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In the present-day times where natural environments are heavily manipulated,
metapopulations will inevitably arise as a consequence of habitat fragmentation. Such
metapopulations comprise of small-sized, partially isolated demes suffering from
temporary extinctions but connected to the collective through migration. A considerable
body of theory concerning the dynamics of genetic variation and evolution of metapop-
ulations has been developed (e.g., reviews in Barton & Whitlock 1997, Wang & Caballero
1999, Pannell & Charlesworth 2000, Rousset 2004, chapters in Hanski & Gaggiotti 2004).
However, most models are highly abstract and based on many simplifying and often
unrealistic assumptions. The validity of predictions based on these models have rarely
been evaluated under experimental, let alone natural, conditions. Nevertheless, in
conservation practice such models are increasingly applied to analyse the demography
and dynamics of natural populations and to estimate crucial population parameters that
are subsequently used to develop management measures (e.g., management of fish
stocks, Hansen et al. 2002, Tufto & Hindar 2003, or management of endangered species,
Gao & Zhang 2005, Jamieson et al. 2006, Bohme et al. 2007).

The purpose of this thesis is to provide experimental validation of population genetic
models in a metapopulation context. To this end, I used the classic work of Buri (1956)
on the Wright-Fisher model of genetic drift as a starting point to set up experimental
metapopulations of increasing complexity. I examined the consequences of metapopula-
tion structure for the dynamics of genetic diversity and differentiation in general, and
for genetic processes such as genetic erosion and local adaptation in particular. I focused
on the implications of metapopulation dynamics for the inference of demographic
parameters such as effective population size and migration rate. In the next section, I
summarize my findings and discuss the results in the context of my study. In the final
section, I present the final conclusions and discuss the contribution of my results in a
wider perspective, such as the application in conservation biology.

MAIN RESULTS FROM THIS STUDY

The main approach of this study involved the comparison of results from experimental
metapopulations with results from individual-based computer simulations. The simplest
experimental metapopulation configuration comprised five replicated sets of ten
isolated demes without gene flow between the demes. The experiments based on this
setup focused on the effects of genetic drift, and provided baseline values for all subse-
quent experiments (CHAPTER 2). In a subsequent step I looked into the combined effects
of genetic drift and gene flow by adding unidirectional circular stepping-stone migra-
tion to the ten-deme metapopulations (CHAPTER 3). In the next series of experiments I
focused on the combined effects of genetic drift, migration and population turnover
through local extinction and subsequent founder events in six-deme metapopulations.
These metapopulations were arranged in two spatial configurations that enabled bidi-
rectional stepping-stone migration and migrant-pool migration, respectively (CHAPTER
4). Although migration will follow a stepping-stone rather than a migrant-pool model in
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Box 6.1 The main findings of this thesis summarized per chapter

CHAPTER 2 – RANDOM GENETIC DRIFT
� Under standardized conditions the replicate metapopulations diverged substantially. As a

consequence, even a sample of ten demes did not provide a representative picture of the
entire metapopulation consisting of 50 demes.

� The effective population size was only about half of the census size. Even in a standard-
ized laboratory environment the loss of genetic variation is strongly affected by the
mating system and variance in female reproductive success.

� Many commonly used “snapshot” estimators of effective population size substantially
overestimated Ne.

� The phenotypic eye colour marker chosen for its presumed neutrality was actually subject
to selection, of which the strength depended on experimental details.

CHAPTER 3 – GENE FLOW: UNIDIRECTIONAL STEPPING-STONE MIGRATION
� Despite the high level of standardization, replicate metapopulations differed considerably

from each other, leading to a large variation in the estimates of migration rates for the
same migration scenario.

� When individuals mated before migration, the level of gene flow differed substantially
between male and female migration. The effective number of migrants was reduced by
50% in the unidirectional stepping-stone setup in comparison with the island model of
migration.

� Even though gene flow was sufficient to mitigate genetic differentiation, average fitness
declined substantially in the course of the experiment.

CHAPTER 4 – POPULATION TURNOVER: LOCAL EXTINCTION AND RECOLONAZATION
� Population turnover increased stochasticity at the metapopulation level, resulting in a

more rapid loss of diversity and higher levels of differentiation than without local extinc-
tion. Therefore, the effective metapopulation size decreased much faster in the presence
than in the absence of population turnover.

� Despite striving for constant environmental conditions, migration and colonization rates
fluctuated considerably between generations, resulting in very high variation among
replicates in the presence of population turnover.

� The cost of migration was considerably higher in the migrant-pool than in the stepping-
stone configuration, resulting in some notable differences in the dynamics of genetic vari-
ation. However, none of these were statistically significant, presumably due to the high
variation among replicates.

