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Abstract  
 
Extinction and recolonization events are expected to give rise to finite population sizes, thus 
increasing the effects of genetic drift. Genetic drift tends to increase the genetic 
differentiation among local populations and decrease the genetic variation within local 
populations. Land uplift and successional processes in the Skeppsvik Archipelago (Sweden) 
make it possible to estimate the age of Silene dioica island populations and give the unique 
opportunity to measure how extinction and recolonization influence genetic differentiation. 
Giles and Goudet (1997) have studied these island populations, and showed that young and 
old island populations are more differentiated than intermediately aged populations. In this 
study, neutral allozyme markers collected by Giles and Goudet were studied in order to see if 
relatively newly developed analyses are able to give further information about the population 
structures present in these S. dioica island populations. Discriminant Analysis of Principal 
Components (DAPC) visualized complex genetic structures present in the allozyme data and 
was used in order to estimate the genetic diversity in each age class. Young and old 
populations proved to be less diverse than intermediately aged populations. The admixture F 
model (AFM) was able to separate gene flow and genetic drift responsible for the observed 
genetic differentiation. Separation of these forces implies that the gene flow is relatively high 
throughout the archipelago, which suggests that the difference in genetic differentiation 
among age classes have arisen due to different effective population sizes among the age 
classes.  
 
Key words: Silene dioica, genetic structure, Admixture F model, Discriminant Analysis of 
Principal Components, Skeppsvik Archipelago 
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1 Introduction  
 
Habitats for a species are generally not homogenously distributed throughout the landscape, 
but rather scattered with unfavorable patches intermixed among the habitats. Because of 
this, individuals of a species will also attain such a distribution, resulting in clusters of 
individuals usually called local populations or subpopulations (Ayala and Kiger 1984, Hartl 
and Clark 2007). Individuals that are part of the same local population are more likely to 
interact with each other than with individuals that are part of another local population 
(Hanski and Simberloff 1997, Barton and Clark 1990). However, individuals from different 
local populations can interact through migration and the total assemblages of individuals 
from many local populations are usually referred to as a metapopulation. The 
metapopulation approach has been applied by ecologists, geneticists and evolutionary 
biologists, and is considered to be highly suitable when studying local populations living in 
fragmented landscapes (Hanski and Gaggiotti 2004).  
 
Population subdivision can give rise to genetic differentiation among local populations, 
making them differ in allele frequencies due to evolutionary forces such as mutation, gene 
flow, natural selection and random genetic drift (Ayala and Kiger 1984, Hartl and Clark 
2007). Neutral loci, where the influence by natural selection can be disregarded, are thus 
mainly affected by genetic drift and gene flow (Wade and McCauley 1988). Studying neural 
loci, the level of genetic differentiation arising in a subdivided population depends on the 
effective population size (!!), determining the strength of genetic drift, and the migration 
rate (!) between local populations. If both of these variables are small, genetic drift is 
expected to have a major influence on the evolution of these local populations (Templeton 
2006).  
 
Genetic drift is the change in allele frequencies from generation to generation arising due to 
chance events (Campbell et al. 2014). The sampling errors arising from genetic drift will 
differ among subpopulations. Some alleles will increase in frequency at the expense of other 
alleles due to random sampling, thus increasing the genetic differentiation among local 
populations and decreasing the genetic variation within local populations. As alleles become 
fixed within subpopulations, the proportion of alleles that are identical by descent tends to 
increase among the individuals within subpopulations (Templeton 2006). If two or more 
individuals have alleles that are identical by descent, the alleles have originated from the 
same DNA sequence in a prior generation (Hartl and Clark 2007). When allelic identity by 
descent increases in a subpopulation, inbreeding increases (Templeton 2006). Inbreeding 
affects the genotype frequencies by increasing the fraction of homozygotes at the expense of 
heterozygotes (Hartl and Clark 2007). However, gene flow is an evolutionary force that 
counteracts the influence of genetic drift by increasing the genetic variation within a 
subpopulation and reducing the differentiation among subpopulations (Templeton 2006).  
 
Genetic differentiation among local subpopulations is usually measured by !!", 
corresponding to the genetic variation among local populations relative to the total 
population (Templeton 2006). A high !!" value (maximum of 1) is obtained when the genetic 
differentiation is high whereas a low !!" value indicates little or no genetic differentiation 
(minimum of 0) (Hartl and Clark 2007). !!" can be estimated from measuring identity by 
descent or state, or from measures of heterozygosity at different hierarchical levels. Both of 
these variables are influenced by the relationship between genetic drift and gene flow when 
studying neutral markers (Templeton 2006). 
 
