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The biological diversity of our planet is rapidly declining as a direct or indirect conse-
quence of human activities (Lawton & May 1995, Palumbi 2001, Gaston 2005). A large
number of species has gone extinct and is irreversibly lost. Because of the destruction,
deterioration and fragmentation of their habitats, many other species have been reduced
to small and often isolated populations that are at risk of extinction due to environ-
mental, demographic or genetic stochasticity. In a worst-case scenario, all these factors
may work negatively in concert, and further increase the extinction risk of fragmented
populations (Lande 1998, Fahrig 2003, Gaggiotti 2003, Reed 2004, Ewers & Didham
2006).

The International Union for the Conservation of Nature (IUCN) recognizes the need
to conserve biodiversity at three levels: genetic diversity, species diversity, and
ecosystem diversity (McNeely et al. 1990). This thesis centres on the dynamics of genetic
diversity in a metapopulation context, and the relevance of general population genetic
theory for nature conservation management. I aim at integrating experimental and theo-
retical approaches by comparing data from experimental Drosophila melanogaster
metapopulations and individual-based computer simulations of increasing complexity
with the patterns as predicted by general population genetic theory. I focus on the impli-
cations of metapopulation structure for the proper interpretation of genetic data quanti-
fying diversity and differentiation, and the consequences of these implications for
conservation biology.

THEMETAPOPULATION APPROACH

As a consequence of the increasing fragmentation of the natural habitat of many species,
the “metapopulation approach” has become a mainstream approach in conservation
biology over the last two decades (Hanski & Simberloff 1997, Hanski 1999). A metapop-
ulation (Levins 1969) consists of habitat fragments harbouring small, relatively isolated
local populations, the so-called subpopulations or demes. Connection of the habitat
patches through migration is limited, and patches may be subject to local extinction and
recolonization.

Recent research based on the metapopulation concept has provided a large body of
theoretical studies contributing to the understanding of ecology at the population, land-
scape and community levels, of population genetics and of evolutionary biology
(overview in Hanski & Gaggiotti 2004, Rousset 2004). Empirical studies providing data
to test and validate the theory, however, are still limited (e.g., Lambin et al. 2004), with a
few exceptions (e.g., butterflies, overview in Thomas & Hanski 2004; water fleas, Haag et
al. 2005; plants, Antonovics 2004). The majority of empirical studies in natural systems
are generally faced with the problem that the observed patterns are often unique, since
they are the outcome of specific historical events, and only allow indirect comparisons
when testing predictions from metapopulation theory (e.g., Hanski et al. 2002).
Moreover, even large empirical datasets are mostly descriptive and do not allow unrav-
elling the underlying causes and mechanisms of the observed patterns. Experimental
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studies aiming at validation of theoretical models commonly focus on single popula-
tions in homogeneous habitats (e.g., bacteria, Dykhuizen & Dean 2004; plants, Holeski &
Kelly 2006; nematodes, Cutter 2005; fruit flies, Snook et al. 2005), although some recent
studies also include spatial structure (e.g., protists, Warren 1996; nematodes, Friedenberg
2003; plants, Olson et al. 2005) and spatial heterogeneity (e.g., fruit flies, Mery & Kawecki
2004). To disentangle the complex interaction of environmental, demographic and
genetic processes, however, controlled and replicated observations and manipulations of
metapopulation features such as gene flow or extinction rates are necessary.
Experimental metapopulations under controlled laboratory conditions provide an
obvious answer to this need, and are the focus of this thesis.

In the next section of the introduction I briefly review the theoretical results in
metapopulation biology (readers familiar with metapopulation theory can skip this
section). In the two subsequent sections, I introduce some population and conservation
genetic concepts and parameters that are relevant for this thesis. In the final section I
explain the approach taken in this study and the subsequent outline of my thesis.

A REVIEW OFMETAPOPULATION THEORY

The development of basic theoretical models in both population dynamics and popula-
tion genetics is often based on a hypothetical large population of equally interacting
individuals that is closed to migration. Clearly, this approach is not sufficient to describe
the processes occurring in most natural populations, which tend to be structured, for
instance in age cohorts or by the spatial aggregation of individuals. On a larger scale,
separate patches of habitat able to sustain a local breeding group during one or more
generations and connected through migration, constitute a structured, subdivided popu-
lation, or metapopulation. Each habitat patch sustaining a breeding group within such a
metapopulation then constitutes a subpopulation, or deme. A habitat patch may be
temporarily empty when a local extinction event wiped out its inhabitants, until it is
recolonized by migrants from other demes within the metapopulation that succeed in
founding a new deme. This succession of local extinction and recolonization events
within a metapopulation is referred to as population turnover.

It is obvious that on the one hand, spatial structure and the associated demographic
processes of migration between habitat patches, extinction of local demes and
(re)colonization of empty patches will have profound effects on the distribution of
genetic variation (i.e., the variation within demes versus the variation among demes) in a
metapopulation (box 1.1). Increasing fragmentation of the habitat will increase the
genetic differentiation among demes (Hastings & Harrison 1994). Small and relatively
isolated demes are subject to genetic drift leading to the loss of genetic variation and an
increase of autozygosity. This may in turn result in inbreeding depression (i.e., the
decrease of population fitness due to a high level of expression of recessive deleterious
alleles), and increase the risk of extinction (Bijlsma et al. 2000, Frankham 2003, Gaggiotti
2003, Reed & Frankham 2003, Spielman et al. 2004a). This process of deterioration due to
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small population size is often referred to as genetic erosion (Bijlsma et al. 1994). On the
other hand, the levels and distribution of genetic variation and genetic processes such as
local adaptation may strongly affect the demographic parameters (e.g., population size,
migration rate, extinction probability) and spatial structure of a metapopulation
(Mopper & Strauss 1998, Wade & Goodnight 1998, Keller & Waller 2002, Mix et al. 2006).
Despite their obvious interdependence, the demographic and genetic dynamics of a
metapopulation are often treated separately (Vellend & Geber 2005), although an inte-
grated approach is crucial for understanding the dynamics of biodiversity in fragmented
habitats (Lande 1988, Vucetich & Waite 1999, Lambin et al. 2004), and for adequate
conservation management (Alvarez et al. 1996, Neel & Cummings 2003, Oostermeijer et
al. 2003, Cabeza et al. 2004b). Consider for example a management program supple-
menting small populations, where the newly introduced individuals may severely
disrupt the dynamics of locally adapted populations resulting in a decline of population
fitness rather than the intended increase. In this section, I review the theoretical frame-
work of (population genetic) metapopulation modelling.

ECOLOGICAL MODELS
Ecological metapopulation models are broadly categorised by the level of demographic
dynamics and the level of spatial complexity. The lowest-level models focus on the
demography within patches and the persistence of single demes. The “metapopulation
aspect” of these models is limited to the dynamics of migration, by way of monitoring
the numbers of immigrants and emigrants affecting population size. The spatial configu-
ration of other patches where migrants come from or go to is not relevant, hence these
models are spatially implicit at the metapopulation level. The higher-level patch-occu-
pancy models do not consider the local demographic dynamics within patches but
describe the dynamics of a metapopulation as a stochastic balance of local extinction and
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Box 1.1 Metapopulation development in space and time

Large, undivided popu-
lation with little genetic
differentiation or demo-
graphic heterogeneity

Population subdivision
due to habitat fragmen-
tation. Subpopulations
(demes) are connected
through migration and
can be recolonized after
local extinction events
(light grey demes).

Over time, the demo-
graphic (size, age) and
genetic (allelic variation)
composition of single
demes will diverge.



recolonization of empty patches. The classic metapopulation model of Levins (1969,
1970, box 1.2), which is essentially a variation of the model of balanced extinction and
migration that is the theoretical basis of island biogeography (MacArthur & Wilson
1967), is the most notorious example of a patch-occupancy model. Patch-occupancy
models can be either spatially implicit or spatially explicit. Spatially implicit models do
not consider any specific spatial configuration, but assume that the exchange of
migrants between two or more demes is independent of distance. Spatially explicit
models consider the effect of spatial structure on migration. Spatial structure in these
models is commonly limited to a one- or two dimensional regular lattice, but may be
more complex when the actual geography is included (“spatially realistic models”,
Hanski 1994). The most complex ecological models consider both the local demography
within the patches, and the dynamics and spatial configuration of the patches within the
metapopulation.