� Population fitness and stress tolerance showed substantial interdemic variation, indi-
cating that the genetic variation in a metapopulation can get very unevenly partitioned
over the demes in the presence of population turnover.

CHAPTER 5 - LOCAL ADAPTATION TO ADVERSE ENVIRONMENTAL CONDITIONS
� Population fragmentation resulted in substantial inter-deme variation in stress tolerance

and adaptive responses. Contrary to expectation, stress tolerance and adaptive response
were higher in the fragmented populations than in large undivided populations on some
occasions .

� The consequences of fragmentation for the adaptive response to adverse environmental
conditions depended strongly on the genetic architecture of the traits involved in the
stress response.

� Fixation of conditionally expressed near-lethal alleles in some demes was mainly respon-
sible for the large variation in adaptive response to high temperature stress.



many natural habitats with a linear character, such as river banks or road verges,
migrant-pool migration is the default assumption in many theoretical models that
derive from Wright’s (1931, 1951) island model of migration. I explored whether, and to
what extent these different migration models affected the dynamics of genetic variation.
In the final experiment I looked into the consequences of population fragmentation for
the potential of a population to adapt to adverse environmental conditions (CHAPTER 5).
The main findings from all experiments are summarized in box 6.1, and will be discussed
further in the next sections.

DRIFT VERSUS MIGRATION
The findings in the first series of experiments (CHAPTERS 2 & 3) illustrate that inferences of
demographic parameters from genetic data can be unreliable, in particular when presumed
neutral variation is not neutral. The evolution of a metapopulation is strongly affected by mating
system, variation in reproductive success, migrant sex, the timing of migration, and the spatial
configuration of subpopulations.

The results of Buri’s (1956) classical study on the evolutionary dynamics of eye colour
mutants in small populations are often cited as the text-book example illustrating the
effects of genetic drift on neutral variation (e.g., Hartl & Clark 1997, Hedrick 2000).
Therefore, I decided on purpose to use a similar experimental setup for my metapopula-
tion experiments. In order to avoid differences between lines due to additional fitness
effects that occur commonly in mutants, I used two different mutant lines of flies instead
of one mutant and one wild type line to avoid. Despite these precautions, however, I
found evidence of significant directional selection in favour of the bw75-allele, possibly
caused by differences in activity between the bw75;st and bw;st lines (CHAPTER 2). The
lower activity of white-eyed flies is possibly related to the 24-hour exposure to light in my
experiments, since flies lacking eye colour pigmentation are known to be more sensitive to
bright light (Reed & Reed 1950). As a consequence of the selection advantage of the bw75-
allele, the patterns of genetic diversity and differentiation deviated substantially from
neutral predictions. The effect of selection was not straightforward, since selection turned
out to be frequency- and density-dependent. Moreover, the strength of selection depended
on the context, such as the type of container (vial versus bottle) and the absence or pres-
ence of migration. The standardized setup of the experiments and the close monitoring of
the populations allowed me to correct for selection and to obtain reliable estimates of key
parameters like effective poplation size. In natural systems this would be much more diffi-
cult, if not impossible, since the required information is hard to obtain. The possibility of
directional selection should not be neglected in practical applications. The genetic
markers used in such applications are presumed to be selectively neutral, but proof of
neutrality is usually lacking. It is well-known that markers like microsatellites may be the
target of selection (Charlesworth et al. 1997, Vitalis et al. 2001). Even if this is not the case,
a marker may be affected by selection if it is closely linked to a selectively advantageous
or a selectively deleterious allele (hitchhiking; e.g., Schug et al. 1998, Schlotterer 2000).

In many applied studies (see box 6.2) the effective population size Ne and the effec-
tive number of migrants Nem are estimated to infer the level of gene flow between
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subpopulations, and to predict the risk of genetic erosion when the exchange of migrants
is insufficient. Most estimators of Ne are temporal estimators based on only a few
samples in time (“snapshot-estimators”, e.g., Waples 1989, Anderson et al. 2000, Wang
2001, Berthier et al. 2002), since estimates based on the actual per-generation change of,
for example, heterozygosity (eigenvalue effective size) or allele frequencies (variance
effective size) are generally not possible for natural populations. In contrast, my experi-
mental setup allowed for per-generation monitoring of these changes and subsequent
estimates of the eigenvalue and variance effective population sizes based on linear
regression (CHAPTER 2). Compared with these variance effective sizes, many of the
commonly used snapshot-estimators overestimated Ne, which is likely to result in biased
interpretations of the status of a metapopulation. My simulation studies revealed that
the eigenvalue effective size is very sensitive to the presence of directional selection. This
suggests that the concept of eigenvalue effective size only applies to neutral variation.

