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Abstract 
Selection and genetic drift are often competing forces in shaping genetic structure in 
populations. Genetic drift will often effectively cancel out the effect of selection when 
population sizes are small, such as in colonizing island populations. On a small island in the 
Skeppsvik Archipelago in northern Sweden, a newly founded population of Silene dioica has 
been monitored since it first established around 1993. Though inhabiting an area of merely 
173 m2, the population has been shown to exhibit a genetically differentiated patch structure 
where closely related individuals are tightly grouped, distanced from other family groups. In 
this study, the effect of selection was evaluated as compared to that of genetic drift. Variation 
in phenotypic traits in flowers, leaves and stalks were compared to that of neutral markers, in 
the form of PST and FST measures, to assess a measure of what proportion of differentiation 
among patches in phenotypic traits could not be attributed to genetic drift. Males and 
females were analysed separately to obtain measures of sex specific selection. Signs of 
divergent and stabilizing selection were found in several traits in both males and females 
despite the small spatial scale and short time since colonization. Further analysis is needed to 
assess explanations for trait divergence among patches and direction of selection. 

Key words: Quantitative trait, selection, genetic drift, FST, PST 
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1. Introduction 
While selection and genetic drift both act to reduce genetic variation in populations, they can 
generally be regarded as opposing forces in shaping the genetic composition of such. 
Selection that acts in favour of any one trait may well be cancelled out by random loss of 
genetic variation due to drift effects if population size is sufficiently small (Hartl and Clark 
1989). By nature, the rate and direction of selection is determined by environmental factors 
as well as the population’s size, prevailing genetic variance, phenotypic expression of genes 
and heritability of traits that are subject to selection. All factors affect the resulting change in 
the population’s genetic composition, largely based on the population’s sensitivity to 
selection and drift effects. Traits that directly or indirectly affect an individual’s survivability 
and chances of reproduction are all potential subjects of selection. Occurrences of genetic 
drift affect the population in a different manner, giving rise to random loss of genetic varia-
tion. Genetic drift could thereby cripple selection by removing the genetic basis of selection, 
limiting the ways in which selection can alter morphology, phenology or life history traits. As 
shown by Johansson et al. (2007), habitat fragmentation is expected to reduce the efficiency 
of selection compared to that of random genetic drift, essentially making selection less likely 
to be a great influence on phenotypic traits of individuals. Empirical studies have shown a 
decline in general fitness and adaptability in populations in fragmented compared to contin-
uous habitats (Reed and Frankham 2003). The effects of stochastic processes of this kind are 
also extremely clear in colonizing populations where populations are founded by only a small 
number of individuals carryinga small random sample of the genetic variation present in the 
source population, which cause founder effects in the colonizing population (Husband and 
Barrett 1991). The low levels of genetic variation in colonizing populations impedes selection 
and is likely to limit adaptability and fitness of populations in new environments (Hartl and 
Clark 1989). This is especially the case in islands populations (Husband and Barrett 1991).   

The Skeppsvik Archipelago, located in Northern Sweden in the Gulf of Bothnia, is 
characterised by its large numbers of differently sized islands formed by land uplift since the 
last ice age. Islands are commonly colonized by plants in a known order of succession based 
on the species able to disperse from populations on other islands. When islands have risen 
above the water surface enough to make them less vulnerable to erosion by wind and water, 
and when they have reached an age when enough soil has been produced, plants are able 
colonize (Ericson and Wallentinius 1979). This special environment offers an opportunity to 
examine colonization and population development dynamics in plant species across 
successional stages in the area. Local plant populations have been subject to numerous 
studies, including analyses on genetic differentiation between islands (Giles and Goudet 
1997, Giles et al. 1998), mating regimes and spatial genetic divergence (Ingvarsson and Giles 
1999), disease spread within and among populations on islands and natural selection (Giles 
et al. 2006) in colonizing dioecious species of genus Silene. 