Although (simple) analytical models have the advantage of mathematical solvability,
the conclusions tend to be relatively abstract because the studied systems are generally
defined by a small number of key parameters that are not linked on a one-to-one basis to
the biological parameters commonly used in applied studies. This type of models is well
suited for the development of general theory, but less suited for generating local rules-
of-thumb for the management of specific natural systems. Spatially detailed (simulation)
models better meet the needs of practical applications for nature management, but they
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Box 1.2 Levins’ classic metapopulation model

The Levins model (Levins 1969, 1970) assumes an infinite number
of equally connected patches, and is therefore spatially implicit.
The fraction occupied patches P changes over time with extinction
rate e and colonization rate c per patch:

Levins model
dP / dt = cP (1 – P) – eP

The metapopulation will persist at an equilibrium level of occupancy ^P = 1 – (e/c) when inter-
patch colonization takes place at an equal or higher rate as extinction (c/e > 1).

The mainland-island model (Harrison 1991) is a special case of
the Levins model reflecting the original assumption of island
biogeography theory that empty patches (islands) are also
colonized at rate C by migrants from a very large source population
(mainland) insusceptible to extinction:

dP / dt = (C + cP)(1 – P) – eP
Mainland-island model

Hence, the metapopulation will survive without any inter-patch colonization (c = 0) at an
equilibrium level of  ^P = C/(C + e) because there is always some immigration from the mainland.



have the disadvantage of requiring a lot of specific data regarding location and species
for parameterization, making the results case-specific as well. For a detailed review of
ecological metapopulation models, their application in a number of case studies, and
discussions on the advantages and disadvantages of the different types of models, I refer
to Hanski’s (1999) monograph on metapopulation ecology and the sections on ecology
and modelling in recent edited volumes on metapopulation biology (Hanski & Gilpin
1997, Hanski & Gaggiotti 2004).

POPULATION GENETIC MODELS
This section introduces population genetic models in a metapopulation context. Genetic
metapopulation models generally fit one of two main types. The island-type models
comprise the largest class and are spatially implicit. The isolation-by-distance models
comprise a second large class that are spatially explicit to a greater or lesser extent. Both
types of model describe the effects of genetic drift within and gene flow between the
demes within a metapopulation on the distribution of genetic variation within and
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Box 1.3 Wright-Fisher model of genetic drift

Ft+1 = 1/2N + (1 – 1/2N)Ft

The ancestral population (left) consists of N = 4 individuals having 2N different alleles, and
produces infinitely many gametes with frequency p = 1/2N of each type to reproduce. For each
next generation (middle) 2N alleles are randomly chosen from the gamete pool to combine
into N = 4 new individuals. Each individual gets either two alleles originating from the same
ancestor (“autozygosity”) with probability F, or two alleles originating from different ancestors
(“allozygosity”) with probability (1 – F). Due to the sampling procedure from one generation
to the next (“genetic drift”), alleles get lost until only one of the ancestral alleles will be left
and becomes fixed in the population (right).

Ht+1 = (1 – 1/2N)Ht

The Wright-Fisher model describes the effect of binomial sampling on allele frequencies in
finite populations of size N over many generations. For two alleles A and a with frequency p
and (1 – p), respectively, the variance in allele frequency from one generation to the next equals
p(1 – p)/2N. Hence, the expected heterozygosity H = 2p(1 – p) will decline over generations
according to:

If the autozygosity F is approximated by homozygosity (Hartl & Clark 1997), then F = 1 – H
and will increase asymptotically to unity due to random genetic drift:



among demes. Without the exchange of individuals between demes, gene flow is absent
and the level of genetic variation within demes is subject to random genetic drift only.
Gene flow can be continuous by way of migration between continuously occupied
demes, and discontinuous as a result of population turnover by way of recolonizing
empty patches after local extinction events. This review presents models of increasing
complexity by starting with genetic drift without gene flow, including continuous gene
flow through migration in the next subsection, and adding extinction/colonization
dynamics in the final subsection.

GENETIC DRIFT
The starting point for population genetic modelling is often a single infinitely large,
idealized population without gene flow. In such an idealized population without selec-
tion and mutation, the genotype frequencies of a diallelic locus with Mendelian segrega-
tion are in Hardy-Weinberg equilibrium and will not change over generations (Hartl &
Clark 1997). In contrast with the idealized model population, however, all natural popu-
lations are finite, and thus subject to genetic drift. This is essentially a binomial sampling
process on all available alleles each generation that increases the autozygosity, i.e., the
probability that two randomly chosen alleles are identical by descent (box 1.3). The
Wright-Fisher model of random genetic drift (Fisher 1930, Wright 1931) describes the
effect of such binomial sampling on the distribution of allele frequencies in finite popu-
lations over many generations by assuming an infinite number of equivalent idealized
demes of constant size without gene flow (Hartl & Clark 1997, box 1.3).

GENE FLOW THROUGH MIGRATION
Wright’s (1931, 1951) island model of migration includes continuous gene flow through
migration in a standard Wright-Fisher population (Hartl & Clark 1997). The original
model assumes an infinite number of demes populating an infinite migrant pool that in
turn provides migrants to all demes at an equal rate (box 1.4). This infinite island model
closely resembles the ecological Levins model. Slatkin’s (1977) interpretation of the infi-
nite island model as a continent-island model with a finite number of equivalent demes
and a very large (“continent”) population outside the metapopulation replacing the infi-
nite migrant pool relaxes the unrealistic assumption of infinitely many demes (box 1.4).
The continent-island model is very similar to the mainland-island extension of the
Levins model. The n-island model (Latter 1973, Slatkin 1977) is a finite interpretation of
the infinite model where the metapopulation comprises a finite number of equivalent
demes equally contributing individuals to the migrant pool, and receiving randomly
chosen immigrants from the pool at an equal rate (box 1.4).

The difference between the infinite continent and the finite migrant pool is geneti-
cally important because individuals from the continent are neither related to the individ-
uals in the metapopulation nor to each other. In contrast, all individuals in the migrant
pool will be increasingly related to each other and to the resident individuals in each
deme over time, because the metapopulation is finite. The constant influx of unrelated
individuals in the infinite model (box 1.5, left-hand plot) leads to an equilibrium level of
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autozygosity F in the metapopulation that is equal to the equilibrium level of genetic
differentiation FST (i.e., the standardised variance in allele frequencies between genera-
tions) among the demes. In the finite model (box 1.5, right-hand plot), the autozygosity
will increase to unity because all individuals in the metapopulation become more related
over time, whereas the genetic differentiation among demes will attain a different equi-
librium level depending on the migration rate (Rousset 2004, see also CHAPTER 3).
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Box 1.4 Island models of migration

The infinite island model and the continent-island model both
assume migration into demes of constant size N by unrelated
individuals at migration rate m. The migrants are unrelated in the
first case because the number of source demes is infinite, and in
the second case because they originate from an infinite source
outside the metapopulation. Migration affects the change in
autozygosity F due to genetic drift over time:

Infinite island model Ft+1 = (1 – m )2[1/2N + (1 – 1/2N)Ft]

In the finite model, migrants and residents have all ancestral alleles in common because they
both originate from the same finite number of demes. Hence, although migration will counter
the increase of FST due to genetic drift resulting in an equilibrium as above, migration can

Genetic drift increases both the autozygosity F within demes
and the fixation index FST, i.e., the standardised variance in
allele frequencies between generations, which is a measure of
differentiation among demes. Migration counters the increase
of FST, and when drift and migration are equally strong FST
approximates the well-known equilibrium:

 ^FST = 1/(1 + 4Nm) Continent-island model

Because migrants are not related to residents in the infinite models, migration also counters
the increase of F. Hence, the autozygosity F equals the fixation index FST in this special case
(Rousset 2004, see also the appendix in CHAPTER 3).

In the finite n-island model, migrants from all demes within the
metapopulation form a migrant pool sending out migrants to all
demes at migration rate m. The autozygosities in the focal deme
(F0) and outside the focal deme (F1) change over time, with
parameters a and b summing the probabilities of origin of two
alleles sampled in the same deme or in different demes, respectively
(Slatkin 1977, details in CHAPTER 3):

F'0 = a[1/2N + (1 – 1/2N)F0] + (1 – a)F1
F'1 = b[1/2N + (1 – 1/2N)F0] + (1 – b)F1

Finite n-island model

not counter the increase of F to unity because no unrelated alleles are introduced.



