturbance or human intervention (Boileau et
al. 1992, Whitlock 1992, Ingvarsson et al. 1997, Stewart et al. 1999, Bohonak & Roderick
2001, Baguette 2004).

When all assumptions of the island model are met, we expect effective numbers of
migrants Nem (IMeq) with Ne = 9 and migration rates m = 0.0625, me,f = 0.1125 and
me,m = 0.0125 as defined by eqn (3.4). These numbers are almost twice as high as the
equilibrium values based on the analytical stepping-stone model (SSeq), which is in line
with the higher equilibrium levels of FST predicted by this model (fig. 3.6). Although the
simulated equilibrium values (SIMeq) match the predictions from the analytical step-
ping-stone model (SSeq), the wide confidence intervals imply large variation among
single metapopulations.

DIFFERENTIATION AMONG METAPOPULATIONS
The relative impact of genetic drift and gene flow determine to what extent replicate
metapopulations diverge from each other. We used the global fixation index FTG defined
in eqn (3.2) to evaluate the level of genetic differentiation among metapopulations for

Chapter 3

74

Table 3.1. Estimates of the effective number of migrants in D. melanogaster metapopulations. Nem
estimates are calculated using FST for the experimental (M1 to M5) and simulated (SIM20 and
SIMeq) metapopulations, and using the effective population size Ne = 9 and migration rates m =
0.0625, me,f = 0.1125 and me,m = 0.0125 for the analytical unidirectional stepping-stone (SSeq) and
island (IMeq) models (see text for details). Rows are ordered by increasing expected effective
migration rate. Bold numbers indicate experimental results that fall outside the 95% confidence
intervals predicted by simulations.

Series M1 M2 M3 M4 M5 SIM20 (95% CI) SIMeq (95% CI) SSeq IMeq

BM0 0.52 0.16 1.55 0.17 0.12 0.20 (0.06-0.60) 0.06 (0.00-0.41) 0.05 0.11
BM1 0.08 0.20 0.23 0.28 0.22 0.14 (0.03-0.39) 0.06 (0.00-0.32) 0.05 0.11
AM0 1.94 0.86 0.41 0.81 0.72 0.44 (0.15-1.54) 0.29 (0.07-1.68) 0.27 0.56
AM1 0.32 1.87 1.28 1.20 0.73 0.44 (0.15-1.44) 0.28 (0.07-1.71) 0.27 0.56
AF0 1.78 8.61 0.43 0.96 1.85 0.45 (0.14-1.55) 0.28 (0.07-1.53) 0.27 0.56
AF1 0.56 1.19 0.93 0.44 0.42 0.47 (0.19-1.53) 0.28 (0.07-1.75) 0.27 0.56
BF0 1.77 1.31 5.39 3.47 3.05 0.58 (0.20-2.03) 0.45 (0.12-2.41) 0.49 1.01
BF1 0.88 0.64 0.85 3.47 2.28 0.59 (0.18-2.26) 0.44 (0.11-2.45) 0.49 1.01



each experimental series (red and grey circles) in figure 3.7. Using data from CHAPTER 2,
we included metapopulations without gene flow (C0, black circles), and undivided
populations of identical size (bottle populations CH, grey triangles).

We found earlier that high levels of gene flow (i.e., high effective migration rates)
result in relatively low levels of differentiation within a metapopulation. The results in
figure 3.7 suggest that the opposite is the case for the differentiation among metapopula-
tions. In the absence of migration, we observe a higher level of differentiation among the
(larger) bottle populations than among the (smaller) vial metapopulations, which is
consistent with predictions from simulations (black versus dashed lines). We can readily
explain this by allele fixation due to genetic drift in almost all demes in the vial
metapopulations without migration relatively early in time. Allele fixation within most
demes limits both the effect of directional selection at all levels, and differentiation
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Figure 3.7. Observed and predicted differentiation among D. melanogaster metapopulations with
female (left) and male (right) migrants that mated after (top) or before (bottom) migration. The
plots show global fixation indices FTG calculated from five replicate experimental metapopulations
with migration (red: initial FST = 0; grey: initial FST = 1) or without migration (black), and the fixa-
tion index FST of five undivided populations of equivalent size as a metapopulation (triangles).
The predicted FTG (lines in corresponding colours) or FST (dashed line) are inferred from standard
individual-based simulations. The very high FTG for series BF0 (bottom left, red circles) is mostly
due to a single replicate where the average frequency of the bw75-allele decreased rather than
increased over time in spite of selection favouring the bw75-allele. Note the log-scale of the time-
axis.



