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Abstract � Two experiments were set up to investigate how to maintain or cre-
ate genetic diversity in arti�cial or managed populations of plants. Using Arabidopsis
thaliana, we established 18 metapopulations of 20 populations each, all with the same
initial genetic composition. We tested the e�ects of the population size, the arti�cial
selection regime and the extinction/recolonisation regime. We report the results of
the �rst four generations of evolution for a trait under selection (precocity) and for
allozyme diversity. As expected, overall diversity decreased in each metapopulation,
and di�erentiation among populations increased. As expected, the di�erentiation was
weaker for larger population sizes and in the treatment with extinction and recoloni-
sation with no bottleneck. Arti�cial selection was e�ective because the life cycle
duration was much reduced. However, most of the reduction occurred during the �rst
generation. We observed an increase of one allele at the LAP-2 locus in all metapop-
ulations, breaching neutral assumptions for this locus. Finally, the selection regime
made little di�erence for small population sizes, whereas large metapopulations were
more di�erentiated when arti�cial selection was heterogeneous among populations.
Altogether, our results agree with theoretical expectations, and provide some new
results, which could not have been anticipated. In particular, the overall decrease
in genetic diversity was very large (of the order of 20% in 4 generations) even for
metapopulations of 2000 individuals.
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Résumé � Évolution de la diversité génétique en métapopulation : Arabi-

dopsis thaliana comme modèle expérimental. Deux expérimentations, visant
à étudier comment maintenir ou créer de la diversité dans les populations arti�cielles
ou gérées de plantes, ont été menées en utilisant Arabidopsis thaliana comme espèce
modèle. Nous avons créé 18 métapopulations de 20 populations de même composition
initiale. Nous avons testé les e�ets de la taille des populations, du régime de sélection
et du régime d'extinction/recolonisation. Les résultats sur l'évolution du caractère
sélectionné (durée du cycle de vie) et sur la diversité enzymatique sont présentés
pour les quatre premières générations. Conformément aux attendus théoriques, la
diversité a globalement diminué dans les métapopulations et les populations se sont
di�érenciées. La di�érenciation est plus faible pour les grandes populations et dans le
traitement avec extinctions et recolonisations sur une base génétique large. La sélec-
tion arti�cielle a réduit la durée du cycle des plantes. Cette réduction a essentielle-
ment eu lieu pendant la première génération. Nous avons observé une augmentation
d'un des allèles au locus LAP-2 dans toutes les métapopulations, en contradiction
avec la neutralité présupposée de ce locus. En�n, la sélection a eu peu d'e�et dans
les petites populations alors que les grandes populations sont plus di�érenciées pour
les allozymes quand la sélection est hétérogène entre populations. Globalement, nos
résultats sont plutôt en accord avec les prédictions théoriques ; certains résultats sont
néanmoins inattendus. En particulier, la perte de diversité globale a été très impor-
tante (de l'ordre de 20 % en quatre générations), même dans les métapopulations de
2000 individus.

diversité génétique / évolution expérimentale / conservation / petites
populations / précocité

1. INTRODUCTION

Genetic resources of crop plants and of their wild relatives have been col-
lected and stored in gene banks for several decades [9]. Some of these banks
contain very large numbers of samples and their evaluation, management and
utilisation raise an increasing number of questions. From a biological point of
view, the main questions concern (i) the tools to evaluate both neutral and po-
tentially non-neutral quantitative genetic diversity, and (ii) regeneration meth-
ods allowing maintenance of the initial diversity, prevention of the accumulation
of deleterious mutations, and avoidance of the �evolutionary freeze� of popu-
lations removed from their natural environment [18]. Similar questions arise
regarding the conservation of populations of rare species. The lack of genetic
variability associated with small population sizes and, possibly, the accumula-
tion of deleterious mutations are, indeed, thought to be major factors driving
small populations to extinction, although these issues are controversial [11].

To address some of these questions a dynamic management of genetic di-
versity has been suggested [1, 18, 33]. Such a management involves in situ or
ex situ maintenance of evolving metapopulations. The metapopulation con-
cept was introduced by Levins [23] as a population of populations connected
by migration events and subject to extinction and recolonisation events. The
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aim of such a management is to maintain as much diversity as possible at the
metapopulation level, and even to create new genetic combinations while let-
ting the populations evolve and adapt to their local environment [18]. For crop
species, arti�cial populations need to be created, whereas for wild species both
in situ and ex situ management could be considered. For instance, a dynamic
management of genetic resources was established in 1984 for winter wheat, a
sel�ng species [6, 18, 21, 22, 25, 30, 31].

Genetic diversity roughly comprises two components: neutral diversity, which,
by de�nition, is not under selection in the study environment at a given time,
and non-neutral diversity. Potential users of genetic resources are mainly in-
terested in maintaining and evaluating diversity for agronomic traits such as
morphology, seed production or pest resistances, which in most environments
are under selection. These traits are most likely also related to �tness in wild
populations. The measurement of these traits, however, is time-consuming
and the trait values can be very dependent on the environment in which they
are measured. In contrast, neutral diversity is easier to assess since numer-
ous molecular markers are available and their expression is not dependent on
the environment. The theory about the structure of neutral diversity in a
metapopulation is furthermore well established (reviewed in [14]) and the neu-
tral diversity of a population can be thought of as a reservoir for potential
future adaptation [11]. However, the relationship between the patterns of neu-
tral and selected diversities in a metapopulation depends on numerous factors
such as population sizes, e�ective recombination and type of selection [17]. In
this paper, we report on an experiment under controlled conditions that was
designed to investigate the e�ect of di�erent metapopulation managements on
the evolution of both allozyme and quantitative genetic variability.