Isolation-by-distance and stepping-stone models are the spatially explicit genetic
counterparts of the ecological lattice models. Isolation-by-distance models (Wright 1943,
Malécot 1948) are continuous models where populations are uniformly distributed in
space and gene flow is defined as a probability distribution of the dispersal distances
between the locations of parents and offspring. Stepping-stone models (Kimura 1953)
consider demes arranged on a lattice in one, two or three dimensions (box 1.6). Migrants
move between pairs of adjacent demes taking one or more steps per migration event.
Infinite stepping-stone models assume an infinite number of demes, whereas finite one-
and two-dimensional models comprise of demes arranged on a row or, for example, in a
square. Such a spatial arrangement commonly brings about edge effects due to different
behaviour of demes situated on the boundary or ends of a lattice (Maruyama 1970a,
1971, Malécot 1975). A spatial arrangement of many demes in a circle or torus for one or
two dimensions, respectively, is commonly assumed to avoid edge effects in finite theo-
retical models (Slatkin 1985, box 1.6). Since the number of unrelated alleles is limited in
finite stepping-stone models when long-distance migration from outside the system and
mutation are assumed to be absent, the predictions of these models are comparable with
the predictions of the finite n-island model in that the fixation index FST will attain a
system-specific drift-migration equilibrium, whereas the autozygosity F will eventually
increase to unity (Malécot 1975, Slatkin 1985).
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Box 1.5 F and FST in infinite and finite metapopulations
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Over time, the fixation index FST (grey lines) attains similar equilibrium values in both an
infinite (left panel) and a finite (right panel) metapopulation with one migrant per generation
(i.e., Nm = 1). The autozygosity F (black lines) equals FST in the infinite metapopulation on the
left, but approaches unity in the finite metapopulation on the right (note that FST is undefined
when F = 1). The difference is caused by the unlimited availability of new unrelated alleles
replenishing the alleles that are lost due to random genetic drift in the infinite metapopulation.
In contrast, the number of unrelated alleles is steadily reduced over time by random genetic
drift without replenishment in the finite metapopulation.



GENE FLOW THROUGH POPULATION TURNOVER
Slatkin (1977) introduced two types of colonization to include gene flow through local
extinction and recolonization in the island model of migration (box 1.7). With propagule
colonization, colonists occur clustered, such as a capsule with seeds or a clutch of eggs
on a host, and hence arrive together in an empty deme. With migrant pool colonization,
colonists are recruited from the migrant pool, and may share the same source deme by
coincidence upon arrival in an empty deme (Slatkin 1977). Hence, colonists in a
propagule will generally be more related than colonists in a migrant pool. Subsequent
studies (Wade & McCauley 1988, Whitlock & McCauley 1990, Pannell & Charlesworth
1999) provided a number of predictions for the equilibrium levels of genetic differentia-
tion FST for both types of colonization in the infinite and finite island models. In case of
propagule colonization, the equilibrium level of FST will generally be similar to or larger
than the level in a metapopulation without local extinction, depending on the relative
magnitudes of the extinction and migration rates and the relative number of colonists
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Box 1.6 Stepping-stone models of migration

The connectivity of demes in finite stepping-stone models
depends on their position on the lattice. Different levels of
connectivity result in different levels of gene flow and autozygosity
in the demes at the boundary of the lattice (“edge effect”). Infinite
stepping-stone models have no edge effects, and are more
commonly applied in theoretical development.

Finite two-dimensional
stepping-stone model

a = (1 – m )2 + m2
L + m2

R

In a finite circular stepping-stone model migrants move
from the focal deme (D) in both directions at rates mL =
(1 – r)m (“to the left”) and mR = rm (“to the right”).
Parameter r indicates the symmetry of migration ranging
from symmetrically bidirectional for r = 0.5, to unidirec-
tional to the left or to the right for r = 0 or  r = 1, respectively.
In a metapopulation with k demes and m = mL + mR, four
recurrence equations describe the autozygosity over time
in the focal deme F0 and in demes 1 to k steps away (F1
to Fk). Parameters a, b and c indicate the probabilities that
two sampled alleles originate from a single migrant or
resident, from one migrant and one resident, or from two
migrants (Maruyama 1970b, CHAPTER 3):

F'2 = aF2 + b(F1 + F3) + c[1/2N + (1 - 1/2N)F0] + cF4
F'k = aFk + b(Fk+1 + Fk–1) + c (Fk+2 + Fk–2)

Circular stepping-stone model
with asymmetrical migration

F'0 = a[1/2N + (1 – 1/2N)F0] + 2bF1 + 2cF2
F'1 = aF1 + b[1/2N + (1 - 1/2N)F0] + bF2 + c(F1 + F3)

b = m(1 – m )
c = mLmR

DmL mL

mR mR



(Wade & McCauley 1988, Pannell & Charlesworth 1999). Migrant pool colonization may
either increase or decrease the equilibrium level of FST compared with a metapopulation
without extinction, depending on whether the number of colonists per colonization
event is smaller or larger than twice the number of migrants per deme (Wade &
McCauley 1988, see also CHAPTER 4).

The theoretical analysis of the effects of gene flow through local extinction and colo-
nization on the genetic differentiation in stepping-stone models is considerably less
complete than for the island models. Maruyama & Kimura (1980) analyze the effects of
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Box 1.7 Island model with local extinction and recolonization

In the finite n-island model with local extinction at extinction rate e and subsequent colonization
of the empty demes at colonization rate c = e by k colonists, the recurrence equations describing
the change of autozygosity in the focal deme (F0) and outside the focal deme (F1) over time
(box 1.4) are extended with the terms E1, E2 and E3 (shown in bold). E1 to E3 are the autozygosities
among colonists of different origins, and parameters A, B and C are the corresponding
probabilities of the different origins (Slatkin 1977, Rousset 2003):

Migrant pool colonization

F'0 = (1 – e)[a(1/2N + (1 - 1/2N)F0) + (1– a)F1] + eE1
F'1 = A[b(1/2N + (1 – 1/2N)F0) + (1– b)F1] + BE2 + CE3

E1 is the autozygosity of two alleles that are sampled in the same colonized deme and depends
on the autozygosity Fk among the k colonists, and thus, on whether colonization followed the
propagule model or the migrant pool model:

E1 = 1/2k + (1 – 1/2k)Fk

With propagule colonization all
k colonists originate from a single
source deme, and the autozygosity
Fk among them is:

With migrant pool colonization, the k colonists represent
a random sample from the migrant pool that comprises
of individuals originating from n* = n(1 – e) extant demes.
The autozygosity Fk among them is:

E2 and E3 are the autozygosities of two alleles sampled in a colonized and an extant deme,
and in two different colonized demes, respectively, and they are equal and independent of
the colonization model:

Fk = 1/2N + (1 – 1/2N)F0 Fk = 1/2Nn* + (1 – 1/2Nn*)[(1/n*) F0 + (1 – 1/n*) F1]

E1 = E3 = (1/n*)[1/2N) + (1 – 1/2N)F0 ] + (1 – 1/n*) F1

Propagule colonization



local extinction and colonization for a finite one-dimensional stepping-stone model
without additional gene flow through migration. They conclude that the frequent occur-
rence of population turnover will substantially increase the equilibrium level of genetic
differentiation when migration events are rare or absent (i.e., colonization follows the
propagule pool model). This conclusion is not unlike the results for the finite island
model under similar conditions (i.e., with propagule-pool colonization and much higher
extinction rates than migration rates, Pannell & Charlesworth 1999).
The lack of theoretical studies likely reflects the commonly used approach of describing
a stepping-stone model by means of an extended set of recurrence equations that tends
to get complicated when including population turnover, and generally allows no easy
analytical solutions to predict the expected equilibrium values of genetic differentiation.
However, computer simulations provide an alternative approach to study the dynamics
of stepping-stone models (Ibrahim et al. 1996), or to generate approximations of natural
systems (Kitamura et al. 2005). In CHAPTER 4, I extend my individual-based simulation
model of stepping-stone migration to include stochastically occurring local extinction
events. Recolonization takes place whenever a pair of a female and a male, or a single
inseminated female arrive in an empty deme as a result of migration. The results from
such long-term simulations suggest that systems comparable to the experimental
metapopulations are very unstable due to the high stochasticity of population turnover
events, and do not attain a stable equilibrium value of FST.