The effective number of migrants Nem is commonly estimated from FST or related
measures of genetic differentiation (e.g., Nei 1973, Weir & Cockerham 1984, Excoffier et
al. 1992) based on classic population genetic models such as Wright’s island model of
migration. The large variation among replicate metapopulations generally resulted in
wide ranges of estimates of Nem for the same migration scenario (CHAPTER 3). The
unidirectional stepping-stone model of migration yielded estimates of Nem that differed
substantially from estimates based on the island model. In addition, sex-biased migra-
tion taking place after mating resulted in large differences between estimates of Nem.
These findings indicate that discrepancies between the natural system and the assumed
theoretical model can easily result in biased estimates of demographic parameters. Such
biased estimates will not present a real problem as long as they are considered a
measure of gene flow rather than exact estimates of the number of migrants, and are
used in a comparative way within the same species. However, extrapolation to related
species with different migration behaviour may be problematic, since similar estimates
of Nem may no longer indicate similar levels of gene flow in these cases.

In my experiments, the large variation among replicates resulted in a wide range of
estimates of Nem, even for the same migration scenario and under highly standardized
conditions. Extrapolating this to natural systems implies that such estimates will have
low accuracy. In box 6.2, I compare estimated numbers of migrants from several studies
of natural systems with the results in CHAPTER 3. In many of these applied studies,
conclusions on gene flow are drawn based on differences between estimated Nem that
are of the same order of magnitude as the error margins in my laboratory metapopula-
tions. Mateus and Sene (2007), for example, draw conclusions on the relative importance
of gene flow versus genetic drift for nine cactophilic Drosophila populations by com-
paring the estimated value of Nem with theoretically predicted (Wright 1931, Kimura &
Weiss 1964) limit values signifying almost total isolation (Nem << 1) and a panmictic
population (Nem > 4), respectively. Walker and colleagues (2001) use pairwise Nem esti-
mates to assess the relative isolation of four Scandinavian wolverine populations that
translates into cautionary advise regarding harvest quota. In both cases, the range of
observed Nem lies within the error margins of a single estimate, which is also the case for
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Box 6.2 Effective number of migrants inferred from genetic data in natural systems

Study Species Estmate of Nem

CH. 3 Drosophila melanogaster (a) Nem (10 pops): range of 20 replicates 0.32 – 8.61
D. melanogaster (b) Nem (10 pops): range of 20 replicates 0.08 – 5.39

1 Drosophila antonietae Nem (9 pops): 3.21 (CI = 1.93 – 6.03)
2 Thaumetopoea pityocampa Nem (7 pops): 0.47 (CI = 0.39 – 0.60)

T. pityocampa (f) Nem (7 pops): 0.75 (CI = 0.07 – 0.15)
3 Talitrus saltator Nem (6-22 pops): range of 7 regions 0.03 – 0.80

Orchestia montagui Nem (17 pops): 3.00, Nem (6 pops): 4.99
O. stephenseni Nem (5 pops): 0.23, Nem (8 pops): 0.50
Platorchestia platensis Nem (4 pops): 6.85

4 Abies guatemalensis Nem (10 pops): 1.80 (CI = 1.34 – 3.72)
A. hickeli Nem (6 pops): 3.17 (CI = 1.83 – 11.65)
A. flinckii Nem (6 pops): 0.67 (CI = 0.46 – 1.43)
A. religiosa Nem (11 pops): 0.13 (CI = 0.43 – 1.57)

5 Inachus dorsettensis Nem (2 pops): 4.6
Hyas coarctatus Nem (2 pops): 12.2

6 Argiope trifasciata Nem (7 pops): 31.3; pairwise Nem: range 9.2 – 118.6
7 Anticarsia gemmatalis Pairwise Nem (5 pops): range 2.06 – 15.26
8 Callinectes danae Pairwise Nem (4 pops): range 2.32 – 7.64
9 Chelonia mydas Pairwise Nem (16 pops): range 2.55 – 9.03

10 Canis familiaris Pairwise Nem (11 pops): range 0.43 – 10.83
11 Puma concolor Pairwise Nem (6 pops): range 2.9 – 30.2
12 Gulo gulo Pairwise Nem (4 pops): range 1.51 – 10.46
13 Lycaon pictus Pairwise Nem (6 pops): range 1.53 – 5.88

L. pictus (f) Pairwise Nem (6 pops): range 0.04 – 2.67
14 Rana cascadae Pairwise Nem (11 pops): range 0.6 – 12.9

Pairwise Nem (11 pops): range 0.5 – 19.7 (coalescent)
15 Rana catesbeiana Pairwise Nem (11 pops): range 2.4 – 92.3

Pairwise Nem (11 pops): range 0.11 – 3.81 (likelihood)
16 Callichirus islagrande Pairwise Nem (5 pops): range 3.34 – 11.42 (likelihood W-E)

Pairwise Nem (5 pops): range 1.71 – 10.68 (likelihood E-W)