Two experiments were set up to investigate how to maintain or create genetic
diversity in arti�cial and/or managed populations of plants. Our goal was to
test the e�ects of population sizes, selection regime and extinction/recolonisation
events in a sel�ng species. We set up an extinction/recolonisation experiment
to mimic three contrasted situations of in situ management: a habitat with no
disturbance, compared with two that experience disturbances; one with high
likelihood of recolonisation, and the other with low likelihood of recolonisation.
The comparison of the evolution of diversity among the various treatments
could help us design and maintain populations for conservation purposes.

2. MATERIAL AND METHODS

The study species is the small annual Arabidopsis thaliana (Brassicaceae).
It is mainly sel�ng with natural levels of outcrossing of 1.2�2.2% [39]. It was
chosen for its short life cycle, which in the greenhouse can last as little as two
months, and for the large amount of knowledge available on its genetics and
physiology [34].
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Figure 1. Geographic origin of the parental lines. The names of the parental popu-
lations are in bold, followed by the number of parental individuals coming from these
populations (in brackets). The GB population (two parental lines) originates from
Wales (UK).

2.1. Initial composition of the metapopulations

Fourteen lines of A. thaliana collected in nine natural populations (Fig. 1)
and the nw77 male sterile mutant from the Nottingham Arabidopsis Stock
Centre 1 were used as parental lines of the metapopulations. Male sterility
is due to a single point nuclear recessive mutation, which causes the absence
of petals, stamens and pollen production. The male sterile mutant was intro-
duced in the populations to maintain some level of outcrossing (see below).
The natural parental lines were chosen for their �owering synchrony and for
their di�erences in electrophoretic patterns at �ve allozyme loci. To create the
initial populations, parental lines (Tab. I) were control-crossed by hand follow-
ing the protocol described on Table II. The result of the crosses was checked
by analysing the patterns of the F1 individuals at the �ve allozyme loci which

1 Male sterile mutant: mutant NW77 Pistillata, Background Ler. Mutagen EMS,
locus pi, allele pi1, Map position 5-23. The Nottingham Arabidopsis stock centre,
Department of Life Science, University of Nottingham, University Park, Nottingham
NG7 2RD, UK.
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Table I. Allozymic composition of the initial parental lines (for a given locus, each
number represents a particular allele). Indices indicate the di�erent individuals within
a population.

Parental lines IDh LAP-2 AcPh 1 AcPh 2 SkDh
F22 2 4 2 2 1
F281,2 2 4 1 1 1
GB1 1 4 2 2 1
GB2 2 4 3 2 1

F061,2,3,4 2 1 1 2 2
F78a 2 4 2 2 1
F78b 2 4 2 1 1
F37 2 2 2 1 1
F45 2 3 2 2 1
F69 2 4 2 2 1

NW77 2 4 2 2 1

Table II. Crosses at the origin of the F2 and their contribution to the �rst generation.

Cross Contribution Cross Contribution
GB1 × F78b 10% F45 × F282 10%

(GB1 × F061) × NW77 10% (F45 × F063) × NW77 15%
GB1 × F281 5% F37 × F064 5%
F37 × F282 10% F22 × F281 10%
F69 × F062 5% GB2 × F78a 20%

distinguished the parents (Tab. I). F1 individuals were selfed. The resulting
F2 seeds were pooled according to the proportions given in Table II and this
pool of seeds was used to sow the �rst generation of each local population of
each metapopulation.

2.2. Experimental designs

2.2.1. Treatments

Two experiments were set up (Tab. III). The �rst one (hereafter experi-
ment 1, set up at Orsay), aimed to explore the e�ect of population size and
selection regime on the evolution of the diversity in the metapopulations. The
second one (hereafter experiment 2, set up at INRA Dijon), was aimed at un-
derstanding the e�ect of di�erent extinction/ recolonisation regimes. In both
experiments, migration rate among extant populations was �xed at 2%.

For experiment 1, twelve metapopulations were set up, each containing
20 populations. The two treatments were population size (10, 25 or 100 in-
dividuals per population) and selection regime (directional or heterogeneous).
Densities were kept independent of the sizes of the populations by growing the
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Table III. Number of metapopulations studied for each treatment of each experi-
ment. Each metapopulation was made of 20 local populations.

Total number of Selection regime
Experiment metapopulations Directional Heterogeneous

Orsay (No extinction) 12
Population size (N)

- 100 2 2
- 25 2 2
- 10 2 2

Dijon (N = 100) 6
Extinction regime
- No extinction 2 -
- Migrant pool 2 -
- Propagule pool 2 -

plants in pots of areas 26.4 cm2 (10 plants), 86.25 cm2 (25 plants) and 350
cm2 (100 plants). Two metapopulations were grown for each population size
× selection regime combination. The selection for a short life cycle was ap-
plied by stopping any watering as soon as the �rst fruits were mature in one
of the two replicate metapopulations. In the directional selection regime, each
population of each replicate metapopulation was selected for a short life cycle.
In the heterogeneous selection regime, each metapopulation was split into two
groups of ten populations: one group being selected for a short life cycle, the
other being allowed to grow and �ower as long as necessary. Populations were
assigned to either group at the �rst generation. Within each metapopulation,
all populations were allowed to exchange genes randomly by way of the 2%
migrants.