Wright (1940) established the island model, which assumes that local populations will reach 
genetic equilibrium when receiving one new migrant each time a local individual is lost. 
Under such circumstances, the genetic differentiation is presumed to be:  
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" ≈ !
!1

4!!m + 1,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 
           
where !! corresponds to the effective population size of a set of local populations and ! 
represents the migration rate. However, natural populations can fluctuate in size (!!) and 
sometimes go extinct locally, creating habitat areas available for colonists and leading to 
founder effects, i.e. an extreme condition of genetic drift arising from colonization by a small 
group of individuals (Wade and McCauley 1988, Whitlock and McCauley 1990, Ayala and 
Kiger 1984). Local extinction and recolonization will give rise to an age-structure among local 
populations and variable population sizes (Barton and Whitlock 1997), which may reduce the 
genetic diversity within and increase the genetic differences among local populations due to 
drift effects (Haag et al. 2005). The genetic differentiation will increase between 
subpopulations due to extinction and recolonization if:  
 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! < !2!!m1 − ϕ +
1
2,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

 
where k corresponds to the number of colonizing individuals and (1-ϕ) is the probability that 
colonists originate from different populations (Barton and Whitlock 1997). The origin of the 
founding individuals can thus have important implications for the genetic differentiation 
among local populations (Whitlock and McCauley 1990).  
 
Giles and Goudet (1997 a) investigated whether colonization and extinction would give rise to 
increased genetic differentiation among local populations of the dioecious, perennial flower 
Silene dioica in Skeppsvik Archipelago (Västerbotten County, Sweden). Silene dioica, also 
called red campion, is widespread in Fennoscandia and is commonly found in deciduous 
forests or disturbed habitats (Mossberg and Stenberg 2010). It flowers in June and July and 
is generally pollinated by bumblebees (Elmqvist and Gardfjell 1988, Giles and Goudet 1997 
a). The islands in Skeppsvik Archipelago are made up of tills that were deposited in the Gulf 
of Bothnia by the retreating ice at the end of the last glacial period. The area is subject to land 
uplift and the islands are gradually exposed above the water level, such that the uneven 
heights of till deposits result in an age distribution among islands. Populations of the early 
successional species S. dioica establish after sufficient soil layers have accumulated, and the 
age and demographic maturity of S. dioica subpopulations will thus depend on the age of the 
island. As successional processes continue, S. dioica will eventually be outrivaled by species 
such as Picea abies, and it disappears from islands 250-500 years old (Giles and Goudet 1997 
a, b). 
  
Giles and Goudet (1997 a) estimated the age of 52 islands by using records of land uplift 
measurements and then divided each S. dioica island population into three age classes – 
young (<30 years), intermediate (30-250 years) and old populations (>250 years). They 
collected leaf samples from approximately 4500 randomly selected individuals distributed on 
the islands in the archipelago, and analyzed six neutral polymorphic loci (with a total of 20 
alleles) using allozymes as genetic markers. The genetic differentiation was measured for 
each age class by !!" through measurements of heterozygosity, and the obtained values were 
compared among the age classes. Giles and Goudet (1997 a) showed that newly colonized 
populations had a higher genetic differentiation (!!" = 0.057) than populations of 
intermediate age (!!" = 0.030). The result indicates that colonization dynamics may lead to 
an increased genetic differentiation between populations while gene flow decreases the 
differentiation with time. However, gene flow was too limited to join the intermediately aged 
populations into a single evolutionary unit. As the late successional species expand, the old S. 
dioica populations become smaller and gain the highest genetic differentiation observed 
among all age classes (!!" = 0.066) (Giles and Goudet 1997 a, b).  
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It has been difficult to identify which evolutionary forces are responsible for the observed !!" 
value, which cannot separate !! and ! as distinct parameters (Hartl and Clark 2007). 
However, new models indicate that it is possible to overcome this. Karhunen and Ovaskainen 
(2012) developed the admixture F model (AFM) to measure the relatedness among 
subpopulations based on probability of identity by descent. By analyzing neutral markers and 
assuming low mutation rate, the AFM can separate gene flow and genetic drift as 
independent factors giving rise to particular !!" !values.  
 
The Discriminant Analysis of Principal Components (DAPC) is another type of analysis, 
which is not based on a specific population genetics model. Instead, DAPC analyzes the 
genetic makeup of individuals and assigns them to specific clusters on the basis of overall 
genetic similarity, making it possible to detect complex population structures. DAPC also 
provides a visualization of each cluster (Jombart et al. 2010).  
 
In this study, the Silene dioica allozyme data collected by Giles and Goudet (1997 a) in the 
Skeppsvik Archipelago was analyzed using the Admixture F Model (AFM) and the 
Discriminant Analysis of Principal Components (DAPC). These analyses are relatively new 
and represent different approaches for studying genetic data. Thus, it should be possible to 
gain different aspects and information regarding population structure among S. dioica 
populations in the Skeppsvik Archipelago. DAPC may provide visualization of complex 
genetic structures in the data set, whereas the AFM should be able to separate gene flow and 
genetic drift as factors behind the genetic differentiation observed by Giles and Goudet (1997 
a). Considering the theory by Whitlock and McCauley (1990) and previous expectations by 
Giles and Goudet (1997 a), extinction and recolonization events should give rise to finite 
populations sizes in young and old populations. Finite population sizes are expected to 
increase the effects of genetic drift, which will increase the genetic differentiation among 
local populations and decrease the genetic variation within local populations. Intermediately 
aged populations are expected to be free of such extinction and recolonization dynamics, thus 
decreasing the genetic differentiation among intermediately aged populations and increasing 
the genetic variation within these local populations. 
 