The island and stepping-stone models are two extremes in a continuum of increas-
ingly more spatially explicit models of gene flow. Island models represent the extreme in
long-distance migration, because distance does not play a role and all demes are equally
connected. Stepping-stone models, on the other hand, represent the extreme in short-
distance migration, because migrants can move between adjacent demes only (Slatkin
1985). Although most natural populations are likely to operate somewhere in between
these extremes, the unidirectional circular stepping-stone model (box 1.6) is the point of
departure in the migration experiments presented in this thesis (CHAPTER 3). This
extreme starting point allows the assessment of the maximum potential discrepancy
between inferences on the genetic structure of metapopulations based on the infinite
island model and the actual structure. In subsequent experiments I also consider the
more natural bidirectional variant of the stepping-stone model, and the n-island model
allowing random allocation of migrants (CHAPTER 4).

GENETICS IN AMETAPOPULATION CONTEXT

Genetics is increasingly used as a tool to elucidate phylogenetic relationships, to unravel
the structure and divergence of populations, to determine the mating system or repro-
ductive system, or to monitor the dynamics of an endangered population. To this end,
genetic parameters such as allele frequencies, heterozygosities and gene diversity
indices are estimated and used to infer demographic parameters such as population
sizes, dispersal rates, and level of fragmentation (Weir & Cockerham 1984, Slatkin 1985,
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Slatkin & Barton 1989, Wilkinson-Herbots 1998, Williamson & Slatkin 1999, Weir & Hill
2002). These inferences are often implicitly or explicitly based on the standard island
models of population subdivision that are derived for systems with continuous gene
flow through migration, and assume drift-migration equilibrium of neutral genetic vari-
ation. Hence, they can lead to misleading interpretations of the status of a metapopula-
tion where gene flow is not only mediated by migration but also by population turnover.
When randomly occurring extinction and founder events play a major role, the resulting
pattern and dynamics of genetic diversity may be quite different from predictions
considering only population sizes and migration parameters (Slatkin 1977, Wade &
McCauley 1988, Whitlock & McCauley 1990, Gilpin 1991, Lande 1992, Pannell &
Charlesworth 1999). The occurrence of patch coalescence (i.e., all extant demes in a meta-
population descend from individuals originating from a single deme in the past) may
substantially reduce genetic variation in a metapopulation, even though the number of
individuals and the amount of gene flow have always been large (Gilpin 1991, Hedrick
& Gilpin 1997). Furthermore, the distribution of genetic variation in a metapopulation
will to a large extent depend on local demography and migration patterns (Whitlock
1992, Gaggiotti & Smouse 1996, Ingvarsson 2002, Rousset 2004).

MUTATION AND SELECTION
Mutation is the ultimate source of genetic variation, which may be either neutral or
adaptive. Neutral variation has very little or no effect on the fitness of individuals,
whereas adaptive variation affects fitness, and is targeted by natuaral selection as a
consequence. Natural selection favours heritable traits that maintain or increase the
reproductive success of organisms, and hence increases the frequency of such traits in a
population (Darwin 1859).

Kimura (1968) hypothesized that most genetic variation at the molecular level is
neutral or nearly so. Neutral variation is subjected to genetic drift but not to natural
selection, hence over time populations will attain an equilibrium level of genetic varia-
tion where the loss of alleles due to genetic drift is compensated by the gain of alleles
due to mutation. The genetic models in the previous section assume neutral genetic vari-
ation in mutation-drift equilibrium in idealized populations, and do not explicitly
consider mutation. Including mutation in the finite models, however, would allow for a
constant, low influx of new alleles that is comparable to the influx of unrelated long-
distance migrants at a low rate in the infinite models, which may considerably affect the
equilibrium levels of autozygosity and genetic differentiation (Wilkinson-Herbots 1998).
Although experimental metapopulations are finite by default, I apply the genetic models
without considering mutation because the intended time-scale of the experiments in this
study is very short compared with an average evolutionary time-scale.

The spatial stucture of a metapopulation interacts with natural selection in two ways.
Firstly, population subdivision affects the impact of selection even when selection pres-
sures are uniform in all demes (Ohta 1992, Barton 1993, Whitlock 2002, Glemin et al.
2003, Roze & Rousset 2003, Rousset 2004). Directional selection tends to be more efficient
in metapopulations with continuous gene flow (Whitlock 2002, Glemin et al. 2003),
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whereas the occurrence of population turnover generally decreases the efficiency of
selection (Barton 1993, Cherry 2004). Secondly, spatial heterogeneity may induce differ-
ential selection pressures leading to different levels of local adaptation in different
demes (e.g., Felsenstein 1976, Hedrick et al. 1976, Hedrick 1986, Barton 2001). The focus
of this thesis is on the dynamics of neutral genetic variation expressed at a diallelic eye
colour marker locus (box 1.14). However, since this presumed neutral marker (Buri 1956)
displayed significant adaptive behaviour in practice, I included an optional, simple
additive model of viability selection between the zygote and the adult life stages of indi-
viduals in my computer simulations to assess the impact of directional selection in our
experimental metapopulations (see CHAPTER 2 for details). I also used this selection
model to explore some basic expectations of adaptation to changing environmental
conditions in my experimental metapopulations (CHAPTER 5).

INDICES OF GENETIC DIVERSITY AND DIFFERENTIATION
The level of genetic diversity in a population is decided by the occurrence of polymor-
phism (i.e., the number and frequencies of different alleles of a gene) in the population.
In all finite, random mating populations genetic drift occurs to some extent, leading to
an increase of autozygosity F and the loss of alleles over time, and thus to a gradual
decline of genetic diversity. Although autozygosity is thus an obvious indicator of
genetic diversity, its applicability is limited because it is not possible to distinguish
between autozygosity and homozygosity in practice. Instead, the expected heterozy-
gosity HE (Hartl & Clark 1997) is used to quantify genetic diversity based on allele
frequencies (e.g., Varvio et al. 1986, see also box 1.3).

In addition to the effects of random drift in finite populations, the relatedness of indi-
viduals will generally increase by population fragmentation. Wright (1951) defined a
hierarchical system of F-statistics to quantify these effects based on the analysis of the
standardized variance of allele frequencies between generations. Since this variance is
proportional to the expected heterozygosity (box 1.3), F can be defined as the relative
reduction of heterozygosity expected under random mating conditions by comparing
the reduction in heterozygosity at any level of population structure to that at a higher,
more inclusive level of population structure for a particular generation.

The inbreeding coefficient FIS represents the lowest level of the F-statistics and indi-
cates a shortage or a surplus of heterozygotes within a population by comparing the
observed heterozygosity HI with the expected heterozygosity HS (Hartl & Clark 1997).
Hence, FIS is a coefficient of deviation of random mating rather than a coefficient of
relatedness. The commonly used term “inbreeding coefficient” suggesting the latter is
rather unfortunate, and often leads to confusion in practice (Templeton & Read 1994,
Rousset 2002).

The fixation index FST (box 1.8) representing the next level of the F-statistics is the
most widely used measure of genetic differentiation among demes within a metapopu-
lation. Wright’s (1931) original definition of FST (i.e., the standardised variance in allele
frequencies between generations) is interpreted as the reduction of the average heterozy-
gosity of single demes relative to the heterozygosity of the entire metapopulation.
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The above definitions of F-statistics are relative to an ancestral random mating popu-
lation (FIS) and an unstructured population (FST), respectively. This dependency on a
reference population may be applicable under some conditions, but may lead to incon-
sistencies under different circumstances (Rousset 2002). Rousset (2002, 2004) proposes a
generic definition of “inbreeding coefficients” as the ratio of the difference in the proba-
bilities of identity within a structural unit and among two different structural units.
Such a structural unit can be an individual within a population, or a deme within a
metapopulation (box 1.8, see also CHAPTER 3).