Ranges of estimated numbers of migrants Nem inferred from overall or pairwise FST =
1/(4Nem + 1). The results from CHAPTER 3 are pooled for metapopulations with mating
taking place after (a) and before (b) migration. Studies 15 and 16 used estimators based on the
coalescent and maximum likelihood, respectively. (f) = females only (estimate based on
mtDNA); CI = confidence interval.
References: 1 = Mateus & Sene 2007, 2 = Salvato et al. 2002, 3 = De Matthaeis et al. 2000, 4 =
Aguirre-Planter et al. 2000, 5 = Weber et al. 2000, 6 = Ramirez & Haakonsen 1999, 7 = Sosa-
Gomez 2004, 8 = Weber & Levy 2000, 9 = Roberts et al. 2004, 10 = Kim et al. 2001, 11 =
Anderson et al. 2004, 12 = Walker et al. 2001, 13 = Girman et al. 2001, 14 = Monsen & Blouin
2004, 15 = Austin et al. 2004, 16 = Bilodeau et al. 2005



most of the pairwise Nem estimates. Estimates based on different approaches than the
classic Wright formula FST = 1/(4Nem +1), such as coalescent-based (Monsen & Blouin
2004) or likelihood-based methods (Austin et al. 2004, Bilodeau et al. 2005) tend to yield
ranges of similar size as estimates based on the classic FST-approach (but see Austin et al.
2004). Notice, however, that these applied studies all use multiple marker loci ranging
from four (Roberts et al. 2004) to fifteen or more (Weber et al. 2000, Sosa-Gomez 2004)
loci, whereas my estimates are based on a single locus. Simulations of my experimental
system (box 6.3) using a single locus yield a range of estimates of 0.03 – 4.20, which is
comparable with the observed range (b) in box 6.2. Similar simulations using eight inde-
pendent loci (box 6.3) resulted in a range of 0.27 – 0.66, which is considerably narrower
than for most studies in box 6.2. These simulation results suggest that using multiple
marker loci may substantially increase the accuracy of estimates of Nem in both experi-
mental and natural populations. In the section on computer simulations, I elaborate on
this topic in more detail.

In general, estimates of the effective number of migrants appear to have mostly
comparative value, for example to compare the levels of gene flow among similar
species (Aguirre-Planter et al. 2000, De Matthaeis et al. 2000, Weber et al. 2000), or to
detect sex-biased migration (Girman et al. 2001, Salvato et al. 2002). Large variation in
estimated levels of gene flow may result from genuine biological causes, such as the
presence of barriers between some (sub)populations but not between others. However,
my experimental results suggest that a similar degree of variation may also arise under
relatively constant laboratory conditions when only one or few marker loci are used.
Moreover, the one-migrant-per-generation rule that is widely used as a rule of thumb in
conservation management (Mills & Allendorf 1996, Wang 2004), tends to fall within
these error margins in many cases. Thus, the interpretation of such variation will be
more complicated than commonly expected, and the correct translation to conservation
management measures will be difficult and requires much knowledge of the actual
system under consideration.

LOCAL EXTINCTION & RECOLONAZATION
The results of the second series of experiments (CHAPTER 4) indicate that, as expected, population
turnover due to local extinction and recolonization substantially increases the variation between
replicate metapopulatios. In contrast with the assumptions of most genetic metapopulation
models, extinction was often not directly followed by recolonization. As a consequence, the
pattern and dynamics of genetic variation differed considerably from the predictions of these
models. Even after 40 generations, the metapopulations maintained substantial genetic variation.
Much of this variation, however, was between rather than within demes. Accordingly, the demes
differed often considerably in their tolerance to novel stress factors and in their adaptive potential.

The introduction of population turnover through local extinction and subsequent
founder events (CHAPTER 4) resulted in very high levels of variation among replicate
metapopulations. In addition to the dynamics of local extinction and recolonization, I
relaxed the level of experimental control compared with the previous experiments by
allowing variable deme sizes and migration rates, and I reduced the number of demes in
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a metapopulation to six due to logistic constraints. Population turnover generally
increased the stochasticity at the level of the metapopulation, resulting in a higher loss of
genetic diversity and a higher level of genetic differentiation than in the absence of
population turnover. Although small populations are prone to loss of genetic variation
reducing the adaptive potential (Whitlock 2002) and to inbreeding depression
decreasing fitness and increasing the risk of extinction (Bijlsma et al. 2000, Frankham
2005a), the assessment of population fitness and stress tolerance showed no evidence of
inbreeding depression under standard conditions. Population turnover partitioned the
genetic variation in a metapopulation very unevenly, however, resulting in the loss of all
variation at a single locus from individual demes in a number of cases. The effects of
population fragmentation on fecundity differed strikingly from the effects on viability.
Fecundity was almost twice as high in the undivided populations as in the fragmented
populations, whereas the viability was equally high in both the fragmented and the
undivided populations. Presumably, these differences are related to the fact that the
demes of the fragmented populations had been kept in small vials, while the undivided
populations were kept in much larger bottles. The micro-environmental differences
between both types of containers can easily have resulted in unintended selection on the
reproductive strategies of the flies. For example, the population density in the bottles
was generally higher than that in the vials. This may have led to stronger fecundity
selection in the bottles. Hence, the higher fecundity found in bottle populations may
reflect differences in the environment rather than fragmentation per se. It should be
noted that such (micro-)environmental differences between fragmented and undivided
populations will be of importance in natural populations as well.