 

2 Materials and Methods  
 
2.1 Study organism  
 
Silene dioica (L.) (family Caryophyllaceae), also known as red campion (Giles and Goudet 
1997 a), is widespread in Fennoscandia (Mossberg and Stenberg 2010) and part of primary 
succession in the Skeppsvik Archipelago (Giles and Goudet 1997 a). The herb is commonly 
found in deciduous forests or disturbed habitats (such as landslides, roadsides, slopes and 
riparian forests), growing on moist soils that are rich in humus and nutrients (Mossberg and 
Stenberg 2010). Silene dioica is dioiceous and perennial, with an average longevity of 10-12 
years, and is pollinated by bumblebees such as Bombus hortorum, B. pratorum and B. 
lucorum (Giles et al. 2006). In northern Sweden, the herb starts flowering in June and July 
(Elmqvist and Gardfjell 1988, Giles and Goudet 1997 a). After an ovary is pollinated, it ripens 
into a capsule. When the capsule is mature, it will open at the apex and passively spread its 
seeds (Carlsson-Graner et al. 1998), which generally germinate the next year (Elmqvist and 
Gardfjell 1988).  

2.2 Study site  
 
The Skeppsvik Archipelago (Figure 1, Västerbotten, Sweden) consists of islands situated in 
the Gulf of Bothnia (63°44’-48’N, 20°34’-40’E), made of till deposited at the end of the last 
glacial period (Giles and Goudet 1997 a). The ice sheet applied a heavy weight on the earth’s 
crust, a weight that gradually decreased as the ice sheet melted away, giving rise to land uplift 
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as the crust is regaining its original elevation. The rate of land uplift varies in time and 
between different regions in Sweden. Today, the rate is approximately 9 mm/year in the 
study site (Perhans 2002). Areas with the highest till deposits are exposed above the water 
surface first, thus giving rise to islands that differ in age. The age of an island is possible to 
estimate using the rate of land uplift, measurements of the islands highest point above the 
sea level and theoretical mean sea level (Carlsson et al. 1990).  
 
The bare rock exposed by the land uplift is unfavorable for most organisms. It lacks soil, 
water and nutrient storage. However, organisms able to survive and reproduce in these 
environments, such as lichens and microbes, colonize the rocks and extract nutrients by e.g. 
weathering. Nutrients and soil starts to accumulate, creating habitat for other organisms that 
will colonize the area. The biotic communities established will modify the landscape and 
become outcompeted by other organisms that are better adapted to the present settings. This 
process is called primary succession, which is characterized by “a progressive imprinting of 
biological features onto a physical landscape” (Perry et al. 2008). The phase of primary 
succession will be determined by the age of the island. Hence, subpopulations of S. dioica on 
different islands will also differ in age and demographic maturity. The age of each S. dioica 
island population is possible to estimate using the equation described by Carlsson et al. 
(1990). 
 
The islands need to have accumulated enough soil and nutrients in order for S. dioica to 
colonize. This soil and nutrient accumulation is reached after approximately 70-150 years 
(Giles and Goudet 1997 a). Both pollen and seeds can transfer genes between populations, 
but only seeds can colonize new areas (Giles and Goudet 1997 b). Thus, S. dioica in Skeppsvik 
Archipelago colonize new areas with diploid seeds deposited in drift material, transported by 
water (Giles and Goudet 1997 a). Due to kin-structured dispersal, individuals are generally 
structured into family groups within single islands (Ingvarsson and Giles 1999). High 
densities of S. dioica are reached on islands 120-250 years old. As successional processes 
continue, S. dioica are outcompeted by later successional species, such as Picea abies and 
Betula pendula. The late successional species change the soil and light settings, decreasing 
the germination success and forcing S. dioica into high-density rings closer to the shores 
(Giles and Goudet 1997 b). The late successional species P. abies continues to expand 
outwards from the central parts of islands 200-400 years old. The high-density border 
populations of S. dioica will become smaller, creating irregular patches or single individuals. 
The S. dioica populations will eventually go extinct on islands approximately 250-500 years 
old, as the late successional species continue to expand towards the shoreline (Giles and 
Goudet 1997 a).  
 
Young populations of S. dioica (less than 30 years old) consist of recently founded 
individuals, occupying areas ranging from the central part of the islands towards the shore. 
Intermediately aged populations are older (30-280 years), and have reached higher densities, 
creating the thick ring form. The old populations (over 280 years old) have decreased in size, 
and plants live in small fragmented patches near the shorelines (Giles and Goudet 1997 a).  
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Figure 1. The Skeppsvik Archipelago. Numbered islands are included in the study.  
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2.3 Sampling  
 
Giles and Goudet (1997 a) sampled the youngest leaf from approximately 4500 flowering S. 
dioica individuals distributed on 52 islands in the archipelago. The individuals were 
randomly sampled from each island, with equal numbers of males and females. Collection 
took place in June between 1991 and 1993. See table 1 (Appendix) for information regarding 
population age, population size, location, exposure class and demographic stage. The age 
classes (young, intermediate and old) were based on age (estimated by the equation 
described by Carlsson et al. 1990), population size, shape of the areas inhabited by the 
populations and co-occuring species (Giles and Goudet 1997 a). Each age class is thus 
determined by several parameters.  
 