For experiment 2, metapopulations contained 20 populations of 100 individ-
uals grown in the same large pots as in experiment 1 and all selected for a short
life cycle. The treatments consisted of three di�erent extinction-recolonisation
regimes: 1) no extinction (as in experiment 1), 2) extinction and recolonisa-
tion from a large genetic basis (100 individuals from �ve di�erent populations
drawn at random within the metapopulation), corresponding to a migrant-
pool pattern [38], 3) extinction and recolonisation from a narrow genetic basis
(�ve individuals from one population drawn at random), corresponding to a
propagule-pool pattern [38]. The local extinction rate was 25% for metapopu-
lations with extinctions, i.e. each generation �ve populations randomly chosen
from 20 were eliminated, and replaced by recolonisers. Two replicate metapop-
ulations were grown for each treatment.
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2.2.2. Experimental conditions of each generation

In the absence of any female advantage, and as male-sterility is determined
by a single recessive gene, the proportion of male-sterile individuals is expected
to decrease by half each generation. In order to ensure a minimum outcrossing
rate of 10%, for each non-extinct population, and whenever possible, 10% of
the seeds used to grow the following generation were harvested from male-
sterile individuals of that population. Thus, the average frequency of male-
sterile individuals among newly produced seeds was expected to be kept at
5%. About 88% of the seeds for the next generation were harvested from local
hermaphrodites. The remaining average 2% were migrants drawn at random
in another single, randomly chosen, population of the metapopulation. In
experiment 2, extinct populations were recreated as described above.

Seeds were sown on a regular grid, watered with a solution containing 0.15%
fungicide (Dericlor, Ciba Geigy) and left for one week in the dark at 4 ◦C to
break dormancy. This cold treatment was stopped in experiment 2 after the
third generation. After germination, the plants were grown in a controlled
compartment of a greenhouse under a 16 h light/8 h dark photoperiod, a tem-
perature varying between 15 ◦C night and 20 ◦C, day and were watered twice
a week. In order to avoid local environmental e�ects, the pots were regularly
moved around during the growing period. Two or three times during �ower-
ing, �owers of male-sterile individuals were gently rubbed with the maximum
number of male-fertile �owers of the population to ensure seed production.

Once watering of the plants was stopped, they were left to dry. Fruits of
male-sterile individuals were harvested separately and the rest of the population
was harvested as a whole. Seeds were then stored in the dark at 4 ◦C, 10%
humidity.

2.3. Measurements

2.3.1. Allozymic diversity

In the fourteen parental lines we observed four alleles for the Leucine Amino
Peptidase locus (LAP-2), three alleles for the Acid Phosphatase 1 locus (AcPh 1)
and two alleles for the Acid Phosphatase 2 locus (AcPh 2), the Shikimic Dehy-
drogenase locus (SkDh) and the Isocitric Dehydrogenase locus (IDh). Enzyme
polymorphism was assessed on IDh, LAP-2, AcPh 1 and SkDh at the fourth
generation for experiment 1, and on the LAP-2, AcPh 1 and 2 loci every gen-
eration for experiment 2.

In experiment 1, we sampled ten individuals from �ve populations in each
metapopulation with 25 or 100 individuals per population, and seven individu-
als from six populations in each metapopulation with 10 individuals per popu-
lation. In experiment 2, 10 individuals per population were sampled except for
populations under narrow-basis recolonisation for which the total population of
�ve individuals was analysed. The origin and number of populations analysed
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varied from generation to generation (38 populations in Generation 1 (G1), 44
in G2, 40 in G3, 56 in G4).

Enzyme extracts were obtained from leaves of four week-old plants. For
experiment 1 (performed in Orsay), extracts were migrated on a 13% starch
gel in a Lithium borate bu�er (adapted from [40]) to reveal the polymorphism
for the LAP and AcPh enzymes, and on a 12.5% starch gel in a Tris citrate
bu�er (adapted from [32]) for the SkDh and IDh enzymes. For experiment 2
(performed in Dijon), foliar isoenzymes were separated by electrophoresis on a
polyacrylamide gel using the method described by Ornstein [29] and Gasquez
and Compoint [13] in a discontinuous system with pulse power. Detailed spec-
i�cations of laboratory techniques are given in [3].

2.3.2. Genetic analyses

Nei's unbiased estimator of gene diversity [28] was calculated for populations
and metapopulations using the Fstat software [15].

Within-population diversities per locus were estimated as:

Hs =
ñ

ñ− 1

(
1−

∑
p2

i −
Ho

2ñ

)
,

where ñ is the harmonic mean of the numbers of individuals per population,
p2

i is the average over populations of the squared frequency of each allele at a
given locus, and Ho is the average observed heterozygosity at this locus. The
average diversity is calculated as the average Hs over loci.

Overall gene diversities per locus are estimated as:

Ht = 1−
∑

(pi)
2 +

Hs

ñnp
− Ho

2ñnp
,

where np is the number of populations, pi the average frequency of each allele
at a given locus over populations, and Ho is the observed heterozygosity at this
locus. The average diversity is calculated as the average Ht over loci.

Weir and Cockerham's estimators of Fis and Fst [45] (hereafter named F̂is

and F̂st) were also calculated with the Fstat software. The test for signi�cant
di�erence of these F -values from zero was performed by permuting individuals
over populations. No standard errors were calculated due to the small number
of loci studied.