My simulations revealed that commonly used estimators of the effective sice of a
metapopulation (Whitlock & McCauley 1990, Whitlock & Barton 1997, Pannell &
Charlesworth 1999) become unreliable when the assumptions standardly made in theo-
retical models are not satisfied. In my experiments, it turned out that the extant demes
differed strongly in their contribution to subsequent generations. Moreover, despite of
the high degree of standardization, migration varied strongly in time and across
metapopulations, In principle, such variation can be incorporated in the theoretical
models, but in practice the relevant information is generally lacking. Furthermore, most
theoretical predictions are based on equilibrium considerations, while real-world
metapopulations will often be far from equilibrium. For these reasons, the estimation of
metapopulation effective size may be problematic, particularly in the presence of popu-
lation turnover.

ADAPTIVE POTENTIAL
After 40 generations of fragmentation, the demes of a metapopulation differed substantially in
stress tolerance and in their adaptive potential (CHAPTER 5). These differences were most
pronounced when major genes with conditionally expressed detrimental alleles are involved. The
consequences of metapopulation structure for the adaptive response to adverse environmental
conditions depend strongly on the genetic architecture of the traits involved in the stress
response.
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In the final experiment I focused on the adaptive response to adverse environmental
conditions (CHAPTER 5) by assessing the initial tolerance (i.e., viability at first exposure
to a stress factor) and the adaptive potential (i.e., the change in viability after six consec-
utive generations of exposure without gene flow between the demes) of the six replicate
metapopulations without a history of population turnover and of six undivided popula-
tions. Adaptation to novel environments requires ample genetic variation (Macnair 1991,
Lynch & Lande 1993), and since both initial tolerance and adaptation occur on short
evolutionary time scales leaving little opportunity for beneficial mutations to arise, the
adaptive response will mainly depend on the standing genetic variation (Bijlsma &
Loeschcke 2005). Contrary to expectations based on simulations, the initial tolerance was
higher in the subdivided than in the undivided populations for two of three stress
factors. In line with the outcome of individual-based simulations the adaptive response
was generally lower in the subdivided than in the undivided populations, although not
significantly so. The three stress factors used (development at high temperature, or in
medium with salt or with ethanol) lead to pronounced differences in tolerance and
adaptive response, presumably due to the different genetic architectures of the involved
stress resistance traits. The adaptive response of single demes may vary substantially
because the required adaptive genetic variation becomes distributed among rather than
within the demes in a metapopulation. This may become particularly important when
major genes are involved that deviate from the standard assumptions, for example by
the presence of conditionally expressed detrimental alleles.

COMPUTER SIMULATIONS
In both series of experiments, logistic considerations led me to use a single-locus marker
system whereas multiple molecular markers are common practice in most applied
studies (Vignal et al. 2002). Monitoring replicated metapopulations over a number of
generations and for several scenarios tends to increase the required number of samples
exponentially, making it a labour- and time-consuming task to process large numbers of
multiple marker samples. In addition, the monitoring of a visual marker allowed
sampled flies to survive and to found successive generations. Obviously, the choice for a
single marker locus has contributed to the high level of variation between replicates
encountered in the experiments. In such a case, computer simulations provide an easy
way to assess the effects of using multiple markers, for example the effect on the varia-
tion between replicates. The simulations in CHAPTER 4 show that an increase of the
number of loci will, not surprisingly, reduce the variation among replicates. However, a
substantial level of variation between replicates remains due to other causes, such as
population turnover. In box 6.3, I present similar simulation results comparing the
single-locus approach as used at all stages of the experimental setup with a hypothetical
multiple-locus approach based on eight independent loci.