2.4 Allozymes and Electrophoresis  
 
It is possible to use enzymes as genetic markers. Enzymes accelerate specific biochemical 
reactions and are usually proteins. They generally participate in just one chemical reaction, 
but some catalyze several similar reactions (Berg et al. 2012, Richardson et al. 1986). 
Isozymes are enzymes with different amino acid sequences, catalyzing the same reaction 
(Berg et al. 2012). Isozymes can be coded by genes at different loci or coded by different 
alleles at a specific locus. The isozymes coded by different alleles are called allozymes. 
Allozymes are codominantly expressed enabling clear distinction between homozygote and 
heterozygote genotypes, thus making these proteins highly suitable as genetic markers 
(Richardson et al. 1986). 
 
Giles and Goudet (1997 a) extracted enzymes by homogenizing each Silene dioica leaf in an 
extraction buffer and collecting the supernatant. Electrophoresis was executed in 10,5 % 
starch gels, which were subsequently stained in order to identify the presence of five enzyme 
systems: phosphoglucose isomerase (PGI, EC 5.3.1.9), triosphosphate isomerase (TPI, EC 
5.3.1.1), leucine aminopeptidase (LAP, EC 3.4.11.1), phosphoglucomutase (PGM, EC 5.4.2.2) 
and diaphorase (DIA, EC 1.6.99.-). Details of staining procedures can be found in Giles and 
Goudet (1997 a). Identification of these enzymes made it possible to score six polymorphic 
loci (Pgi2, Pgm1, Pgm2, Tpi1, Dia1 and Lap1). 
 
2.5 Analyses 
 
2.5.1 Discriminant Analysis of Principal Components (DAPC) 
 
Jombart et al. (2010) developed a multivariate method called Discriminant Analysis of 
Principal Components (DAPC), which is a combination of two established statistical analyses 
called Principal Component Analysis (PCA) and Discriminant Analysis (DA). Principal 
component analysis (PCA) can distinguish genetic structures present in data without the 
need of any population genetic model assumptions, and is often used to summarize the 
genetic variation within and among groups. However, PCA cannot separate the within-group 
from the between-group variance and hence does not discriminate groups. Discriminant 
analysis (DA), based on a classic ANOVA model, compensates for the shortfalls of PCA by 
dividing the total genetic variation into within-group variation and between-group variation 
according to (Jombart et al. 2010, Jombart and Collins 2015):  
 

Total variation = between-group variation + within-group variation 
  
DA uses synthetic variables, called discriminant functions, to maximize the genetic variation 
present among clusters while reducing the variation within clusters. DA also provides a 
probabilistic membership classification of individuals to each cluster (Jombart et al. 2010). 
The combination of these analyses, called DAPC, transform the data by PCA in order to 
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submit uncorrelated variables to DA, which will search for discriminant functions.  
DAPC provides a visualization of between-population structures (Jombart et al. 2010). 
 
In this study, DAPC was used to allocate individuals into genetic clusters based on 
polymorphic allozyme data. Analysis by DAPC gave rise to a scatterplot with genetic clusters, 
where each individual obtained a number representing its assigned cluster. Several analyses 
were made using the same data set in order to obtain an analysis with the highest number of 
clusters and highest membership probability. The analysis obtained could vary depending on 
the number of PCs and discriminant functions retained, and the number of clusters selected. 
In order to interpret the membership allocation given by DAPC in terms of genetic diversity, 
the Shannon diversity index was calculated for each island according to the following formula 
(Bitton 1998); 
 

! = !!!"#!
!

!!!
 

 
In this study, S corresponds to the total number of clusters and !! represents the proportion 
of individuals belonging to a specific cluster. The average Shannon diversity index was then 
calculated for each age class in order to see if there is a difference in level of diversity.  
 
2.5.2 The Admixure F Model  
 
According to Karhunen and Ovaskainen (2012), “coancestry is the same as probability of 
identity by descent (IBD) at the limit of a low mutation rate and given a non-inbred ancestral 
population”. Individual-level coancestry coefficients (or probabilities of IBD) can thus be 
used to describe the relatedness between two individuals. The individual-level coancestry 
coefficient can in turn be used to obtain population-level coefficients, describing the 
relatedness among subpopulations. These coancestry coefficients can be obtained using the F 
model, analyzing neutral molecular markers collected from a present generation (Karhunen 
and Ovaskainen 2012).  
 
In order to gain knowledge about the average population-level coancestry of population A 
and B (!!"! ), the individual-level coancestry (!!!!) for individual ! ∈ ! and !! ∈ ! has to be 
known, 

!!"! = 1
!!!!

!!!´
!∈!,!!∈!

 

 
where !! and !! each correspond to the number of individuals in population A and B. Alleles 
are assumed to have identity by descent (IBD) if they have been replicated from the same 
ancestral sequence and have not mutated since they diverged (Karhunen and Ovaskainen 
2012).  
 