On a small island, here called Bigstone, in the Skeppsvik Archipelago, one population of Red 
Campion, Silene dioica, has been monitored since its colonization around 1993. Silene dioica 
is a herbaceous, dioecious plant species involved in primary plant succession in the 
Skeppsvik Archipelago. Floating debris may carry seeds of S. dioica to nearby islands, where 
they may grow and form new populations. Giles and Goudet (1997) and Giles et al. (1998) 
studied genetic divergence of island populations of Silene dioica in the Skeppsvik 
Archipelago, both among and within islands, and concluded that the genetic differentiation 
among subpopulations – or patches (see Giles et al. 1998, Ingvarsson and Giles 1999) – 
within islands greatly exceeded that among populations on different islands. In the light of 
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this discovery, Giles and Ingvarsson decided to analyse the genetic structure of a single, 
newly founded population of Silene dioica. Starting in 1994, individuals were assigned to 
patches defined as clusters of plants of the same age spatially separated from other such 
clusters. Individuals were assigned a number, marked with sticks and mapped on a grid. To 
monitor the development of patch and population structure, the fates of marked individuals 
were assessed each year and any new individuals appearing in the patches were marked and 
mapped. After genetic analysis, Ingvarsson and Giles (1999) concluded through genetic 
analysis that the population exhibited a clear “patch-structure” and that individuals within 
patches were close relatives, but not closely related to individuals in other patches. Newly 
founded patches were composed of individuals of similar age, as would be consistent with the 
offspring of a single female escaping the ‘home’ patch and forming a patch of their own. The 
pattern was most visible in younger patches. The increase in genetic variability within more 
mature patches may be explained by females mating with males from other patches as pollen 
may carry alleles from the male that were previously not present in the female’s patch. 
Patches also grow in size as they mature, which promotes merging of patches that are 
positioned close to one another and makes proper identification of single patches 
complicated. 

Patches also exhibited high heterozygosity, while simultaneously showing high degrees of 
relatedness among individuals within patches. Ingvarsson and Giles (1999) hypothesized that 
the excessive heterozygosity within patches was caused by the longer travelling distances for 
pollen compared to seed dispersal, possibly coupled with some form of inbreeding 
impediment, enabling females mating with males from other patches and dispersing seeds 
within the own patch. This process should thereby make patches consist of mostly half-sibs 
with a common mother. The entire population on Bigstone is located within an area of 
approximately 173 m2, which also demonstrates how restricted gene flow between patches 
affects the population structure even on a very small scale (Ingvarsson and Giles 1999).  

There is strong evidence that genetic drift is a main force shaping the genetic structure in the 
Bigstone population of Silene dioica. The patch structure, maintained by restricted gene flow 
between patches (Giles et al. 1998, Ingvarsson and Giles 1999), could act as an impediment 
on selection by keeping levels of within-patch genetic variability low and hence affecting 
adaptability of subpopulations. Nonetheless, selection on certain quantitative traits has been 
observed in females of S. dioica in the Skeppsvik Archipelago as a result of exposure to 
disease (Giles et al. 2006), and phenotypic differences between males and females suggest 
that selection on secondary sex characters may well be a reality even in such small 
populations (Åkerlund 2011). Pollinator preferences has been shown to induce a greater 
selection pressure in traits linked to reproduction in Silene dioica (Giles et al. 2006, 
Åkerlund 2011) as well as in other dioecious plant species (Glaettli and Barrett 2008). 

The effect of selection is, however, not entirely uncomplicated to evaluate when gene flow 
and drift has a great influence on the genetic structure of a population. For this reason, one 
must first determine what part of the variation is due to stochastic processes such as random 
genetic drift, before the effect of selection can be assessed. This can be done by comparing the 
variation in selectively neutral traits, genes or the like to traits or genes that are supposedly 
affected by selection. This is relatively easy in traits determined by a single loci, but 
techniques for estimating the variation in quantitative traits (traits determined by the action 
of many genes) have been developed and widely used in the last 20 years (Spitze 1993, 
Leinonen et al. 2013). The procedure most commonly used, though modified, was first 
developed by Spitze (1993), and is based on the estimations of variance in alleles within and 
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among subpopulations as suggested by Wright (1951), in the form of F-statistics. The F-
statistics utilize measures of the mean observed heterozygosity in an individual (HI), the 
expected heterozygosity in a randomly mating subpopulation (HS) and the expected 
heterozygosity in the entire, randomly mating, population (HT), to form three useful 
statistics: The inbreeding coefficient (FIS), fixation index (FST) and overall fixation index (FIT). 
FIS is used to estimate the amount of inbreeding in subpopulations so that -1 indicates 
complete inbreeding, 1 indicates complete outbreeding and 0 indicates random mating 
among subpopulations (Wright 1951). The most important statistic when studying the effect 
of genetic drift and selection, however, is the statistic called FST. FST estimates the average 
reduction of heterozygosity within subpopulations compared to the entire population that is 
caused by genetic drift, assuming random mating within subpopulations and the entire 
population respectively.  In FST, values range from 0 to 1, where higher values indicate greater 
genetic differentiation among patches. FIT, in turn, is a measure of the reduction of an indi-
vidual’s heterozygosity compared to that of the entire population (Wright 1951, Spitze 1993).   