Although the fixation index FST is widely used to assess the genetic structure of
metapopulations, its applicability has been increasingly questioned in recent years
(Nagylaki 1998, Whitlock & McCauley 1999, Neigel 2002, Pearse & Crandall 2004). Its
definition generally assumes neutral genetic variation and low mutation rates under the
infinite-alleles model of mutation (Kimura & Crow 1964). Contemporary studies
routinely screen natural populations with the help of molecular genetic markers such as
AFLPs, RAPDs, microsatellites or SNPs (Parker et al. 1998, Hedrick 1999, Kuhner et al.
2000, Sunnucks 2000, Vignal et al. 2002). The dynamics of these markers can be quite
different already in the absence of population structure because they are often not selec-
tively neutral, mutation rates tend to be high, and mutation more likely follows a step-
wise model (Goldstein et al. 1995, 1996, Slatkin 1995, Nauta & Weissing 1996). Hence,
interpretation of the results strictly in terms of the classic models may yield inaccurate
conclusions (Balloux et al. 2000, Estoup et al. 2002, Slatkin 2005).

In response, one mostly finds two approaches to interpret the results from natural
systems: either the modification of the traditional estimators of genetic differentiation, or
more recently, the development of new methods to analyze population structure. GST
(Nei 1973, Hanski et al. 1996), RST (Goodman 1997), θ (Weir & Cockerham 1984, Weir &
Hill 2002) and ΦST (Excoffier et al. 1992) are some well-known estimators of differentia-
tion based on F-statistics adapted to molecular data using AMOVA (Analysis of
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Box 1.8 Fixation index

Wright (1931) originally defined the fixation index FST as the
standardised variance in allele frequencies between generations.
Most equivalent indices for the analysis of molecular data using
AMOVA techniques, e.g., (Weir & Cockerham 1984), are based
on this interpretation of FST .

FST =
σ2

p

p (1 – p)

FST = HT – HS

HT

FST = F0 – F1
1 – F1

The more general alternative is based on the ratio of the difference
between the probabilities of identity within demes F0 and among
demes F1 (Rousset 2004).

The hierarchical F-statistic FST is widely used as a measure of genetic
differentiation among demes within a metapopulation. FST compares
the average expected heterozygosity within demes HS to the expected
heterozygosity of the entire metapopulation HT (Wright 1951).



MOlecular VAriance) techniques. Newly developed methods include coalescence-based
estimators that take account of the demographic history of populations (Wilkinson-
Herbots 1998, Beerli & Felsenstein 1999, 2001, Wakeley 2001, Gaggiotti et al. 2002, Clegg
et al. 2003, Anderson 2005), and statistical methods based on maximum-likelihood
approaches (Laval et al. 2003) or assignment tests that cluster individual genotypes into
populations (Waser & Strobeck 1998, Pritchard et al. 2000, Paetkau et al. 2004, Waples &
Gaggiotti 2006). All these methods show a tendency to ever increasing computational
demands and complexity, and a number of computer programs has become available to
aid in the analysis of (large) datasets, for example FSTAT (Goudet 2000), Genepop
(Raymond & Rousset 2003), Arlequin (Schneider et al. 2000), Structure (Pritchard et al.
2000), BAPS (Corander et al. 2003, 2004).

EFFECTIVE POPULATION SIZE AND GENE FLOW
Population size and numbers of migrants indicating the level of gene flow among popu-
lations are undoubtedly the most important demographic parameters commonly
inferred from genetic parameters in practice, for example to assess stocks in fisheries
biology (Hansen et al. 2000, Doornik 2002, Turner et al. 2002, Ardren & Kapuscinski 2003)
or to manage endangered species in conservation biology (Tufto & Hindar 2003, Hedrick
2004). However, such inferences can be problematic since the highly idealized assump-
tions of the population genetic models are seldom satisfied in natural populations. To
allow for deviations between real and model populations, Wright (1931, 1938) intro-
duced the concept of effective population size. The genetic effective size Ne is generally
defined as the size of an idealized Wright-Fisher population exhibiting the same
dynamics of genetic variation as the natural population in question (Wright 1969, Crow
& Kimura 1970, Crow & Denniston 1988). For example, the effective size can be consid-
ered as a measure of the decline of genetic variation due to genetic drift in a finite popu-
lation (Wang & Caballero 1999). In an idealized population where individual contribu-
tions to the next generation are Poisson-distributed (i.e., individuals have an equal
chance to contribute), the effective size Ne equals the census size N. When all individual
contributions are exactly equal (i.e., no variance in reproductive success) Ne is twice the
census size N, whereas increasing the variance in reproductive success decreases Ne so
that the ratio Ne /N < 1 (Wright 1938). Factors affecting reproductive success include for
instance sex ratio, age structure, mating system, fecundity or the presence of directional
selection (Nunney 1991, 1993, 1996, Caballero 1994, 1995, Santiago & Caballero 1995,
Wang 1996, Glemin et al. 2003, see also CHAPTER 2).

Unfortunately, effective population size is not an unequivocal concept, since the
common definitions of effective size are based on different aspects of a population. The
inbreeding effective size, variance effective size, and eigenvalue effective size are defined
in terms of autozygosity, variance in allele frequencies and heterozygosity, respectively
(box 1.9). All three effective sizes may differ substantially from another depending on
whether a population is either growing or declining, or in demographic equilibrium
(Crow 1954, Ewens 1979, 1982, Basset et al. 2001). These differences can span several orders
of magnitude under exceptional conditions, such as extinction events (Ewens 1989).
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The estimation of the effective population size (or, alternatively, the effective number
of migrants Me = Nem, i.e., the effective size Ne multiplied by migration rate m) is a
crucial step in most genetic screening programmes (e.g., Saccheri et al. 1998, Caballero &
Toro 2002, Miller & Waits 2003). Hence, one finds a variety of estimators to infer Ne that
are developed according to four main approaches (Beaumont 2003). The first approach
estimates variance effective sizes based on the (non-genetic) variance in reproductive
success among individuals (reviewed in Caballero 1994, box 1.10). This method requires
detailed knowledge of the life-history of a population, and may thus be difficult to
measure in practice (Frankham 1995, Austerlitz & Heyer 1998, Waples 2002). The second
approach esimates the eigenvalue effective size using single genetic samples to measure
for example heterozygote excess (Pudovkin et al. 1996, Luikart & Cornuet 1999, Balloux
2004) or linkage disequilibrium (Langley et al. 1978, Laurie-Ahlberg & Weir 1979, Hill
1981, Hayes et al. 2003). However, these estimators tend to have low power because they
are affected by many different processes. The third and most widely used approach esti-
mates variance effective sizes based on the difference in allele frequencies between two
or more samples of the same population taken at different moments in time. These
temporal estimators can be either moment-based (Krimbas & Tsakas 1971, Nei & Tajima
1981, Pollak 1983, Waples 1989, Luikart et al. 1999), likelihood-based (Williamson &
Slatkin 1999, Anderson et al. 2000, Wang 2001, Wang & Whitlock 2003, Tallmon et al.
2004, Anderson 2005), or coalescence-based (Beaumont 1999, Berthier et al. 2002,
Beaumont 2003). In contrast with the above estimators that assume short sampling
periods without noticeable effects of mutation, the fourth method estimates inbreeding
effective sizes using sequence data from serial samples covering an evolutionary time-
scale including mutation (Rodrigo et al. 1999, Fu 2001, Drummond et al. 2002).
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Box 1.9 Genetic effective population size

The effective population size Ne equals the size of an idealized Wright-Fisher population
yielding either the same amount of variance in allele frequency change among the offspring
(variance effective size Nσ

e ), the same level of heterozygosity in the offspring (eigenvalue
effective size Nλ

e ), or the same level of autozygosity in the parents (inbreeding effective size
Ni

e ) as the actual population in any generation:

Nσ
e =

p (1 – p)
2σ2

δp
Nλ

e = Ht
2(Ht – Ht+1)

Ni
e = 1 – Ft

2(Ft+1 – Ft)

If autozygosity is approximated by homozygosity, the inbreeding effective size is equivalent
with the eigenvalue effective size, since Ht = 1 – Ft . The inbreeding effective size is a measure
of the past, as the inbreeding coefficient depends on the number of ancestors in the parent
generation. The variance effective size is a measure of the future, as the sampling variance
depends on sample size, which is the size of the offspring generation. Thus, in a growing
population, Nσ

e tends to be larger than Ni
e , and in a declining population the reverse is the

case. In a stationary population the census size N is constant, so that the average number of
offspring per parent is two, and the inbreeding and variance effective sizes are equal (Crow
& Kimura 1970, Crow & Denniston 1988).