The genetic differentiation (!!") can be obtained through population-level coancestry, using 
the average coancestry within local populations (!!) and the average coancestry between 
local populations (!!),  
 

!!" =
!! − !!
1− !!  

where  

!! = 1
!!

!!!!
!!

!!!
,!!!!!!!!!!!!!!!!!!!!!!!!! = 1

!!! − !!
!!"!

!!!
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where the number of populations is represented by !!. If the populations are prone to 
inbreeding due to finite population sizes, it will be reflected by a high within population 

coancestry (!!!! ) (Karhunen and Ovaskainen 2012).  
 
In order to separate the contributions of gene flow and genetic drift to the obtained !!"  value, 
the F model has to be extended by allowing admixture between the lineages. The 
subpopulation-level coancestry coefficient, gene flow and drift are related to each other 
according to:  
 

!!"! = !!"!!"
!! + 1

!!

!!!
 

 
where !! is the number of linages, !! corresponds to how much a lineage is influenced by 
drift and ! is the lineage loading. A small ! value indicates that the effective population size is 
small or that there have been many generations since the populations diverged, 
corresponding to a major influence by genetic drift. By increasing the size of the 
subpopulation, ! will decrease whereas more gene flow will increase !. Knowledge about the 
absolute effective population size is not possible to obtain through !, because ! also depends 
on the number of generations since the ancestral population diverged. The same goes for !, 
which does not correspond to the ”per-capita rates of migration”. However, these values do 
describe the interaction among local populations (!) and their relative effective population 
sizes. It is thus possible to separate gene flow and genetic drift behind an obtained !!" value 
(Karhunen and Ovaskainen 2012).  
 
Several assumptions have to be fulfilled using the AFM. The mutation rate has to be low, 
neutral markers have to be studied and the populations need to have diverged from a 
common ancestral population (Karhunen and Ovaskainen 2012). The allozyme data used in 
this study were suitable for several reasons. The genetic markers were assumed to be 
selectively neutral and the mutation rate was probably low because as long as the mutations 
do not affect the amino acid sequence, it will not be detected by electrophoresis (Richardson 
et al. 1986). In this study, the admixture F model (AFM) was used to analyze the allozyme 
data extracted through electrophoresis in order to gain information about the genetic 
differentiation and the forces responsible for the obtained !!" !value. The AFM can be utilized 
through the RAFM package, available for R-studio.  
 
 

3 Results 
 
3.1. Analysis by Discriminant Analysis of Principal Components (DAPC) 
 
DAPC analyzed the allozyme data for each individual. If the genetic makeup was similar 
enough, the individuals was assigned to the same cluster. DAPC found three discriminant 
functions when analyzing all allozyme data from individuals distributed on all 52 islands. All 
discriminant functions were used in order to maximize among-island genetic variation and 
minimize within-island genetic variation, which gave rise to 4 clusters (Figure 2). The 
probability of membership assignments for each cluster was 100 % for cluster 1, 99 % for 
cluster 2, 100 % for cluster 3 and 98 % for cluster 4. By studying the membership allocation 
made by DAPC, it is possible to see that the genetic clusters 3 and 4 are most common, with 
2452 individuals assigned to cluster 3 and 846 individuals to cluster 4. Clusters 1 and 2 have 
fewer members, with 256 individuals in cluster 1 and 241 individuals in cluster 2.  
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Figure 2. Scatterplot obtained through DAPC, including allozyme data from all 52 islands. Each dot represents an 
individual and each number corresponds to a cluster. The DA eigenvalues is the number of discriminant functions 
retained. In the DA eigenvalues bar plot, linear discriminants are given at the x-axis and F-statistic is given at the 
y-axis. Each bar represents a discriminant function. Bars with darker color are likely to have more information 
than bars with lighter color (Jombart and Collins 2015).  
 
Each age class was also analyzed separately by DAPC. When DAPC analyzed young islands, 
three discriminant functions were found to separate the genetic variation within clusters and 
between clusters. DAPC found 4 clusters with 100 % probability of membership assignment 
for all clusters (Figure 3a). Clusters 1 and 3 had most members, with 568 individuals 
assigned to cluster 1 and 156 individuals assigned to cluster 3. Cluster 2 and 4 had fewest 
members, with 62 members in cluster 2 and 58 in cluster 4.  
 
Three discriminant functions and four clusters were also found for intermediately aged 
islands (Figure 3b). The probability of membership assignments for intermediate islands was 
100 % for cluster 1 and 4, 95 % for cluster 2, and 99 % for cluster 3. Most individuals were 
assigned to cluster 1 (1706 individuals) and cluster 3 (554 individuals). Cluster 2 and 4 had 
the fewest membership assignments, with 169 and 183 individuals respectively.  
 