Given the initial composition of the metapopulations, the expected diver-
sities were Ht0 = Hs0 = 0.35 for experiment 1 and Ht0 = Hs0 = 0.47 for
experiment 2 at the �rst generation. The di�erence between experiments is
due to the di�erence in the set of loci studied. Expected Fst values were zero
since populations were created from the same seed pool, and the expected Fis

value was 0.40 in experiment 1 and 0.42 in experiment 2.
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2.3.3. Precocity

As conditions in the greenhouse may vary throughout the year, a direct
comparison of �owering phenology in number of days between germination and
�owering could be misleading. To minimise the environmental e�ect, popu-
lations from several generations were compared simultaneously. Thus, in ex-
periment 2, the e�ciency of the selection for precocity was assessed for the
�rst three generations on a sub-sample of three populations per metapopula-
tion leading to six metapopulations X three populations X three generations
+10 samples for generation 1 = 64 samples. From each sample, 50 seeds were
sown in plastic pots (17.5 × 13 × 5.5 cm). Every day for 90 days, the propor-
tions of plants in the following stages were noted: cotyledons, rosette, bolting,
�owering, green pods and mature fruits.

The cumulative evolution of �owering frequency over time in days (D) was
then �tted to the following logistic model:

cumevolfl =
K

[1 + (K − 1) exp(−r(D − i)), ]

where i is the estimated parameter for the time lag before �rst �owering, r, the
synchrony of �owering and K, the proportion of �owering when the experiment
was stopped. The goodness of �t was assessed using a R2. Applying this model
to each of the 64 samples, all R2 values ranged between 0.873 and 0.997 with
a mean value of 0.972± 0.023 and were all highly signi�cant.

The generation e�ect was then tested using one-way ANOVA applied indi-
vidually to each of the three estimated parameters described above.

2.4. Theoretical predictions

2.4.1. E�ect of selection regime on local neutral diversity
(Experiment 1)

Selection increases the variance in o�spring number [16], thus reducing ef-
fective population size. The reduction in e�ective population size should only
depend on the strength of selection, not on it being homogeneous or hetero-
geneous. Thus, for those loci unlinked to selected ones, we do not expect any
e�ect of the selection regime on local diversity. Alternatively, one could con-
sider that when all populations are selected for precocity, selection is stronger
and thus e�ective population sizes are smaller in the homogeneous selection
treatment compared with the heterogeneous treatment. In this case, we expect
less genetic diversity in the homogeneous selection regime. Overall, and for
a given population size, we expect local genetic diversity in the homogeneous
selection regime to be either the same or smaller than in the heterogeneous
selection regime.
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2.4.2. E�ect of selection regime on di�erentiation among
populations for neutral markers (Experiment 1)

For a given population size, e�ective migration rate should be lower in
the heterogeneous selection regime, as on average immigrants are not locally
adapted [7]. Although di�erentiation among populations for unlinked neutral
loci is not expected to be highly in�uenced by the type of selection, if it hap-
pens to be it should be such that populations are more di�erentiated under the
heterogeneous selection regime.

Hitch-hiking might also a�ect the evolution at neutral loci in linkage dise-
quilibrium with selected ones. Directional selection tends to homogenise pop-
ulations for those loci undergoing selection and linked neutral loci, whereas
heterogeneous selection promotes di�erentiation. For those loci, we thus also
expect to �nd more di�erentiation under the heterogeneous selection regime.

Overall, for a given population size, we thus expect more di�erentiation
under the heterogeneous selection regime.

2.4.3. E�ect of selection regime on global neutral diversity
(Experiment 1)

Assuming that the strength of selection is the same in the two selection
regimes, the sole e�ect of selection is on di�erentiation among populations,
expected to be stronger under heterogeneous selection. We thus expect global
diversity to be larger under this regime. The pattern is reinforced if we assume
that the strength of selection is greater under homogeneous selection since local
diversity would decrease similarly in all populations.

We thus expect global diversity to be smaller in the homogeneous selection
regime. This is particularly expected for those genes linked to those determin-
ing precocity.

2.4.4. E�ect of population size on neutral diversity (Experiment 1)

As local population sizes increase, genetic drift is weaker locally. Therefore,
at the local level, we expect genetic diversity to increase with local population
size. Assuming an equilibrium between migration and drift, the shape of Fst

as a function of N∗m indicates that above the value N∗m = 1, the level of
di�erentiation among populations is expected to be low [5]. For a complete
selfer, this �threshold� value is N∗m = 3. In experiment 1, the rate of seed
immigration is 2%, thus the numbers Nm of migrants per generation are 0.2,
0.5 and 2 for the three population sizes. This is probably less than the threshold
value above which migration is expected to counteract drift in our experimental
system, as sel�ng rate was in fact large, albeit male-sterility. Thus we expect
large di�erentiation among populations to build up, all the more so for low
e�ective sizes.
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In �nite populations, selection has more impact on the frequency of a favoured
allele than drift only if Ne∗s > 1 where s is the selection coe�cient [16]. We
therefore expect response to selection to be stronger for larger population sizes,
at least in the directional selection regime. The increase in diversity as pop-
ulations become larger should thus be smaller than expected with the purely
neutral model. In the heterogeneous selection regime, the e�ective number of
migrants should also increase less than with the purely neutral model, since,
as already stated above, migrants on average are not locally adapted. Overall,
the reduction in e�ective size for neutral genes due to selection at other loci is
expected to increase with population size, at least in the homogeneous selection
regime, reducing the direct e�ect of diminishing drift with increased popula-
tion size. We thus expect a slight decrease in di�erentiation with increased
population size.