In CHAPTER 2, I use the first approach based on the variance in reproductive success
to predict the effective size independantly of genetic data taking account of two impor-
tant factors affecting the variance in reproductive success of males in Drosophila. The first
factor is the lottery polygyny mating system that is often associated with Drosophila
(Bateman 1948, Nunney 1993). In the basic form of lottery polygyny all females mate
exactly once, while males vary in their number of matings because they are randomly
chosen as mates by females. The second factor is the probability to remate with a
different male for mated females (Bundgaard & Christiansen 1972, Van Vianen & Bijlsma
1993). The Drosophila mating system reduces the effective population size considerably
depending on ρ, the remating probability, and on α, the variance-mean ratio of the
number of offspring contributed to the next generation by a single mating (box 1.10,
CHAPTER 2).

In addition, I derive two temporal estimators of Ne based on genetic data to compare
with the predictions based on the demographic estimator (box 1.11). Since I collected
data each generation, I can use linear regression to infer the variance effective size from
the variance in allele frequency change between two successive generations as a function
of the allele frequency in the parental generation. I infer the eigenvalue effective size in a
similar way through linear regression of the change in heterozygosity between two
successive generations as a function of the heterozygosity of the parental generation
(box 1.11, CHAPTER 2). Although these estimators yield accurate estimates of the effective
population size under laboratory conditions, they are generally not applicable in field
studies because they make strict assumptions such as fixed population sizes and strictly
neutral genetic markers that are often not satisfied in nature (CHAPTER 2).

From similar considerations as for the contemporary estimators of genetic differenti-
ation, a number of computer programs is available to infer effective population sizes
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Box 1.10 Effective population size with lottery polygyny and remating

In CHAPTER 2 we use the first approach to estimate the variance effective size for the Drosophila
lottery polygyny model independantly of genetic data. We assume that females mate only
once, or remate with probability  , while males attempt to mate as often as possible. We
further assume a stationary population with sex ratio 1:1, and use the variance-mean ratio
of the number of offspring contributed to the next generation by a single mating   to describe
the variance in reproductive success. Hence, we infer Ne :

Ne = 1
1 + /2 –[ /(1 +  )]2

When females mate strictly once ( = 0) and assuming that the number of offspring per mating
follows a Poisson distribution ( = 1), the effective population size Ne is 2/3 of the census size
N. With the observed variance-mean ratio  = 1.6 and remating probability  = 0.2 for Drosophila
in our experimental metapopulations, we can predict an effective population size Ne = 0.56N
(CHAPTERS 2 and 3).

N



and/or migration rates based on molecular genetic datasets, for example MCLEEPS
(Anderson et al. 2000), MLNE (Wang & Whitlock 2003), TM3 (Berthier et al. 2002). The
package NeEstimator (Peel et al. 2004) provides an interface for the previous three likeli-
hood-based programs, and also includes the moment-based approach following Waples
(1989) and two single-sample approaches based on heterozygote excess following
Pudovkin et al. (1996) and on linkage disequilibrium following Hill (1981). I evaluate the
performance of these likelihood-based and moment-based estimators compared to the
regression-based estimators that I derived for our experimental data (CHAPTER 2).

In addition to the variation in reproductive success of individuals within a popula-
tion, subdivision also affects the effective size of a population (Caballero 1994, Wang &
Caballero 1999). The effective metapopulation size is defined as the size of an idealized,
undivided Wright-Fisher population that would show the same dynamics of variation in
allele frequency changes as the actual metapopulation (reviewed in Wang & Caballero
1999). Since the effective size of a metapopulation is a measure of the decline of genetic
variation at the metapopulation level, it represents a useful tool to assess for instance the
viability of metapopulations for conservation management purposes (Hedrick & Gilpin
1997, Wang & Caballero 1999, Caballero & Toro 2000, 2002). Comparable to the lower
level where the reproductive variance of individuals affect the effective size of a single
deme, the effective size of the entire metapopulation (box 1.12) depends on the variation
among its demes in their contributions to subsequent generations, or the “reproductive
success” of demes. In the absence of local extinction and recolonization events, this vari-
ation is mainly governed by the dynamics within demes (i.e., differential reproductive
success of individuals) leading to fluctuations in deme size and migration rates. More
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Box 1.11 Estimators of Ne based on linear regression

Because I sample the allele frequencies each generation, I can infer the variance effective size
 ^Nσ

e directly from the allele frequency variation (box 1.9) by applying linear regression to the
variance σ2

δp in allele frequency change δp between two successive generations as a function
of the allele frequency p in the parental generation, with pi the allele frequency of the offspring
of a parental population with allele frequency p and i the number of cases that this parental
allele frequency p was observed (CHAPTER 2):

σ2
δp = ∑ (pi – p)2 /i = [p(1 – p)]1

Similarly, I can infer the eigenvalue effective size  ^Nλ
e through linear regression of ∆H, the

change in heterozygosity between two successive generations t and t + 1, as a function of the
heterozygosity Ht of the parental generation (CHAPTER 2):

2 ^Nσ
e

∆H = Ht – Ht+1 = Ht
1

2 ^Nλ
e



variation in the productivity of demes will generally decrease the effective population
size (Nunney 1999). In the special case where all demes contribute equally to subsequent
generations, the effective size is larger than the census size when the migration rate
among demes is low (Nei & Takahata 1993). The regular occurrence of extinction events
increases the variance of deme productivity enormously, since extinct demes do not
contribute at all while a single extant deme may contribute 100% by colonizing an empty
patch. As a consequence, the effective metapopulation size may decrease at a dramatic
rate (Maruyama & Kimura 1980, Hedrick & Gilpin 1997, Whitlock & Barton 1997, Wang
& Caballero 1999, Rousset 2003). Other important factors affecting the effective metapo-
pulation size include the colonization model (i.e., migrant-pool versus propagule-pool
colonization), the number of demes, and the level of gene flow (Hedrick & Gilpin 1997).
Migrant-pool colonization has less adverse effects than propagule-pool colonization
(Wade & McCauley 1988, Whitlock & McCauley 1990), since potential colonists in a
migrant pool will generally be less related than potential colonists in a propagule (see
box 1.7). More demes and low extinction rates affect the effective size positively, as do
high levels of gene flow. This last result is opposite to the effect of gene flow in metapo-
pulations without local extinction, because substantial gene flow is required to counter
the adverse effects of extinction-colonization dynamics, which may reduce genetic varia-
tion within demes to zero (Hedrick & Gilpin 1997. I evaluate the effect of extinction-colo-
nization dynamics on the effective metapopulation size in CHAPTER 4.
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Box 1.12 Effective mtapopulation size

The effective metapopulation size NM
e equals the size of an idealized Wright-Fisher population

that would yield the same dynamics of genetic variation as the actual subdivided population.
General formulas (i.e., without assumptions about geographical structure or migration model)
infer the variance effective size NM

e in three widely considered special cases (Wang & Caballero
1999):

NM
e = nN

Without differentiation (FST = 0) NM
e equals the census size nN, and with maximum

differentiation (FST = 1) NM
e approaches infinity. The expressions (ii) and (iii) reduce to (i) if

Deme size N is constant and equal, and all
n demes contribute equally to the next
generation through migration (V = 0):

Deme size N is constant and equal for all n
demes, but the demes contribute to the next
generation through migration with variance
V:

With local extinction at extinction rate e and
colonization following a migrant-pool
model, contribution to the next generation
per deme varies between 0 and N/(1 - e)
with V = e/(1 – e):

(i)

(ii)

(iii)

1 – FST

NM
e = nN

(1 – FST )(1 + V) + 2NVFST n(n – 1)

NM
e = nN(1 – e)

1 – FST + 2eNFST

V = 0 and e = 0, respectively, and result in NM
e smaller than (i) otherwise.