DAPC found three discriminant functions for old islands, again giving rise to four clusters 
(Figure 4). The probability of membership assignments for old islands was 100% for all 
clusters. Most individuals were found in cluster 4 (259 members). Fewer individuals were 
assigned to cluster 1 (54 individuals), cluster 2 (18 individuals) and cluster 3 (8 individuals). 
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Figure 3. a) Clusters obtained through analysis of young islands b) Clusters obtained through analysis of 
intermediately aged islands. Each dot represents an individual and each number corresponds to a cluster. The DA 
eigenvalues is the number of discriminant functions retained. In the DA eigenvalues bar plot, linear discriminants 
are given at the x-axis and F-statistic is given at the y-axis. Each bar represents a discriminant function. Bars with 
darker color are likely to have more information than bars with lighter color (Jombart and Collins 2015). 
 
 

 
Figure 4. Clusters obtained through analysis of old islands. Each dot represents an individual and each number 
corresponds to a cluster. The DA eigenvalues is the number of discriminant functions retained. In the DA 
eigenvalues bar plot, linear discriminants are given at the x-axis and F-statistic is given at the y-axis. Each bar 
represents a discriminant function. Bars with darker color are likely to have more information than bars with 
lighter color (Jombart and Collins 2015). 
 
The similarity regarding the distribution of clusters in each analysis may seem striking, but it 
is important to note that different genes and/or alleles may characterize each cluster. 
Individuals assigned to a specific cluster in the analysis including all islands may therefore be 
assigned to another cluster in another analysis. Thus, it is not possible to compare the 
clusters between the analyses.  
 
In order to determine if there is any difference between the age classes regarding genetic 
diversity, the Shannon diversity index was calculated for each island using the DAPC 
membership allocation obtained from each age class analysis. The Shannon diversity indices 
were then used to calculate the average diversity for each age class. The average diversity in 
young populations was 0.71 (with a 95 % confidence interval of ±0.18) whereas 
intermediately aged populations had an average diversity of 0.84 (with a 95 % confidence 
interval of ±0.071). Old populations had the lowest diversity index with a value of 0.61 (with 
a 95 % confidence interval of ±0.22) (Figure 5). The data proved to be normally distributed 
using Q-Q plots. A one-way ANOVA was thus performed, which confirmed that there were 
significant differences in diversity between age classes (! 2, 50 = 3.33, ! = 0.044).! 
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Figure 5. The average Shannon diversity index obtained for each age class. The diversity is given at the y-axis and 
the x-axis corresponds to age classes; young islands (1), intermediate islands (2) and old islands (3). The error 
bars show the 95 % confidence interval.  
 
3.2. Analysis by the Admixture F Model 
 
The average genetic differentiation (!!") for all 52 islands in the archipelago was 0.076, with 
a 95 % posterior interval of 0.066 and 0.087. The median !!" value for the islands in the 
archipelago was 0.076 (Figure 6).  
 

 
Figure 6. The histogram visualizes the frequency of !!"  for all studied islands in the archipelago.  
 
 
Each age class was analyzed separately by the admixture F model and the level of genetic 
differentiation (!!") was obtained for each age class. Intermediately aged islands had the 
lowest average genetic differentiation observed among the age classes, with an !!" of 0.083 (a 
95 % posterior interval of 0.069 and 0.096). Younger islands were more differentiated than 
intermediately aged islands, with an !!" of 0.13 (a 95 % posterior interval of 0.10 and 0.16). 
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Old islands were more differentiated than either young and intermediately aged islands, with 
an !!" of 0.21 (a 95 % posterior interval of 0.15 and 0.27) (Figure 7). 
 
 

 
Figure 7. The obtained !!" values for each age class. The y-axis represents !!" whereas age class is given at the x-
axis: young islands (1), intermediate islands (2) and old islands (3).  
 
It is possible to separate ! (representing drift) and ! (representing gene flow) from the 
obtained !!" value. Young islands had a median alpha (representing !) of 4.61 (Figure 8a). 
Intermediately aged islands had the highest median alpha of 7.44 (Figure 8b) whereas the 
lowest median alpha was obtained for old islands with a median alpha of 2.79 (Figure 8c). 
Analogously, young islands had a median kappa (representing !) of 0.350 (Figure 9a). 
Intermediately aged islands had the highest median kappa of 0.436 (Figure 9b) whereas the 
lowest median alpha was obtained for old islands with a median alpha of 0.191 (Figure 9c). A 
Kruskal-Wallis test was performed to distinguish if there was a significant difference between 
the age classes regarding alpha and kappa. Both alpha (!! 2 = 10.3, ! = 0.0059) and kappa 
(!! 2 = 10.6, ! = 0.005)!proved to be significantly different among age classes. 
 

 
Figure 8. a) Alpha for young islands b) Alpha for intermediately aged islands c) Alpha for old islands. The median 
value corresponds to the black line in the boxplot. The rectangle goes from the lower quartile to the upper 
quartile. The median value for each age class is represented as a black line in the boxplot, and the error bars gives 
the maximum and minimum values.   
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Figure 9. a) Kappa for young islands b) Kappa for intermediately aged islands c) Kappa for old islands. The 
median value corresponds to the black line in the boxplot. The rectangle goes from the lower quartile to the upper 
quartile. The median value for each age class is represented as a black line in the boxplot, and the error bars gives 
the maximum and minimum values.   
 