2.4.5. E�ect of local extinctions and recolonisation treatment
on neutral diversity (Experiment 2)

Local extinctions have in theory two e�ects [43,46]. First, they decrease the
total metapopulation size and thus the overall genetic diversity should be lower
compared to the no extinction treatment. Second, they create a bottleneck at
recolonisation, and thus increase the amount of di�erentiation among popu-
lations. At the same time, they increase gene �ow among populations, thus
acting against di�erentiation. In the �rst extinction treatment, recolonisations
occur by sampling 100 migrants from several populations, so that the main
e�ect of extinction is to increase gene �ow. In the second extinction treatment,
only �ve individuals, sampled from a single population, are allowed to act as
recolonisers. Thus the main e�ect of this treatment is a bottleneck. We thus
predict that the stronger di�erentiation at equilibrium should be observed in
the second (�narrow-basis�) extinction treatment, followed by the no extinction
treatment, followed by the large-basis extinction treatment. Total diversity
should be larger in the no extinction treatment.

2.4.6. E�ect of local extinctions and recolonisation treatment
on response to selection (Experiment 2)

Response to selection is expected to increase with total e�ective metapop-
ulation size. It should thus be larger in the no extinction treatment, followed
by the extinction treatment with a large genetic basis recolonisation, followed
by the bottleneck treatment. Note however that enhanced gene �ow, as expe-
rienced in the extinction regime with large base recolonisation, might at the
same time locally increase the evolutionary potential, and thus favour local
adaptation [12]. Thus, no clear prediction can be made without further mod-
elling.
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Figure 2. Box plot graph representing the evolution of the frequency of allele 4
of the LAP-2 during the �rst four generations in experiment 2 and at the fourth
generation in the large metapopulations of experiment 1. The circle on the Y-axis
indicates the initial frequency of the allele. The boxes represent the interquartile
range, and asterisks represent outliers. Data are represented on a per population
basis, independently of the metapopulation.

3. RESULTS

We present results for the �rst four generations of the experiments.

3.1. Allozyme variability

3.1.1. Allelic and genotypic frequencies

Considering the two experiments, allele 4 of the LAP-2 increased in fre-
quency between the �rst and the fourth generation in 16 out of the 18 metapop-
ulations. This is signi�cantly di�erent from the 50% increase, 50% decrease
expected with drift (rank test P < 0.001). Its increase in frequency is signi�-
cant in all metapopulations (Kruskal-Wallis statistics = 31.21, P < 0.0001 for
a generation e�ect) in experiment 2 where it was estimated at each genera-
tion. The frequency of this allele was not signi�cantly di�erent between the
two experiments at the fourth generation when only metapopulations with 100
individuals per population were considered (P = 0.72) (Fig. 2). There was no
signi�cant e�ect of the treatment on the frequency of this allele in either experi-
ment (P = 0.56 in experiment 1 and P = 0.95 in experiment 2). This allele was
also the most frequent in natural populations of Arabidopsis thaliana analysed
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in our laboratory (data not shown), and was present in six out of nine popu-
lations initially used as a basis for the metapopulations (Tab. I). Signi�cant
changes in allele frequencies were observed for the other enzymatic systems,
but there was no obvious relationship between the level of signi�cance of the
tests, the direction of change and the population size or selection treatment
(data not shown).

Removing the LAP-2 locus from the following analyses increased slightly the
values of F̂st, but it did not modify the general pattern (data not shown). The
results over all loci will therefore be discussed.

3.1.2. Within-population diversity

Within-population diversity decreased in all metapopulations. After four
generations, the average decrease was about 66% in experiment 1 (Fig. 3) and
55% in experiment 2 (Fig. 3, G4), assuming the expected initial diversities.

In experiment 1, an ANOVA performed on Hs, the local diversity averaged
per locus and per population for each metapopulation suggests no e�ect of ei-
ther population size × selection regime (p = 0.15, one-way ANOVA). However,
a Duncan's Multiple Range Test performed on average Hs per metapopulation
suggests that the lowest diversity was retained in the treatment with homoge-
neous selection and smallest population size (Hs = 0.16 for this treatment, and
Hs = 0.23 to 0.25 for the other treatments).

In experiment 2, while the e�ect of generation on local diversity was highly
signi�cant (P = 0.0001), there was no signi�cant e�ect of the extinction treat-
ment (P = 0.75) (two-way ANOVA with generation and treatment as inde-
pendent variables). The decrease occurred during the �rst three generations,
as average local diversities of generations three and four were not signi�cantly
di�erent, whereas Hs of generation one was signi�cantly larger than diversity
of generation two, itself signi�cantly larger than diversity of generations three
and four (Duncan's Multiple Range Test of procedure ANOVA, SAS).

3.1.3. Population structure: F̂st and F̂is

Population structure increased over time and was highly dependent on the
treatment (Fig. 4). Two-way ANOVA with generation and treatment e�ects
as independent variables in experiment 2 showed that F̂st was signi�cantly
in�uenced by both the generation and the extinction treatment (P = 0.003 for
generation and P = 0.016 for treatment). In this experiment, the increase was
greatest in the no extinction treatment (average F̂st = 0.30), and smallest in
metapopulations with extinction and large base recolonisation (average F̂st =
0.13).