within and among metapopulations because the amount and distribution of genetic
variation in the system also becomes fixed. A low effective migration rate (BM0 and
BM1) results in the smallest change of FTG, a high effective migration rate (BF0 and BF1)
results in a relatively large change of FTG, and an intermediate migration rate results in
an intermediate change of FTG (A-series). The (predicted) longer-term levels of differen-
tiation for all scenarios with migration (red and grey lines) are intermediate between the
levels of differentiation of isolated metapopulations (black line) and of single panmictic
populations of identical size (dashed line).

These results indicate that the level of gene flow within a metapopulation affects the
distribution of genetic variation within and among metapopulations. When migration
rates are relatively low, the genetic variation within demes will shift to differentiation
among demes. When migration rates are relatively high, however, the differentiation
among demes will shift even further to differentiation among metapopulations.

We conclude that even very low migration rates may mitigate the effect of genetic
drift within demes sufficiently to prevent the fixation of variation among demes within a
metapopulation (BM0 and BM1 versus C0). At relatively high migration rates allele fixa-
tion, and thus, the loss of genetic diversity, at the metapopulation level becomes a possi-
bility. Allele fixation within the entire metapopulation will be facilitated when direc-
tional selection plays a role, as in our experimental systems.

DEVIATION FROM HARDY-WEINBERG EXPECTATIONS
To test for potential deviations from Hardy-Weinberg (H-W) proportions within demes,
we used the lowest-level F-statistic FIS (eqn (3.3)) averaged over 50 demes per migration
series (10 demes x 5 replicate metapopulations). In figure 3.8 we present the observed FIS
for all experimental migration series (red and grey circles), for vial metapopulations
without migration (C0, black circles), and for the (larger) bottle populations (CH, grey
triangles). The FIS -values are mostly negative, in particular for the smallest population
size (red, grey and black circles). This is also the case for the FIS predicted from standard
individual-based simulations (red, grey and black lines). These results all indicate a
surplus of heterozygotes as compared to the number of heterozygotes expected in a
H-W population, which is larger as population size N is smaller (circles versus triangles).
In a sex-differentiated population, a (small) excess of heterozygosity will be caused by
random differences in allele frequencies between the female and male breeding popula-
tions (Falconer 1989, Rousset 2004), resulting in an expected deviation from H-W
proportions:

FIS = – 1 . (3.7)
2Ne

From equation (3.7), we can infer the predicted levels of deviation from H-W propor-
tions (fig. 3.8, thin black lines) approximating FIS = –0.056 for the vial metapopulations
(Ne = 9) and FIS = –0.0056 for the bottle populations (Ne = 90). Both the observed and the
simulated FIS are more negative on average than predicted by eqn (3.7). We have no
ready explanation for this discrepancy.
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POPULATION FITNESS
Although we observed an excess of heterozygosity with regard to Hardy-Weinberg
expectations (i.e., given the allele frequencies within each generation), homozygosity
will increase considerably over time because allele frequencies change due to genetic
drift and the relatedness among individuals increases. As a result, the expression of
recessive deleterious alleles will also increase leading to fitness reduction (i.e., in-
breeding depression, Thornhill 1993, Crnokrak & Roff 1999, Bijlsma et al. 2000, Hedrick
& Kalinowski 2000, Reed et al. 2002), although the observed heterozygote excess may act
as a buffer against the increased expression of deleterious alleles to some extent. To test
for the possible occurrence of fitness reduction, we estimated the average fitness of each
replicate vial population at the end of the experiment by measuring net fecundity, and
compared the results of (i) the different migration scenarios (i.e., the factors timing of
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Figure 3.8. Observed and predicted deviation from Hardy-Weinberg proportions within D.
melanogaster metapopulations with female (left) and male (right) migrants that mated after (top) or
before (bottom) migration. The plots show experimental average inbreeding coefficients FIS calcu-
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indicate the expected deviation from Hardy-Weinberg proportions for the vial (FIS = –0.056) and
bottle (FIS = –0.0056) populations. Note the log-scale of the time-axis, and the different scale for
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mating, migrant sex, and initial differentiation), (ii) the different population sizes (i.e.,
vial (N = 16), bottle (N = 160) and founder (N ≈ 3100) populations), and (iii) the level of
gene flow in (meta)populations of size N = 160 (i.e., effective numbers of migrants of
respectively 0, 0.2, 1.0, 1.8, and ∞).

In figure 3.9, we present the average net fecundities of the migration series (left) and
of different population sizes and levels of gene flow (right). We tested the effect of the
migration scenarios on population fitness simultaneously (three-way ANOVA), and we
found significant effects of timing of mating and migrant sex, but not of initial differenti-
ation (table 3.2). None of the interaction terms was significant, hence all three factors are
likely independent.

The effects of population size and gene flow (single factor ANOVAs) on population
fitness are both significant (table 3.2). In this test, the factor gene flow included the
scenarios without gene flow and with unlimited gene flow, and the data from all A-
series representing the same level of gene flow were combined. Post hoc pair-wise
comparisons (Tukey HSD) indicate that the fitness in the small vial populations is signif-
icantly lower than in both types of larger populations (fig. 3.9 right panel, categories 1, 5
and 6). Gene flow (right panel, categories 1 to 5) can partly counteract such effects if the
effective migration rate is sufficiently high, as in the case of the mated female migrants.
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CONCLUSIONS AND IMPLICATIONS

VARIATION AMONG SINGLE METAPOPULATIONS
Despite our relatively simple and highly controlled experimental system, we found
considerable variation between replicate metapopulations. Although this high variation
will be partly a consequence of the logistic constraints (such as a single marker locus,
small deme size and few replicates) of the experimental setup as discussed in CHAPTER
2, we expect even higher levels of variation in natural systems with large fluctuations in
environmental and ecological parameters. Most probably, estimates of gene flow for
such systems will be even less accurate than those inferred for our experimental
metapopulations. We can illustrate this by comparing the ranges of variation in Nem of
our experimental system from table 3.1 (0.08-1.55, 0.32-8.61 and 0.64-5.39 for low, inter-
mediate and high gene flow, respectively) with the results from some recent studies that
estimated values of Nem. Typical ranges of variation were 3-5, 0.23-0.50 and 0.03-0.80 for
three species of sand hoppers (De Matthaeis et al. 2000), 1.53 to 5.88 for wild dogs
(Girman et al. 2001), 2.9 to 30.2 for cougars (Anderson et al. 2004) and 3.34 to 9.03 for sea
turtles (Roberts et al. 2004). In many cases, the range of variation between different
(sub)populations considerably overlaps the range of variation among replicates
predicted by our experiments. Hence, implied differences in gene flow based on such
estimates might be way off target. In line with earlier studies (Whitlock & McCauley
1999, Neigel 2002) we conclude that recommendations for nature management based on
such estimates must be used with great care and wide safety margins.
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Table 3.2. Effect of migration scenario, population size and gene flow on population fitness. The
migration scenarios were tested in a three-way ANOVA with fixed factors time of mating (M =
after or before migration), migrant sex (S = female or male) and initial differentiation (I = zero or
maximal). Since none of the interactions were significant in the full model, we used the restricted
model instead. Population size (N = 16, N = 160 or N ≈ 3100) and gene flow (effective number of
migrants Nme = 0, Nme = 0.2, Nme = 1.0, Nme = 1.8, and Nme = ∞) were each tested in a one-way
ANOVA. The dependant variable in all cases is the average net fecundity of a (meta)population.