In comparison to a single marker, the use of eight marker loci reduces the coefficient
of variation (CV) by a factor 2.9 in case of a metapopulation without gene flow (DR;
from 0.19 to 0.06), by a factor 2.4 in case of stepping-stone migration (STP; from 0.33 to
0.13), by a factor 2.6 in case of migrant-pool migration (MP; from 0.52 to 0.20), and by a
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factor 1.6 in case of migrant-pool migration and local extinction (MPX; from 0.76 to 0.47).
In the last scenario in particular, substantial variation among replicates remains, indi-
cating that the variation observed in the experiments does not just reflect the use of a
single marker. However, it is evident that multiple marker loci should be used when
possible, since this will reduce the error margins in such different applications as esti-
mating effective population sizes (CHAPTER 2) or the levels of genetic differentiation
(CHAPTER 4). The simulation results tentatively suggest that using five to ten inde-
pendent loci already reduces the error margins considerably, whereas using more than
20 loci will generally not contribute to a further reduction of variation any more. Similar
evaluations based on simulations (CHAPTER 4) indicate that increasing the number of
sampled demes in a metapopulation is an alternative option to reduce the error margins.
Thus, from cost-benefit considerations sampling five to ten independent loci in many
demes is a better strategy than sampling larger numbers of loci in only a few demes.
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Box 6.3 Effect of the number of marker loci on genetic variation in a metapopulation

Predicted variation in the fixation index FST for ten-deme metapopulations with genetic drift
and stepping-stone migration (left, CHAPTERS 2 & 3) and for six-deme metapopulations
with migrant-pool migration and population turnover (right, CHAPTER 4) based on a single
locus and on multiple loci. The plots show the results of individual-based simulations of 1000
replicate metapopulations for genetic drift separately (DR) and in combination with unidirec-
tional stepping-stone migration (STP), and with migrant-pool migration in the absence (MP)
and presence (MPX) of local extinction and recolonization. Bars, whiskers and points indicate
the 75%, 90% and 95% confidence intervals, respectively, for FST at one locus (DR-1, STP-1,
MP-1, MPX-1) and averaged over eight independant loci (DR-8, STP-8, MP-8, MPX-8) in
generation 20. The black bands in the bars indicate the median.
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GENERAL CONCLUSIONS AND PERSPECTIVES

In this thesis I focused on the consequences of metapopulation structure for the infer-
ence of demographic parameters based on classic population genetic models (Caballero
& Toro 2002, Tufto & Hindar 2003, Hedrick 2004) and for genetic processes such as
genetic erosion and adaptive potential (Gaggiotti 2003, Reed et al. 2003, Spielman et al.
2004, Frankham 2005a, b). Both aspects are important for practical applications in
conservation management. In this section I discuss the implications of my results for
such applications, and the perspectives of the experimental approach I used.

WHAT HAVE I LEARNED?
I found that the average over several metapopulations in my experiments matched the
theoretical predictions fairly well, whether they were based on general population
genetic theory or on repeated individual-based computer simulation. At the same time,
the single replicates often diverged strongly from this average. In other words, a single
small system is often not typical of an average theoretical population. Computer simula-
tions may provide confidence intervals for a well-specified and standardized situation in
the lab, but in natural systems it will generally be difficult if not impossible to accurately
predict the dynamics of a single metapopulation.

This has also consequences for the inference of demographic parameters, such as
effective population size or the effective number of migrants per generation. Although
these parameters conveniently describe the dynamics of genetic variation in a metapop-
ulation, similar values of Ne or Nem may result from different census sizes or migration
behaviour in practice. For questions regarding the actual demography, a thorough
understanding of the underlying model assumptions (e.g., with regard to mating
system or migration behaviour), is required for each particular population, since devia-
tions of the model assumptions might result in substantially biased estimates of demo-
graphic parameters. Deviations such as non-random mating and the presence of natural
selection affecting the effective size of single demes (CHAPTERS 2 & 3) occur inde-
pendent of metapopulation structure, whereas deviations such as stepping-stone
migration affecting the number of migrants (CHAPTER 3) and population turnover
affecting the effective size of the metapopulation (CHAPTER 4) are the result of
metapopulation structure and dynamics. In all cases, however, the range of parameter
estimates was considerable, which led to the conclusion that such estimates of demo-
graphic parameters will generally have more value as a relative measure (e.g., to
compare gene flow among populations) than as an absolute measure (e.g., to predict the
exact number of migrants that will arrive in a deme each generation). Although this
conclusion is hardly unexpected in view of several critical evaluations (Whitlock &
McCauley 1999, Neigel 2002, Austin et al. 2004, Pearse & Crandall 2004, Rousset 2004),
it is surprising that many studies (box 6.2) continue to apply an approach based on
general population genetic theory in spite of obvious discrepancies between the model
assumptions and the system under consideration. In many cases where concrete
management recommendations are required, alternative approaches that combine
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genetic data with ecological and historical data (e.g., Gaggiotti et al. 2002, Clegg et al.
2003) might be more appropriate.