In experiment 1, the amount of di�erentiation was explained by local popu-
lation sizes (P < 0.0001, two-way ANOVA on average F̂st per metapopulation,
with population size and selection regime as independent variables). Thus,
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Figure 3. Estimates of gene diversity during the �rst four generations of experi-
ment 2 (G1 to G4) and at the fourth generation in experiment 1. Data are missing
for the second generation in the no extinction treatment. �Within-population diver-
sity Hs; Total diversity Ht: Theor: theoretically expected at the �rst generation.

metapopulations with large population sizes were slightly di�erentiated (av-
erage metapopulation F̂st value of 0.03), whereas metapopulations with small
population sizes were highly di�erentiated (average metapopulation F̂st value of
0.45). There was no signi�cant e�ect with treatment as main e�ect (P = 0.99)
but the interaction between treatment and local population size was signi�cant
(P = 0.03). For population sizes of 100 F̂st was larger under the heterogeneous
selection regime (average metapopulation F̂st = 0.12 and F̂st = 0.02 in the het-
erogeneous and in the homogeneous selection regimes, respectively; P = 0.04,
one-way ANOVA on F̂st per metapopulation with population size of 100, with
selection regime as the independent variable).

All F̂is values were large and highly signi�cant. The mean F̂is was 0.788±
0.03 across metapopulations. There was a tendency for F̂is to increase over
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Figure 4. Estimates of multilocus F̂st( ) and F̂is(�) during the �rst four generations
of experiment 2 (G1 to G4) and at the fourth generation in experiment 1. F̂is values
are all highly signi�cant. Levels of statistical signi�cance for F̂st are noted as ns:
P > 0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001.

generations as shown for generations one to four in Figure 4 for experiment 2.
Two-way ANOVA of average (local) F̂is per metapopulation shows no e�ect of
treatment in either experiment (P = 0.28 for selection regime and P = 0.26
for local population size in experiment 1 and P = 0.146 for experiment 2). It
con�rms the generation e�ect on F̂is for experiment 2 (P < 0.0001), but no
evolution of F̂is is observed after generation two in this experiment (P = 0.24).
Assuming that F̂is values are therefore close to equilibrium at the fourth gener-
ation we estimated the outcrossing rates in both experiments [16]. Estimated
outcrossing rates are consistent between experiments (0.12 ± 0.03 in experi-
ment 1 and 0.12± 0.02 in experiment 1).
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3.1.4. Global population diversity

Global metapopulation diversity decreased in all metapopulations (Fig. 3).
After four generations, the average decrease was 20% in experiment 1 and
17% in experiment 2. Consistently, in experiment 2 the generation e�ect was
signi�cant (P = 0.0007) in a two-way ANOVA with extinction regime and
generation as independent factors. The extinction treatment contrarily was not
signi�cant (P = 0.60). There was no e�ect of the treatment on metapopulation
diversity in experiment 1 either (P = 0.30 and 0.46 for selection regime and
local population size treatments in two-way ANOVA).

3.2. Precocity

The results of the selection experiment 2 are given in Figure 5. Selection
was e�cient since 50% of the plants were still at the rosette stage 52 days after
sowing for plants of the �rst generation, whereas this period was reduced to
36 days after three generations of selection. The overall shape of the graphs
however suggests that the response to selection mostly occurred after the �rst
generation of selection. Most reduction in the life cycle was due to a short-
ening of the rosette stage. Two-way ANOVA with generation and extinction
treatment as independent variables shows a strong generation e�ect on syn-
chrony (parameter r, P < 0.001) as well as a signi�cant increase in the �nal
proportion of �owering plants (parameter K, P = 0.036), while there was no
signi�cant change in time to appearance of the �rst �owering plant (parameter
i, p = 0.29). The only signi�cant e�ect of treatment on response to selection
was that extinction with large base recolonisation retained signi�cantly more
non-�owering plants than the two other treatments.

4. DISCUSSION

The two experiments were designed to investigate changes in levels and dis-
tribution of genetic diversity under contrasted metapopulation regimes. This
knowledge may prove useful for the management of metapopulations for the
conservation of genetic variation. The maintenance of genetic diversity at the
population and the metapopulation levels depends on e�ective population and
metapopulation sizes. The e�ective size of a population is usually lower than
its census size. Frankham [10] provides a very general �gure of 0.11 for wild
populations. The correlation between the e�ective size of a population and its
census size depends on factors such as sel�ng rate, selection regime and migra-
tion. The e�ects of the factors acting in our experiments are detailed in the
material and methods section. In general, we expected more genetic diversity
to be maintained for large e�ective sizes.
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4.1. Evolution of allelic frequencies

Our estimation of neutral genetic diversity is based on polymorphism at
four allozymic loci. It is generally considered that allozymes behave as neutral
markers. This issue, however, is somewhat controversial: a positive correlation
between heterozygosity for allozymic loci and �tness-related traits such as vi-
ability or growth rates is reported for organisms as di�erent as wild oat [4], a
number of tree species (e.g. [8, 41]), a �sh [27] and shell�sh [19, 42]. Similarly,
the decline in the proportion of heterozygotes with inbreeding is usually lower
than expected (e.g. Rumball et al. [36] in Drosophila).