Factor df MS F P

Time of mating (M) 1 65.280 5.81 0.0211
Migrant sex (S) 1 63.303 6.00 0.0193
Initial differentiation (I) 1 17.135 1.57 0.2178

error 36 10.889

Population size 2 986.703 16.67 0.0000
error 67 59.208

Gene flow 4 238.611 8.91 0.0000
error 55 26.796



DEVIATIONS FROM STANDARD MODEL ASSUMPTIONS
Not surprisingly, we found a considerable effect of migrant sex on the migration rate m
in populations where mating occurred before migration. When migrants mate before
migration and are predominantly female, the effective migration rate me,f is approxi-
mately twice as high as the expected rate m. In contrast, me,m might be close to zero
when migrants are predominantly male and arrive in target demes late in the mating
season. Although these differences are rather obvious, common estimates of Nem do
often not consider such sex differences in migration (but see Berg et al. 1998, Vitalis
2002). The possibility of sex-biased migration underlines the importance of a correct
interpretation of the one-migrant-per-generation rule of thumb that is widely used in
conservation biology (Mills & Allendorf 1996, Wang 2004).

The unidirectional stepping-stone model of migration in our experimental series
represents one end of a range of migration models with decreasing spatial structure. The
island model that is basically independent of spatial structure represents the opposite
end, and most natural populations will fall in between these extremes (Slatkin 1985). By
using the extreme as point of reference we intended to infer the maximum level of
discrepancy that can be expected when estimates of Nem are calculated in a standard
way according to the island model. Our analytical and simulation-based analyses of
stepping-stone migration predict equlibrium values that are a factor two higher than
predictions based on the island model. Among the estimated values of our experimental
metapopulations, we found wider error margins than the predicted confidence intervals.
Both findings illustrate that such discrepancies between the natural system and the
underlying model might easily lead to incorrect estimates of demographic parameters.

The results of this study suggest two important reasons to demonstrate caution when
using estimates of Nem in empirical studies. First, regardless of the average correspon-
dence of our experimental results with theoretical predictions, the variation among
single replicates was large. Since replicate metapopulations are generally not available in
empirical studies, any estimate of Nem based on a single replicate will fall into a corre-
sponding wide confidence range, and thus have limited accuracy. Second, in addition to
the intentional differences in effective migration rate and migration model, our
metapopulations did never attain drift-migration equilibrium and our eye colour
marker system was subject to selection favouring one of the marker alleles. This illus-
trates that unintentional discrepancies of model assumptions can easily occur despite a
relatively simple and highly controlled experimental setup. Both the known and the
unknown factors have likely added to the estimates way off the target in table 3.1. Since
natural systems are much more complex, many other (unknown) factors can be expected
to play additional roles, and to confuse estimates of Nem even more.
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APPENDIX: MIGRATIONMODELS

In this appendix, we first summarize the relationship between de autozygosity F (i.e.,
the probability that two alleles within one individual are identical by descent) and the
fixation index FST for the infinite “continent-island” model (cf. Wright’s (1931) classical
island model) and for the finite “n-island” model (Slatkin 1977) that is more appropriate
if the number of demes in a metapopulation is small.

Next, we derive a set of recurrence equations that predicts the autozygosity in a step-
ping-stone model of migration, and we relate the autozygosity to the fixation index for
this model in a similar way.