Alpha and kappa for all islands in the archipelago were further separated into each age class. 
Figure 10a displays ! (alpha) for each age class and figure 10b displays ! (kappa) for each age 
class. All studied islands in the archipelago were analyzed and are thus included in figure 10. 
The median alpha was highest for intermediately aged islands (! = 6.17), followed by young 
islands (! = 5.72). Old islands obtained the lowest median alpha among the age classes 
(! = 2.98)!(Figure 10a). Difference among age classes regarding alpha proved to be 
insignificant using a Kruskal-Wallis test (!! 2 = 0.87, ! = 0.65). The difference between 
median kappa among the age groups was small. The median kappa for young islands was 
0.52 whereas the median kappa for intermediately aged islands was 0.54 and 0.59 for old 
islands (Figure 10b). The difference between age groups for kappa was not 
significant!(!! 2 = 0.39, ! = 0.82)!using a Kruskal-Wallis test. 
 

 
Figure 10. a) Alpha for all islands, separated into age class: young (1), intermediate (2) and old (3) b) Kappa for all 
islands, separated into age class: young (1), intermediate (2) and old (3). The rectangle goes from the lower 
quartile to the upper quartile. The median value for each age class is represented as a black line in the boxplot, 
and the error bars gives the maximum and minimum values.  
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4 Discussion  
 
DAPC was used in order to investigate the genetic structures present in the Silene dioica 
allozyme data from the Skeppsvik Archipelago. DAPC identified four distinct clusters among 
all islands in the archipelago and among islands within each age class respectively (Figures 2-
4). I was not able to describe the genetic similarity or characteristics within a cluster, which 
would require thorough review of the genetic makeup of each individual present in each 
cluster. Even though DAPC minimizes the genetic variation within a cluster, the scatter 
within some clusters (e.g. cluster 1 in Figure 2) indicates that the genetic variance is rather 
high. However, these individuals are still similar enough to be included in the same cluster.   
 
By calculating the Shannon diversity index for each island population from the cluster 
membership assignments by DAPC, the average genetic diversity in each age class was 
estimated. Extinction and recolonization events are expected to decrease the genetic 
variation within a local population due to finite population sizes, which increases the effect of 
genetic drift (Whitlock and McCauley 1990). Young and old islands are thus expected to be 
less diverse than intermediately aged populations, which are expected to have a higher 
genetic diversity due to continuous gene flow and large population sizes. The results obtained 
in this study support these expectations. Young populations proved to be less diverse than 
intermediately aged populations but more diverse than old populations (Figure 5). The low 
average diversity index observed in old island populations may be due to reduced survival of 
seedlings and decreased area available for colonization by migrants, giving rise to small 
effective population sizes (Giles and Goudet 1997 a). DAPC, however, cannot explain the 
factors contributing to the observed diversity pattern, which may be implied by the AFM.  
 
The !!" obtained using all islands in the archipelago suggests that the islands are genetically 
differentiated (Figure 6), consistent with the results obtained by Giles and Goudet (1997 a). 
!!" was also calculated for each age class; !!" was highest for old islands, followed by young 
islands, and lowest for intermediately aged islands (Figure 7). This result is also consistent 
with Giles and Goudet’s (1997 a) study and the theory by Whitlock and McCauley (1990).  
 
Extinction and recolonization dynamics are expected to decrease the effective population size 
among young and old S. dioica populations, thus increasing the strength of drift (Giles and 
Goudet 1997 a). Drift effects should be manifested as a low alpha value, whereas a high level 
of gene flow should correspond to a high kappa value. However, it is important to note that 
both the effective population size and the number of generations since the populations 
diverged from the ancestral population will affect alpha (Karhunen and Ovaskainen 2012).  
There was a significant difference between the age classes for alpha and kappa when 
analyzing each age class separately. Old populations had the lowest alpha and kappa, 
indicating a strong influence of drift and low level of gene flow, thus promoting genetic 
differentiation (high !!"). Intermediately aged islands had the highest alpha and kappa, 
corresponding to a low influence by drift and much gene flow, hence decreasing the genetic 
differentiation (low !!"). Young islands had lower alpha and kappa than intermediately aged 
islands and higher alpha and kappa than old islands. This result is thus consistent with 
previous expectations by Giles and Goudet (1997 a). Young populations probably experience 
drift effects due to finite population sizes, but colonization is still a form of migration which 
should increase the level of gene flow. Intermediately aged populations have reached larger 
effective population sizes due to both population growth and continued migration (Giles and 
Goudet 1997 a), which is supported by the high alpha and kappa values. The effective 
population size should decrease as old populations approach extinction due to successional 
processes, indicated by a low alpha. Furthermore, the germination success is restricted 
within these old populations, consistent with a low kappa (Giles and Goudet 1997 a). It is 
important to note that kappa values for each age class do not include admixture among all 
islands in the archipelago, because the analyzed samples only included the islands in each 
respective age class and thus islands that were sources of migrations may have been excluded 
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from each age class dataset. Separation of alpha and kappa for all islands in the archipelago 
did not give rise to significant differences among the age classes regarding genetic drift and 
gene flow.  The median alpha and kappa are almost the same among the age classes (Figure 
10). Given the genetic differentiation (!!") obtained for each age class (Figure 7), similar 
levels of gene flow should imply that the genetic differentiation among the age classes have 
arisen mainly due to difference in effective population sizes among the age classes. 
 