BIODIVERSITY AND CONSERVATION GENETICS

When the focus of conservation biology changed from the management of single species
to the design and management of nature reserves in the 1970s, this initiated among other
things, the well-known debate on the pros and cons of single large versus several small
populations (SLOSS debate, see e.g. Hanski & Simberloff 1997) to preserve biodiversity
in the best possible way. The (ecological) metapopulation approach represents a poten-
tially powerful tool to deal with such controversies, for instance by comparing alterna-
tive reserve designs (Cabeza et al. 2004a) and assessing population viability and
minimum viable population size (Reed et al. 2002, 2003c). In the long run, however,
biodiversity reflects genetic heterogeneity. Hence, the concerns of conservation biology
ultimately represent concerns about the loss of genetic diversity. Although disputed at
first (Caro & Laurenson 1994, Caughley 1994), nowadays there is a general consensus on
the importance of genetics for the persistence and fitness of natural and managed popu-
lations (Spielman et al. 2004b, Frankham 2005a). The primary genetic threats to popula-
tion persistence are inbreeding depression, the loss of genetic variation and, to a lesser
extent, the accumulation of deleterious mutations (Gaggiotti 2003, Frankham 2005a). The
combined occurrence of these threats resulting in the genetic impoverishment of popula-
tions is commonly referred to as “genetic erosion” (Bijlsma et al. 1994). Once genetically
impoverished, a population may no longer be able to track its biotic and abiotic environ-
ment and it may lose its potential for adaptation to future environmental challenges
(Bürger & Lynch 1997, Reed et al. 2003a, Frankham 2005b). The consequences of genetic
erosion are not necessarily restricted to the species in question, since the loss of adaptive
potential may be of particular importance in the context of species interactions, such as
the arms race between hosts and their parasites (Gandon & Michalakis 2002) or the rela-
tion between plants and their pollinators (Waser et al. 1996). This local co-evolution can
be a fast and fine-scaled process (Mopper 1996, Capelle & Neema 2005), and loss of
potentially adaptive genetic variation can severely affect the “interaction biodiversity”
of a species community (Thompson 1999).

GENETIC EROSION
There is a substantial body of evidence that genetic erosion is an important factor for the
persistence of small populations. Firstly, small population size may easily lead to
inbreeding depression (Frankham 1998, Hedrick & Kalinowski 2000). Inbreeding depres-
sion may in turn significantly enhance the extinction risk of a population, both in
captivity (Bijlsma et al. 2000, Reed et al. 2003b) and in nature (Crnokrak & Roff 1999,
Keller & Waller 2002, O'Grady et al. 2006). In addition, stressful environmental condi-
tions tend to further increase the extinction risk in many cases (Bijlsma et al. 1997,
Armbruster & Reed 2005, Bijlsma & Loeschcke 2005). Secondly, small populations are
substantially affected by genetic drift causing the loss of potentially favourable genetic
variation (Allendorf 1986). Although this is generally a long-term threat to extinction,
the loss of allelic variation may represent a more immediate threat when associated with
the resistance to disease depending on extremely polymorphic loci (Gaggiotti 2003).
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Thirdly, small population size may enhance the process of mutational meltdown (Lynch
et al. 1993, 1995a, 1995b). To date there is little evidence of the last two factors in natural
populations, and their importance for population extinction is unclear, especially in
view of opposing processes such as compensatory mutation (Poon & Otto 2000,
Whitlock et al. 2003).

In a metapopulation context, migration may either mitigate or enhance the effect of
genetic erosion on the extinction risk of the metapopulation. On the one hand, migration
may lead to positive heterosis since inbreeding depression is likely to involve different
sets of deleterious mutations in different demes (Ingvarsson & Whitlock 2000, Whitlock
et al. 2000), and may restore genetic variation in single (small) demes by (re)introducing
new alleles from larger demes (Gaggiotti & Smouse 1996). On the other hand, migration
may lead to outbreeding depression by disrupting locally co-adapted gene complexes
(Templeton 1986) and to a “migrational meltdown” in heterogeneous habitats by intro-
ducing maladapted alleles into locally adapted demes reducing the effective size that in
turn reduces the ability to adapt (Ronce & Kirkpatrick 2001). The overall picture of the
consequences of genetic erosion in a metapopulation is, however, far from complete, and
will require many more theoretical and empirical contributions focusing in particular on
the interaction of genetic and demographic processes (Gaggiotti & Hanski 2004).

ADAPTIVE POTENTIAL
A major concern of conservation biology is the loss of flexibility and adaptive potential
of small populations due to genetic erosion (Frankham 2005b), particularly in view of
the present-day climate change on a global scale (Parmesan & Yohe 2003, Hampe & Petit
2005, Root & Schneider 2006). The ability to respond to changing environmental condi-
tions is defined at two levels (Badyaev 2005, Bijlsma & Loeschcke 2005). As a first step, a
population must harbour sufficient genetic variability to ensure its survival during the
first manifestation of environmental changes, albeit at a reduced fitness level (“stress
tolerance”). Stress tolerance will depend partly on phenotypic plasticity (Bijlsma &
Loeschcke 2005) and partly on the available allelic variation (Macnair 1991, Lynch &
Lande 1993). In the second step, fitness will be restored to a new optimum by adaptation
to the new environment. Since both stress tolerance and adaptation occur on short to
intermediate evolutionary time scales, new beneficial mutations will be rare, hence the
adaptive response will mainly depend on the standing genetic variation (Bijlsma &
Loeschcke 2005). Population fragmentation may represent an additional source of varia-
tion to the processes affecting adaptive potential (Laine 2005, CHAPTER 5).

THE OUTLINE OF THIS THESIS

In this thesis I use a very broad definition of a metapopulation including three stages of
connectivity enabling different levels of gene flow. The simplest stage is a cluster of
demes that are completely isolated without any gene flow. The next stage is a cluster of
demes that experience continuous gene flow through migration only. The final stage
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corresponds to the strict definition of a metapopulation, and includes both continuous
gene flow through migration and discontinuous gene flow through population turnover
due to local extinction events followed by recolonization in subsequent generations. The
increasing complexity of gene flow is mirrored in the experimental setup of this study.
CHAPTER 2 deals with genetic drift only, CHAPTER 3 adds continuous gene flow through
migration, and CHAPTER 4 includes both migration and population turnover. CHAPTER 5
focuses in more detail on the adaptive potential of a metapopulation.

RESEARCH QUESTIONS AND APPROACH
This study aims at analyzing the consequences of a metapopulation context for the
dynamics of genetic diversity and genetic differentiation addressing the following ques-
tions:
� What are the consequences of metapopulation structure for the inference of demo-

graphic parameters based on classic population genetic models?
� What are the consequences of metapopulation structure for genetic processes such as

inbreeding depression, genetic erosion and adaptive potential?
� What are the implications for practical applications in conservation management,

e.g., how important are assumptions regarding mating system, migration system or
marker neutrality?

The most obvious approach to deal with these questions would be the analysis of
natural, subdivided populations. Studies of natural systems, however, are typically
descriptive and/or limited to drawing a posteriori inferences because it is hardly possible
to carry out controlled experiments on fragmented populations of species that are often
rare and endangered. Moreover, many of the processes involved are stochastic, implying
that replicated observations are needed to allow generalization of the emerging patterns.
Hence, one needs to develop a priori predictions and evaluate these based on controlled,
replicated observations, for example by confronting the predictions from theoretical
models with the outcome of structurally similar experiments, and vice versa. I followed
this approach by developing simulation models approximating the genetic patterns
emerging in a metapopulation, and using a model organism to set up replicated labora-
tory metapopulations that are easy to manipulate.

MODEL ORGANISM
Drosophila melanogaster is one of several well-established model species for investigating
a wide range of issues in population genetics and conservation biology (Miller &
Hedrick 1993, Frankham 1995). It is an ideal model organism (box 1.13) because of its
short generation interval, ease and low expense of culture, the width and depth of
knowledge of its genetics, and the availability of a range of stocks and markers for
analysis.

I used a phenotypic marker based on eye colour mutations (box 1.14) that allows
easy visual monitoring of genotype frequencies. The alleles bw and bw75 at the brown
locus in combination with the mutation scarlet (st) in homozygous condition result in
distinct eye colours for the three genotypes at the bw locus at 25°C. Homozygous bw;st
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flies have white eyes, homozygous bw75;st flies have red-brown eyes, and heterozygous
bw75/bw;st flies have intermediate orange eyes. The eye colour marker at the brown locus
is similar to the marker used in Buri’s (1956) classical experiments quantifying random
genetic drift in small Drosophila melanogaster populations.