CONTINENT-ISLAND MODEL
Based on coalescent theory, the autozygosity F (i.e., the probability that two alleles
within one individual are identical by descent) of a diploid Wright-Fisher population of
size N and with mutation rate µ (Malécot 1948) changes according to the recurrence
equation:

Ft+1 = (1 – µ)2 1 + 1 – 1 Ft (3A.1)
2N 2N

Under the assumption that individuals in different demes are unrelated (Rousset
2004), the autozygosity F for the continent-island model with migration rate m is given
by:

Ft+1 = (1 – µ)2 (1 – m)2 1 + 1 – 1 Ft (3A.2)
2N 2N

At equilibrium,

^F = (1 – µ)2 (1 – m)2
≈ 1 (3A.3)

(1 – µ)2 (1 – m)2 +2N [1–(1 – µ)2 (1 – m)2 ] 1+4N(µ+m)

where the approximation applies when µ and m are small. With µ << m, the autozy-
gosity F equals the fixation index FST.

N-ISLAND MODEL WITH MIGRANT-POOL MIGRATION
Following Slatkin (1977), we consider a metapopulation with n demes of size N and

an equal migration rate m between all demes. We assume that migrants from all demes
assemble into a migrant pool, and redistribute themselves at random over all demes
including the source deme. The autozygosity Fi in respectively the focal deme (i = 0) and
any other deme (i = 1) is given by two recurrence equations:
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F’0 = a 1 + 1 – 1 F0 + (1 – a)F1 (3A.4.a)
2N 2N

F’1 = b 1 + 1 – 1 F0 + (1 – b)F1 (3A.4.b)
2N 2N

where F’i and Fi are the autozygosities of deme i in generation (t +1) and generation t,
respectively. The parameters a and b are defined as follows: a is the sum of probabilities
that two alleles sampled from the same deme originate from two residents, one resident
and one migrant, or two migrants, respectively (Slatkin 1977, eqn (11)):

a = (1 – m)2 + 1 2m(1 – m) + 1 m2 (3A.5)
n n

and b is the sum of probabilities that two alleles sampled from two different demes orig-
inate from either two migrants from the same source deme, or from one resident and
one migrant from the same deme (Slatkin 1977, eqn (12); Pannell & Charlesworth 1999,
eqn (A3)):

b = 1 m2 + 1 2m(1 – m) (3A.6)
n n

FST in the n-island model can be predicted based on the relation between the probabili-
ties of identity (either by descent or by state) within demes Fw and between demes Fb
(Rousset 2004):

FST = Fw – Fb (3A.7)
1 – Fb

In this model Fw corresponds to F0 and Fb to F1.

ONE-DIMENSIONAL STEPPING-STONE MODEL WITH ASYMMETRIC MIGRATION
We consider a metapopulation with n demes of size N each, and migration rate m = mR +
mL where mR = rm is the probability of migration in one direction (“to the right”) while
mL = (1 – r)m is the probability of migration in the other direction (“to the left”). Thus, an
individual in deme i may either originate from i, or from any of the other demes
[i+1…….i+k], [i–1…….i–k] (k < n) at any time t. The autozygosity Fi,j indicates the proba-
bility that two alleles drawn from deme i and deme j are identical by descent. If we
assume that all autozygosities Fi,j for any combination of demes that are k steps apart are
equal, we can define Fk = Fi+k,i = Fi–k,i. Hence, F0 indicates the autozygosity for two
alleles coming from the same deme (k = 0), i.e., the focal deme. If we further define
a = (1 – m)2 + m2

R + m2
L (i.e., the probability that both alleles are either from a resident, or
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from a migrant), and b = m(1 – m) (i.e., the probability that one allele is from a resident
and one allele is from a migrant), and c = mRmL (i.e., the probability that one allele is
from a migrant in one direction, and the second allele is from a migrant in the other
direction), we can infer the autozygosities in the next generation F’k from a set of recur-
rence equations that describe all possible contributions of autozygous alleles from
demes that are k = 0 to n – 1 steps away from the focal deme:

F’0 = a 1 + 1 – 1 F0 + 2bF1 + 2cF2 , (3A.8.a)
2N 2N

F’1 = aF1 + b 1 + 1 – 1 F0 + bF2 + c(F1 + F3), (3A.8.b)
2N 2N

F’2 = aF2 + b (F1 + F3) + c 1 + 1 – 1 F0 + cF4 , (3A.8.c)
2N 2N

F’k = aFk + b (Fk+1 + Fk–1) + c (Fk+2 + Fk–2). (3A.8.d)

The first term in equation (3A.8.a) is the probability that two alleles drawn from the
focal deme are identical by descent, the second term is the probability that one allele
drawn from the focal deme and one allele drawn from an adjacent deme are identical by
descent, and the third term is the probability that two alleles drawn from one of two
possible adjacent demes each are identical by descent. The other equations are derived
similarly.

We use (3A.7) to predict the change in FST for the stepping-stone models as well, but
here we use the autozygosity F0 within the focal deme to represent Fw and the average
autozygosity between demes that are one or more steps apart to represent Fb:

Fb = 1 ∑ Fi . (3A.9)
n – 1

In figure 3A.1 we compare the dynamics of autozygosity F (red) and of genetic differ-
entiation FST (black) for parameters based on our experimental setup (n = 10, N = 16, m =
1/N) over 10,000 generations. The top left panel shows the predictions for the continent-
island (open circles) and n-island (solid circles) models, and the top right panel shows
the predictions for the bidirectional (r = 0.5, solid circles) and unidirectional (r = 1, open
circles) stepping-stone models. For the stepping-stone models, the two initial situations
are simulated by setting all Fk to zero to start without differentiation, and by setting
Fk = 1 for k = 0,2,4,6,8 and Fk = –1 for k = 1,3,5,7,9 to start with maximal differentiation.
According to expectation, the autozygosity F approaches unity in the n-island model
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and both stepping-stone models, whereas it converges to the equilibrium predicted by
(3A.3) in the continent-island model. A finite number of demes in combination with the
absence of gene flow originating outside the focal system (i.e,. long-distance migration
or mutation) will eventually lead to total relatedness of all individuals in the metapopu-
lation, and thus to an equilibrium of unity. The results are consistent with predictions
from earlier analytical studies (Kimura & Weiss 1964, Maruyama 1970) of finite systems
without either long-distance migration or mutation. These conditions are met in our
experimental system, since we excluded long-distance migration on purpose, and we
look at relatively few generations so that the probability of mutation is negligible. The
predicted equilibrium levels of FST = 0.32 for bidirectional (black, solid) and FST = 0.34
for unidirectional (black, open) stepping-stone migration (top right) are considerably
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Figure 3A.1. Dynamics of autozygosity F (red) and genetic differentiation FST (black) in a metapop-
ulation predicted by analytical models and individual-based simulations (see text for details). Top
panels: analytical predictions for the continent-island (open circles) and n-island (solid circles)
model (left), and for the bidirectional (solid circles) and unidirectional (open circles) stepping-stone
model (right). Bottom panels: simulation results (thick lines) and analytical predictions (thin lines)
for the n-island model (left) and the unidirectional stepping-stone model (right). The small discrep-
ancy between the simulations and the analytical predictions stems from the difference between the
analytical model that assumes cosexual individuals and allows for selfing, and the simulation
model that is based on separate sexes. Note that FST is no longer defined if alleles become fixed
within the metapopulation, as indicated by the fluctuations and premature ending of the simulated
curves. Note the log-scale of the time-axis.



higher than for both island models (top left). The equilibrium FST = 0.19 for the n-island
model (black, solid) based on (3A.7) closely approaches the level of FST = 0.20 for the
continent-island model (black, open).

The results of long-term simulations (fig. 3A.1 bottom panels, thick lines) are in line
with the analytical predictions (thin lines) for both models. Given the same set of param-
eters, the approximation of FST using (3A.7) and (3A.9) (right) yields more accurate
predictions for the stepping-stone model than the commonly used approximation (3A.3)
based on the continent-island model (left) would have done.
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