Many studies (reviews in Armbruster & Reed 2005, Bijlsma & Loeschcke 2005,
O'Grady et al. 2006) have documented negative effects of inbreeding depression and
genetic erosion leading to subsequent negative effects for the adaptive potential of
metapopulations. The observed decline of metapopulation fitness in the first experi-
mental series (CHAPTER 3) where deme sizes were very small (16 individuals) and
migration rates relatively low might be a consequence of relatively high levels of
inbreeding depression within single demes, and supports previous findings. I found
little evidence for similar effects on metapopulation fitness in the second series of experi-
ments (CHAPTER 4) where deme sizes were considerably larger (50 individuals on
average), although inbreeding depression might have occurred at the level of individual
demes to some extent. This genetic erosion became particularly visible in the adaptation
experiments (CHAPTER 5), and affected the adaptive potential at the metapopulation
level in case of major genes deviating from the standard assumptions, for example by
the presence of conditionally expressed detrimental alleles. However, in contrast with
my laboratory populations, the occurrence of such genes in natural populations is prob-
ably limited, since natural selection tends to effectively purge detrimental alleles when
the occurrence of adverse conditions is common (e.g., the MHC-gene in seals during
outbreaks of the phocine distemper virus, Hoelzel et al. 1999, Lehman et al. 2004).

SIMULATED & EXPERIMENTAL METAPOPULATIONS
Experimental metapopulations seek to provide an “interface” between theory and
nature by comparing theoretical predictions with experimental results, and extrapo-
lating the experimental findings for application in natural metapopulations. As such,
they belong to a class of experimental approaches that are commonly referred to as
micro- or mesocosm experiments in ecological studies. The value of such experimental
approaches has been disputed (e.g., Kennedy 1995, Carpenter 1996, Schindler 1998,
Huston 1999), mainly because of scaling problems yielding inaccurate results when
extrapolating experimental results to natural ecosystems. More recently, however, micro-
cosm experiments have been rediscovered as a valuable tool to study evolutionary ques-
tions (e.g., Petersen & Hastings 2001, Yedid & Bell 2001, Lilley et al. 2003, Jessup et al.
2004) and the impact of large-scale environmental changes such as global warming
(Benton et al. 2007, Van Doorslaer et al. 2007). As part of this development, “natural”
microcosm experiments combining the advantages of standardization and replication
with the realism of field experiments have also been gaining support (Srivastava et al.
2004, Steele & Forrester 2005).

In general, research approaches can be arranged from highly abstract to very
concrete: (i) general analytical models, (ii) computer simulations, (iii) microcosm experi-
ments and (iv) field observations. Each of these approaches has its specific advantages
and disadvantages. Analytical models enable the analysis of parameters based on
general formulas that show immediately which assumptions are needed and which
factors are relevant. These models are, however, substantially simplified and the
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assumptions are often unrealistic. The results typically refer to equilibrium populations
and to expected values without much reference to the degree of stochastic variation.
Computer simulations do not have these limitations, and they are generally based on
more complex and often also more realistic assumptions. Most importantly, running
many replicate simulations allows for quantifying the expected degree of variation.
However, implementing simulation models generally requires the specification of many
parameters, of which only few will be known in practice. Even in case of few parame-
ters, the number of “reasonable” parameter combinations is very large, making it an
impossible task to get a complete overview of the model behaviour. Hence, extrapola-
tion of the results to different species will be more difficult than in case of generalized
analytical models. Replicated microcosm experiments under controlled, standardized
conditions are particularly suited to provide insight into causal relations, and allow
experimentations that would not be feasible within the spatial and temporal frames of
natural systems. At the same time, the spatial and temporal downscaling reduces the
level of realism, as does standardization that excludes much of the complexity of the
natural system. Moreover, microcosm experiments tend to use a few well-known model
organisms selected for logistic reasons that makes extrapolation to other species difficult.
In contrast with simulation models, microcosms often deviate from theoretical assump-
tions to some extent, for example with regard to selective neutrality or constant migra-
tion rates as in my experimental metapopulations. However, such deviations may
provide important insights into the potential discrepancies between the presumed and
actual behaviour of natural systems. Thus, microcosm experiments have an obvious
surplus value because they are much closer to natural systems than simulation models.
Natural systems themselves represent the ultimate experimental setup with regard to
completeness and realism. However, experiments using natural systems are often not
feasible due to logistic (e.g., long generation times or large home ranges) or ethical (e.g.,
very rare species or severely threatened populations) constraints. Moreover, replication
is generally not possible in such experiments, which may considerably reduce the appli-
cability of the results. “Natural” microcosms as advocated by Srivastava and colleagues
(2004) might then provide a promising intermediate approach that has the advantage of
replication and control without the limitation of model organisms and overly simplified
environmental conditions.