I obtained homozygous bw75;st and bw;st stocks from the Drosophila stock centre in
Umeå, Sweden. Since both stocks may have had considerably different genetic back-
grounds, I homogenized the genetic background (with exception of the bw-marker
region) by intercrossing and selecting virgin heterozygotes to found the next generation
for six consecutive generations. From this cross, I established new homozygous bw75;st
and bw;st stocks to initiate populations for all experiments.
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Box 1.13 Life cycle and breeding of Drosophila melanogaster

For this study, Drosophila flies are bred on standard
medium (26 g dead yeast, 54 g sugar, 17 g agar, and 13
ml nipagine solution (10 g nipagine in 100 ml 96%
alcohol) per liter). For easy handling, the flies are
commonly anaesthetized with CO2.

Under standard conditions (25°C, 40-60% RH) it takes
10-12 days to develop from egg to adult fly (picture
after Weigmann et al. 2003). Males are generally smaller
than females. They are identifiable by the black tip of
the abdomen, among other things.

female male
egg

1st, 2nd

and 3rd

instar
larvae

pupa

prepupa

Box 1.14 Eye colour genetics of Drosophila melanogaster

The eye colour of a wild type (WT) fly is determined
by red and brown pigments. The mutations scarlet (st)
and brown (bw) suppress the production of brown and
red pigments, respectively. Homozygous st or bw flies
have scarlet (bright red) eyes or brown eyes, respective-
ly, and homozygous bw;st flies have neither pigment,
and thus, white eyes. WT

The brown mutation bw75 suppresses red
pigmentation less efficient than bw. Homo-
zygous bw75;st flies have reddish brown eyes,
and heterozygous bw75/bw;st flies are
intermediate with orange eyes.

scarlet brown

P

F1

F2

X

X



The choice for a single phenotypic marker locus may appear outdated in view of
today’s common practice of using a (large) number of molecular markers (reviewed in
Vignal et al. 2002). However, obtaining allele frequencies based on such markers is a very
labour-intensive procedure that tends to limit the number of sampled individuals
considerably. This is generally not a big problem in applied studies where a small
number of demes is sampled in one or a few locations at one moment in time only (e.g.,
Van de Zande et al. 2000). In an experimental study monitoring replicated metapopula-
tions over a number of generations for several different scenarios the required number
of samples tends to increase exponentially, which is not feasible logistically for many
molecular marker loci. Hence, I chose to use a single visual marker locus, which has the
additional advantage of a non-lethal monitoring procedure allowing sampled flies to
found successive generations.

COMPUTER SIMULATIONS
In addition to the experimental metapopulations, I used computer simulations to create
comparable in silico metapopulations. The purpose of the simulations is threefold:
� To generate approximations for the patterns of genetic diversity and differentiation

emerging in experimental metapopulations.
� To extend the experimental setup, for example by increasing the numbers of demes

and individuals, the number of marker loci, and the experimental time frame.
� To provide a correct statistical framework for the experiments. Because the results of

my experiments mostly take the form of time-series over generations, the individual
data points are not independent. Simulations allow for the construction of confidence
bands based on a large number of replicate runs that include the interdependence of
generations.

I used an object-oriented, individual-based design enabling easy implemention of
different aspects of metapopulation genetics (box 1.15). In the initial stage of develop-
ment, I implemented a standard Wright-Fisher population of cosexual random mating
individuals (i.e., allowing selfing, Crow & Kimura 1970) to validate the program struc-
ture, and I extended the model to include sex-differentiated, random mating individuals
to generate baseline results for future comparison with more complex models. In the
next stage I adapted the model to the reproductive system of Drosophila (i.e., lottery
polygyny with the probability to remate before actual reproduction takes place, see
CHAPTER 2), and included options to modify gene flow in a metapopulation (e.g.,
different migration models mimicking spatial structure and stochastic occurrence of
local extinction events, see CHAPTERS 3 & 4). The default genetic structure is a selectively
neutral, diallelic single locus system comparable with the eye colour marker. In order to
extend the experimental setup, I added options for multiple loci and/or alleles, and for
simple additive viability selection. The simulation program calculates a number of
genetic measures each generation (e.g., allele frequencies, heterozygosity, autozygosity
and fixation index), monitors migration, extinction and colonization events, and writes
the data to separate output files that are easy to process in a spreadsheet program.
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EXPERIMENTAL METAPOPULATIONS
In contrast with nature’s complexity, experimental systems allow for simplification in a
consistent way. The starting point of this thesis is a simple setup of a subdivided popula-
tion without gene flow comparable with Buri’s (1956) classic genetic drift experiments
(box 1.16). In CHAPTER 2, I look into the effects of genetic drift on the genetic diversity
and the effective population size of these subdivided populations, and I evaluate
different estimators of effective population size.
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Box 1.15 Individual-based simulation program

Reproduction & mating

cosexual individuals

random mating

females & males

monogamy

lottery polygyny

female remating

timing of mating

after migration

before migration

genetic drift

continuous migration

unidirectional stepstone

bidirectional stepstone

migrant pool

population turnover

migrants

all female

all male

random sex

virgin

mated

genetic marker

single locus

diallelic

multi-allelic

multiple loci

linkeage disequilibrium

recombination

mutation

infinite-alleles

stepwise

selection

viability selection

reproductive selection

sexual selection

Gene flow & migration Genetic parameters

Box 1.16 Experimental metapopulations with genetic drift

Genetic drift experiments. A small population (deme) is founded by eight females and eight
males. A metapopulation consists of ten isolated demes. A large undivided population of

10 x 16 1 x 160

8 x

equal size as a metapopulation is founded by 80 females and 80 males.



In subsequent experiments I add complexity step-by-step by introducing different
levels of gene flow. In CHAPTER 3, I continue with the addition of gene flow through
migration at different effective migration rates (box 1.17). Since Drosophila is a sexually
reproducing, diploid organism, I distinguished between female and male dispersers,
and between migration taking place before and after mating. The initial level of differen-
tiation (none or maximal) within metapopulations is the third factor that I varied. I
analysed the patterns of genetic diversity within demes and genetic differentiation
among demes within metapopulations and I evaluated the effects of population size and
gene flow on population fitness.

In CHAPTER 4, I added local extinction and recolonization to the metapopulations for
two different spatial configurations supporting one-dimensional, bidirectional stepping-
stone migration and migrant-pool migration (box 1.18). In the stepping-stone configura-
tion migration was restricted to adjacent demes, resulting in a limited amount of (local)
gene flow. In the migrant-pool configuration migrants from all demes were able to roam
the entire metapopulation and might immigrate into any of its demes at random, thus
maximizing the efficiency of gene flow in the metapopulation. Founder events following
local extinction of a deme were subject to the same spatial restrictions, since potential
colonists were recruited among the migrants. I analysed the patterns of genetic diversity
and differentiation within and among demes and metapopulations, and I evaluated the
effects of different demographic histories on population fitness and on tolerance to
external stress factors.

In CHAPTER 5, I investigated the consequences of differences in tolerance to external
stress factors for the adaptive potential of single demes and entire metapopulations (box
1.19). I subjected a subset of six metapopulations and six large undivided populations to
six generations of selection in three stressful environments (high temperature, medium
with salt, and medium with a high concentration of ethanol). I assesed the relative
change of stress tolerance after selection as a measure of the adaptive potential of the
metapopulations.
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Box 1.17 Experimental metapopulations with unidirectional stepping-stone migration

Migration experiments. One migrant is moved into the next deme each generation in a circular
pattern among 10 demes of a metapopulation. Three factors are varied: (i) migrants are all
females or all males, (ii) flies mate after migration or before migration, and (iii) the initial level
of genetic differentiation is null (orange-eyed heterozygotes, left) or maximal (alternating red-
eyed and white-eyed homozygotes, middle).



In the final CHAPTER 6, I place the results of my study in a wider context, and I
discuss its implcations for the application of population genetic theory in a metapopula-
tion context, for example in conservation biological projects. In addition, I evaluate the
pros and cons of this experimental setup in particular, and the value of experimental
metapopulation studies in general.
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Box 1.18 Experimental metapopulations with local extinction and recolonization

Migrant-pool configuration: all migrants gather in the central compartment (“migrant-pool”)
before randomly dividing over all available demes. Empty demes (light grey) are colonized
from the migrant-pool.

Stepping-stone configuration: migrants move to adjacent demes on both sides of their source
deme. Empty demes (light grey) can only be colonized from adjacent extant demes.

Box 1.19 Adaptive potential after 40 generations of population fragmentation

No fragmentation

Fragmentation & migration

Selection
No migration
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