 
 

5 Conclusion  
 
DAPC provided a visualization of complex genetic structures present in the S. dioica allozyme 
data from the Skeppsvik Archipelago. The analyses found four genetic clusters for all islands 
and each age class respectively. DAPC also provided information about the genetic diversity 
within each age class, showing that intermediately aged populations have the highest genetic 
diversity, whereas old populations have the lowest diversity observed among the age classes. 
This analysis did not give an indication of which factors that are responsible for the observed 
difference in diversity. However, the AFM was able to separate genetic drft and gene flow as 
factors behind the observed genetic differentiation. The information obtained from the 
analysis of all islands and each age class respectively implies that the gene flow is relatively 
high among all age classes. Considering the differences in genetic differentiation observed 
among the age classes, this should imply that difference in effective population size is the 
main factor contributing to the differences in the genetic differentiation observed among the 
age classes. 
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Appendix  
 
 
Table 1. Island data. Island numbers correspond to the numbered islands in figure 1. Horizontal and vertical 
coordinates can be used to locate each island on the national grid system. The age corresponds to the time since 
colonization whereas age class represents each age group (young (1), intermediate (2) and old (3)). Size gives an 
approximation of the number of individual at each island whereas sample size is the number of individuals 
studied by electrophoresis. The level of exposure corresponds to the impact by wind, ice action and wave (1=low 
exposure and 2=high exposure).  
 
 

 
Island 

 
Horizontal  

 
Vertical 

 
Age 

 
Age 
class 

 
Size 

 
Sample 
size 

Sample 
No. 6-
locus 

 
Exposure 

1 37.52  83.65 5 1 400 53 48 2 
2 36.72 85.4 5 1 500 94 87 1 
3 35.55 84.27 10 1 3600 91 90 1 
4 37.05 86.25 12 1 430 47 35 1 
5 36.89 83.4 13 1 1500 93 84 2 
6 36.3 83.4 31 2 4000 220 158 2 
7 35.39 85.68 35 1 400 150 131 1 
8 36.3 83.05 39 2 4000 354 220 2 
9 36.23 86.12 41 2 16000 256 244 1 

10 35.52 85.33 46 1 530 98 91 1 
11 37.25 86.5 53 2 5000 168 114 1 
12 35.87 82.44 53 2 3900 48 44 2 
13 36.73 85.02 58 2 6600 49 46 1 
14 35.55 84.55 61 2 10500 235 230 1 
15 35.25 77.25 63 1 800 90 60 2 
17 36.73 84.31 75 2 3200 49 45 2 
18 36.18 80.8 80 2 15000 35 21 2 
19 37.4 84 80 2 6600

0 
228 191 2 

20 36.73 85.15 84 2 2000 49 48 1 
21 35.34 86.1 85 2 3000 50 47 1 
22 37.2 84 91 2 3000 50 47 2 
23 36.72 84.32 96 2 16000 360 248 2 
48 36.35 85.45 107 2 11000 48 48 1 
49 36.35 85.45 107 2 11000 49 49 1 
25 34.65 82.55 111 2 4900 181 118 1 
50 36.7 84.62 134 2 4700 51 51 2 
51 36.7 84.62 134 2 4700 26 26 2 
27 37.43 84.34 156 2 4600 27 5 2 
28 36.05 83.85 164 3 150 46 46 2 
29 35.32 85.5 178 2 15000 50 48 1 
30 35.45 85 180 2 12200 49 48 1 
32 36.35 86 185 3 2400 45 40 1 
33 37.07 86.44 187 2 9800 58 42 1 
34 37.24 84.15 191 2 2500

0 
100 97 2 
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35 37.33 84.8 196 2 8500 46 45 2 
36 37.45 83.3 221 2 3000

0 
96 68 2 

37 35.1 76.9 265 3 600 28 18 2 
38 37.63 82.7 265 2 4300

0 
96 83 2 

39 36.63 82.47 276 2 18000 60 55 2 
40 33.65 78.41 281 3 4700 10 8 2 
41 35.6 82.9 300 3 1500 30 29 2 
42 36.14 85.54 318 2 12000 46 46 1 
44 34.1 78.73 360 3 200 58 58 2 
45 34.1 78.73 370 3 150 46 45 1 
46 34.25 78.68 370 3 700 66 66 1 
47 35.55 77.42 381 3 600 29 29 2 
52 36.27 83.25 5 1 20 12 12 2 
53 38.09 84.79 5 1 13 16 16 2 
54 36.35 85.61 15 1 300 117 117 1 
55 36.47 84.79 5 1 18 18 18 1 
56 36.37 85.87 10 1 200 55 55 1 
58 39.86 84.15   NA 2 NA 82 80 2 
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