By comparing the genetic differentiation in heterozygosity among subpopulations compared 
to within subpopulations, to that of a quantitative trait, measured in an analogous way to FST 
as a measure called QST, it is possible to assess a measure of the effect of selection in that trait. 
If selection has had no net effect, and the variance in the trait is largely governed by genetic 
drift and gene flow, QST should not differ significantly from FST. If, however, QST is 
significantly different from FST, the variation in the quantitative trait is not accounted for 
solely by stochastic processes, and there is evidence that some other force is responsible for 
the excess/deficit variation. If QST > FST, the differentiation among subpopulations is larger 
than expected from drift alone, and suggests directional (divergent) selection in the trait. If 
QST < FST, subpopulations are more alike than genetic drift and gene flow could produce, and 
there is evidence for stabilizing selection among subpopulation in regard to trait expression 
(Spitze 1993, McKay and Latta 2002, Leinonen 2013). 

Obtaining an accurate measure of QST is only possible when the additive genetic variances 
within and among subpopulations of the quantitative trait can be properly estimated 
(Brommer 2011). This is done by a series of crossing in so-called common garden 
experiments (Spitze 1993, Leinonen 2013). This treatment of the study population, of course, 
is not always possible, and generally not preferable if trait expression is to be studied in 
natural populations. Instead, the amount of phenotypic variation is quantified, using a 
measure analogous to QST, called PST (Leinonen et al. 2006). By comparing the measured PST 
value of a trait to a simulated distribution of a selective neutral trait, based on variation of 
neutral markers (Whitlock and Guillaume 2009, Lind et al. 2011, Leinonen 2013), the effect 
of selection as compared to genetic drift can be assessed. 

In this study, I used the same population of Silene dioica from Bigstone as in Ingvarsson and 
Giles (1999), but the population was three years older at the time of data collecting. The aim 
of the project is to analyse the genetic structure of patches on Bigstone using (1) 9 neutral, 
single gene markers and (2) morphological measurements of quantitative traits. Analytical 
comparisons of the two types of characters will be performed to assess the potential that 
forces other than genetic drift, for example natural selection, account for genetic 
differentiation among patches. I will discuss the results in light of the following questions: 

 Is there evidence of selection in the Bigstone population of Silene dioica, and in that 
case, which traits are seemingly affected by selection? 

  Are there differences between the sexes in trait selection? 
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2. Material and Methods 

2. 1. Study Organism 
Silene dioica is a herbaceous plant of the family Caryophyllaceae and one of the most 
common dioecious plant species in Western Europe (Baker 1947). It prefers disturbed 
habitats and moist, fertile soils for germination. Silene dioica is member of early-middle 
stage primary successional communities that occur on the continuously forming islands of 
the Skeppsvik archipelago (Giles and Goudet 1997), disappearing as late successional 
coniferous species overtake the habitat (Giles and Goudet 1997, Baker 1947). The plants are 
perennial, with an average lifespan of 5-10 years, and the reproductive cycle is not initiated 
until the age of 2-3 years (Kay et al. 1984, Giles et al. 2006). Flowering generally occurs in 
June and July but may start as early as late May in northern Sweden (Giles et al. 2006). 
Flowering individuals grow stems, up to 1 metre in height, with one or more light red flowers 
(Baker 1947). The flowers are mainly pollinated by bumblebees (Bombus spp.) (Kay et al. 
1984). Females produce capsules containing numerous seeds when the flowering season ends 
in late August (Baker 1947, Giles and Goudet 1997, Kay et al. 1984). Vegetative spread is 
almost non-existent, meaning that the major part of population spread and growth occurs 
through seed dispersal (Baker 1947, Giles and Goudet 1997). Apart from the obvious 
differences in primary sex characters, e.g. androecia or gynoecia, male and female plants 
differ in secondary sex characters. As defined by Geber et al. (1999), secondary sex characters 
include all morphological traits in males and females that are not directly involved in 
reproduction and not part of either of the sexual organs. Differences of this kind in Silene 
dioica are clearly noticeable in the field as males typically have more and generally larger 
flowers per stem, while females have slightly smaller and fewer flowers (Kay et al. 1984). 
There are also great differences in floral morphology within females in Silene dioica in the 
Skeppsvik Archipelago (Elmqvist et al. 1993, Giles et al. 2006). In contrast to most other 
plant species, the cost of reproduction in the herbaceous S. dioica, as well as near relatives 
such as S. latifolia, is thought to be higher in males than females (Delph 1999; in Geber et al. 
1999). The large proportion of male biomass invested in reproduction is expressed as an 
extensive production of flowers as well as a tendency to flower during a longer period during 
summer compared to females (Kay et al. 1984; Åkerlund 2011).  