In our experiment, we observed an increase in the frequency of allele 4 of
LAP-2 in most metapopulations. This might suggest that this allele is under
selection in our experiment. LAP is an enzyme active in the cytosol which par-
ticipates in the turnover of proteins [2]. Koehn et al. [19] observed a correlation
between allele frequencies at the LAP-2 locus and salinity and/or temperature
in oyster and suggested that one allele might be under selection at this locus.
However, the correlation was no longer signi�cant in the same organism in a
later study [37]. Another explanation would be that allele 4 of LAP-2 is in
linkage disequilibrium with determination of precocity. It is easy to see how
subsampling at the foundation of the lines could have generated such linkage
disequilibrium. No correlation was detected between the frequency of allele 4
and precocity in the ten F2 lines used to found all metapopulations (data
not shown). However, because of the high frequency of that allele in founder
lines, our ability to detect linkage disequilibrium with genes for precocity is
diminished. Allozyme loci have been convincingly shown to be under direct
and directional selection in a few cases (e.g., Watt [44] for selection favour-
ing particular alleles of phospho-gluco isomerases in butter�ies). Further work
is needed in our experimental system before we can suggest the most likely
explanation for the pattern observed with LAP-2.

Below we summarise the results and compare them with our original predic-
tions.

4.2. Neutral diversity

4.2.1. Within-population diversity

After four generations of management, we observed an overall decrease in
local diversity for the allozymic markers.

4.2.1.1. E�ect of local population sizes (Experiment 1)

Prediction: The local genetic diversity should decrease with the sizes of
local populations under no selection.
Test: Overall, there was no signi�cant e�ect of the population size. It could

be that, because selection is more e�cient at larger population sizes, and thus
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because the reduction of e�ective size by selection is greater for such sizes,
this e�ect partly compensates the e�ect of decreasing population size so that
overall there is little e�ect of population sizes. The only visible e�ect is that
the smallest local genetic diversity was observed for one of the selection regimes
with the smallest population size, and this size × selection regime treatment
was found to be di�erent from the others using the Duncan multiple range test.
Moreover, the largest range of variability was observed among metapopulations
of small populations, indicating that the level of local diversity was prone to
larger variations from generation to generation when local populations were
smaller.

4.2.1.2. E�ect of selection regime (Experiment 1)

Prediction: the local genetic diversity in the homogeneous selection regime
should be less than or equal to that in the heterogeneous selection regime.
Test: Overall, there was no signi�cant e�ect of the selection regime on local

diversity. However, the smallest local genetic diversity was observed for one of
the three metapopulation types with the homogeneous selection regime, and
this treatment was found to be di�erent from the others using the Duncan
multiple range test (same as above).

4.2.1.3. E�ect of local extinctions (Experiment 2)

Prediction: local diversities should be larger in the no extinction treatment
Test: Unexpectedly, there was no signi�cant e�ect of local extinctions on

local diversity. In particular, populations of metapopulations undergoing local
extinctions and recolonisation with a narrow-basis were no less variable than
populations experiencing a stable environment, an unexpected result. We will
discuss this result when considering global diversity.

4.2.2. Population di�erentiation

4.2.2.1. E�ect of local population sizes (Experiment 1)

Prediction: Large di�erentiation among populations should build up, all
the more so for low e�ective sizes.
Test: We indeed observed a highly signi�cant di�erentiation among popu-

lations at the fourth generation. The in�uence of population size on popula-
tion structure was very strong and in the expected direction, suggesting that
selection did not signi�cantly decrease e�ective size at neutral loci in large
populations.
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4.2.2.2. E�ect of selection regime (Experiment 1)

Prediction: For a given population size, di�erentiation under the hetero-
geneous selection regime should be stronger compared to the homogeneous
selection.
Test: There was little e�ect of selection regime, except for metapopulations

with large population sizes, for which di�erentiation under the heterogeneous
selection regime was indeed stronger compared to the homogeneous selection
regime. Most likely selection was more e�cient at large population sizes, so
that the e�ect of the selection regime was more obvious for such population
sizes. The larger di�erentiation in these metapopulations with heterogeneous
selection can be explained both by linkage disequilibria and by a weaker adap-
tation of the migrants, although we have no experimental evidence for this
latter hypothesis. Decay of linkage disequilibrium would be retarded by high
sel�ng in our populations.

4.2.2.3. E�ect of local extinctions (Experiment 2)

Prediction: The stronger di�erentiation at equilibrium should be observed
in the narrow-basis extinction treatment, followed by the no extinction treat-
ment, followed by the large-basis extinction treatment.
Test: The smallest di�erentiation was indeed observed in metapopulations

with a large basis for recolonisation, a result consistent with predictions. How-
ever, and unexpectedly, signi�cantly less di�erentiation among populations was
observed in the narrow-basis recolonisation treatment compared to the no ex-
tinctions. This could be explained by the fact that high rates of extinction
and recolonisation increase migration rates and more than compensate for the
founder e�ects at recolonisation.

4.2.3. Global diversity

4.2.3.1. E�ect of local population sizes (Experiment 1)

Predictions: Because the metapopulation size is proportional to local size,
the most obvious prediction is that global diversity should increase with local
population size.
Test: The level of global diversity was independent of the local population

size. As the migration rate is constant, a decrease in local population size both
decreases local e�ective size and increases di�erentiation among populations.
Overall, this could explain why global diversity is not a�ected by local popula-
tion size. Moreover, we showed that while di�erentiation was indeed larger for
smaller population size, local diversity was independent on local size (possibly
because of selection being more e�cient in large populations). So it may not
be surprising that global diversity is independent of population size.
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4.2.3.2. E�ect of selection regime (Experiment 1)

Predictions: Global diversity should be smaller in the homogeneous se-
lection regime, as the local genetic diversity is expected to be less than or
equal to that in the heterogeneous selection regime, and so is the amount of
di�erentiation among populations.
Test: This e�ect of the selection regime is not observed, as the level of

diversity is not larger under heterogeneous selection. This is true even in the
large metapopulations where di�erentiation was larger under the heterogeneous
selection. More generations might be needed for this e�ect to build up.