The results of mathematical models are generally not directly applicable to natural
systems. To bridge the gap between abstract theory and field applications, the use of
computer simulations and microcosm experiments as in this study provides an obvious
intermediate approach. Computer simulations have similar advantages with regard to
microcosm experiments as microcosms have with regard to natural systems. I used
computer simulations to generate baseline values for the experimental metapopulations,
including estimates of the experimental variation to be expected, and to enable extrapo-
lation of the experimental results. Although both the experimental setup and the simula-
tion model reflect the general theoretical models and include most key assumptions
initially, the results of the in silico metapopulations and the experimental metapopula-
tions showed numerous discrepancies due to unintentional deviations from the initial
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assumptions in the experiments. It turned out that “experimental details” that were not
specified in the models, such as differences in microclimate in the vials and bottles, had
considerable implications for the experimental outcome. This exemplifies the impor-
tance of using both experiments and simulations and contradicts the notion that
computer simulations can completely replace an experimental approach. Simulations
provide an excellent way to improve an experimental setup by evaluating the effect of
variables that are not specified in theoretical models or that can not meet the theoretical
assumptions due to logistic or other practical reasons. However, simulations are unable
to detect the subtle micro-environmental variation that may substantially affect the
results of experimental systems, whereas such discrepancies between theoretical predic-
tions and a controlled laboratory setup will provide valuable insights into the complexi-
ty of natural systems.

In my experiments, I generally found that, on average, the results of the replicate
metapopulations matched the predictions generated by the simulation model pretty
well. The individual metapopulations, however, showed substantial deviations from
these averages despite the strict standardization of the experimental setup. In other
words, it is generally not possible to predict the dynamics of an individual (meta-)popu-
lation with confidence and precision. Simulations enable to predict the degree of varia-
tion to be expected and they provide an excellent way to evaluate and optimize the
effects of parameters such as sample size, the number of sampled demes and the
number of genetic markers. However, care is required when extrapolating the simula-
tion results to natural systems, since no real-world system will match the characteristics
of either the microcosm experiments or the simulations.

In spite of these restrictions, I am convinced that microcosm experiments, both with
Drosophila and other model organisms, in combination with computer simulations have
the prospective of becoming a very important tool for the study of complex natural
systems. This study has provided some important insights with regard to the control
and replicability of such experiments. On second thought, for example, I would not use
different extinction schedules for each replicate metapopulation, nor would I allow for
highly flexible migration rates. Most importantly, I recommend using computer simula-
tions in advance to optimize the experimental design before actually deciding for a
specific setup.

FINAL REMARKS
Although the metapopulation concept has become both familiar and popular, the
resulting metapopulation approach may not always be the most suitable and sensible
way to study a particular natural population. Population genetic theory in particular
commonly assumes populations to be in equilibrium. In practice, population fragmenta-
tion and habitat deterioration may be ongoing processes that prevent attaining equilib-
rium (Hutchison & Templeton 1999), or fragmented populations may not behave
according to any metapopulation model at all (Anderson et al. 2004). In such cases, the
metapopulation approach is inadequate to develop management strategies for the
conservation of these populations because the underlying models do not match the
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actual system (Hanski & Simberloff 1997). My results partially agree with this reserva-
tion, in particular for obvious non-equilibrium conditions as encountered during popu-
lation turnover. Neither the experimental results, nor long-term simulation results of
similar populations with regularly occurring local extinction and recolonization events
attained equilibrium levels of genetic differentiation (CHAPTER 4), whereas most theoret-
ical models assume such a hypothetical equilibrium (Whitlock & McCauley 1990,
Pannell & Charlesworth 1999). These and similar deviations of model assumptions
tended to cause discrepancies between model predictions and the actual situation in a
single experimental metapopulation, although the match between the predictions and
the average result of many replicates was generally quite good in my study, especially
when taking the specific life history characteristics of Drosophila into account. The
observed discrepancies between the results of single replicates and the predicted
average, however, illustrate that application of analytical models to natural systems
without careful consideration is generally not advisable, since natural populations tend
to be unique (“single replicate”) and much more complex than experimental systems.
Applied studies of natural systems require a comprehensive understanding of the
underlying theory, and I plead a thorough cooperation between theoretical and empir-
ical biologists when developing analytical and predictive tools for the assessment of
endangered populations and subsequent conservation strategies. In line with this argu-
ment, an alternative approach of analysing population structure based on both genetic,
ecological and other, historical data sources as advocated by Gaggiotti (2004) appears to
be promising.

As a final conclusion, I argue that general theory may reasonably predict the
dynamics in experimental and, perhaps, in natural populations in a qualitative way,
whereas quantitative inferences are generally not possible, unless one understands the
biology and dynamics of the species under consideration in detail, and uses such infer-
ences in a comparative way within a species or at most among closely related species.
However, since such estimates may still deviate substantially from actual parameter
values, I advise prudence and wide safety margins whenever they are used in practice,
for example to develop a management strategy for the conservation of specific natural
systems.
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