4.2.3.3. E�ect of local extinctions (Experiment 2)

Predictions: Total diversity should be larger in the no extinction treat-
ment.
Test: Contrary to our predictions, the global diversity was not a�ected

by extinctions. It could be that because all diversity was present within each
population at the beginning of the experiment, the loss of some populations had
no immediate e�ect on diversity. This would also explain why local diversity
is not in�uenced by local extinctions.

4.3. Evolution of precocity (e�ect of local extinctions,
Experiment 2)

Our results on precocity suggest that we e�ectively selected for more preco-
cious genotypes. The existence of genetic variation for precocity among popu-
lations of A. thaliana has been reported in many studies (e.g. [20]) and major
genes [24, 35] and QTLs [26] responsible for this variation are known. In a
comparison among 13 populations of A. thaliana, Zhang and Lechowicz [47]
observed that rosette diameter and its growth rate contributed most to ex-
plaining the total variation in �owering time. Here we observed a similar
correlated response, since selecting for short life cycles (i.e. early �owering)
mainly decreased the length of the rosette stage (Fig. 5). The signi�cant e�ect
of generation on parameter r of the logistic curve, showing that individuals
were more and more synchronous in their �owering behaviour, also illustrates
that the e�ciency of selection could be linked to a decrease in genetic diversity
for this trait.

In general it was di�cult to assess what impact selection for precocity had on
the level of neutral diversity in our metapopulations. Although most variation
for precocity disappeared in the second generation, there was no tendency for
neutral diversity to decrease markedly at the same time in experiment 2.

Response to selection was not in�uenced by the extinction-recolonisation
treatment, suggesting that enhanced gene �ow due to local extinctions might
bring new variation locally, and compensate for the overall decreased metapop-
ulation e�ective size that would slow down response to selection. Alternatively,
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Figure 5. Evolution over time of the percentage of six growing stages (cotyledons,
rosette, bolting, �owering, green pods and mature fruits) at the �rst generation
(500 plants) and at the three subsequent generations (900 plants each, pooled over
treatments).

as most of selection response occurred during the �rst generation, it could be
that no variation was left after this generation, so that there would be no
further e�ect of decreased e�ective size.

5. CONCLUSION

Results are only available for the four �rst generations and it is too early
to draw general conclusions useful for conservation of genetic diversity in crop
or ex situ conserved species. However, despite the small number of studied
loci, several trends emerge from these preliminary results. First, we observed
a general decrease (of the order of 20%) of neutral genetic diversity in the
metapopulations (Fig. 3). This shows that the population sizes we chose were
not large enough to maintain e�ciently the initial level of diversity, especially
regarding the fact that arti�cial selection was applied. In practise, conserva-
tionists often have to tolerate a small decrease of diversity, because maintaining
large enough populations is too costly in terms of space and money. Surpris-
ingly, the loss of variability did not depend on population size in our experiment
(Fig. 3) after four generations. Thus, a pool of 2000 individuals (100×20 for the
largest metapopulation) did not seem su�cient to maintain neutral diversity
e�ciently. It could be argued that the arti�cial selection that was applied on
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precocity acted to decrease the e�ective size, so that if one could prevent nat-
ural or arti�cial selection from acting, 2000 individuals might be su�cient to
preserve neutral diversity. As the objective of such management programmes
is to let populations coevolve with their environment, it is likely (and hoped)
that natural selection would occur in any experimental design.

In our experiment, a minimum of 100 individuals per population was nec-
essary to observe an e�ect of the type of selective pressure on metapopulation
structure. Moreover, there was no e�ect of selection regime on local diversity.
This result con�rms that, even with large selective pressures, drift overrides se-
lection in small populations. A goal of a dynamic management is to maintain
diversity at selected traits, for example by growing the plants in di�erent envi-
ronments. The large metapopulations in experiment 2 appeared large enough
to respond to selection but larger metapopulations might prove necessary if
weaker selective pressures are acting.

Finally, population size and selection act together to determine the main-
tenance of neutral diversity. Both selection and drift decrease the within-
population neutral diversity, selection being more e�cient in large populations
while drift is more e�cient in small populations. Maintaining local natural
selection in a dynamic management will thus accelerate the loss of neutral
genetic diversity, compared to populations undergoing no selection. Heteroge-
neous selection is expected to counteract this loss of diversity, through its e�ect
on increased di�erentiation among populations for locally adapted traits. In
a sel�ng species, linkage disequilibria exist at the whole genome level. Thus,
the increase in global adaptive diversity through increased di�erentiation be-
cause of heterogeneous selection is also expected to occur for neutral diversity.
Assuming populations are connected, local evolutionary potential is restored
through rare migration events. In an outbreeding species, selection in di�erent
environments will allow the maintenance of adaptive variability, but neutral
diversity will be less easily maintained, especially if selection is strong. Thus,
a milder selection should be applied in such species.
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