2. 2. Study Site 
The island subject to this study, here called “Bigstone”, is located in the Skeppsvik 
archipelago in Northern Sweden, 20 km east of Umeå. The Skeppsvik Archipelago is 
characterized by large numbers of islands, composed of material deposited by glaciers. The 
last ice age formed an underwater landscape of drumlins and de Geer moraines 
(Länsstyrelsen Västerbotten 2005) that is now raised above the surface of the Baltic Sea by 
isostatic rebound. New islands are constantly being formed by uplift at a relatively fast pace, 
with 0.9mm of new land rising above sea level every year. Once they reach a size and height 
above sea level that prevents waves from flooding them completely, soil will form, sea drift 
will accumulate on the otherwise barren rocky islet and plants will eventually colonize. Silene 
dioica individuals are usually not observed on islands younger than 70-100 years (Ericson 
and Wallentinius 1979, Giles and Goudet 1997). On islands of ages between 120 and 250 
years, Silene populations typically thrive and spread very quickly. However, once later 
successional species such as Betula pendula and, subsequently, Picea abies have established 
and start colonizing the island, Silene dioica is gradually pushed farther from the island 
centre until extinction (Giles and Goudet 1997). The Silene dioica population on Bigstone has 
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been monitored since 1993, in the beginning of its colonization phase, which allows a detailed 
analysis of patch development and colonization patterns (Giles and Goudet 1997, Giles et al. 
1998, Ingvarsson and Giles 1999). 

2. 3. Seed dispersal 
Pollen dispersal from males is dependent on insects, in particular bumblebee queens (Giles 
and Goudet 1997, Giles et al. 1998, Ingvarsson and Giles 1999), serving as vector organisms 
for carrying pollen from males to females. Seeds are dispersed by gravity, as the dried out 
capsules carrying the seeds break or fall to the ground (Baker 1947, Giles et al. 1998). Seeds 
therefore generally fall near to the mother plant. In some cases, however, seeds may be 
carried between islands by floating material and drift across the sea to nearby islands (Giles 
and Goudet 1997), which enables plants to colonize new islands. When a female plant has 
established on an island, it can be pollinated by males on the island, if such are present, or by 
pollen from Silene dioica populations on other islands, carried overseas by bumblebees. 
Bumblebees have been observed out to sea, far from islands – pollen being transferred 
between islands by vector organisms is thus indeed very possible (Giles, personal 
observation). 

2. 4. Study population and patch classification 
253 individuals of Silene dioica were included in this experiment, of which 111 were females 
and 142 males, which included all flowering individuals on Bigstone at the time of scoring in 
the summer of 1999. The entire study population was contained within an area of 173m2 but 
still exhibited strong evidence for restricted gene flow between patches according to 
Ingvarsson and Giles (1999). Individuals were assigned to patches by the procedure 
described by Ingvarsson and Giles (1999). Generally, patches can be defined as clusters of 
individuals of similar age and morphology. Clusters are often distinct, and no individuals are 
found between clusters in newly colonised areas (Ingvarsson and Giles 1999). In the current 
study, intermediate-aged patches, which may abut, had been followed from first colonisation, 
avoiding the guesswork in assigning patch membership as described in Ingvarsson and Giles 
(1999). The Bigstone population of Silene dioica has been monitored since the first 
colonisations around 1993 (Giles and Goudet 1997), which allowed a more precise analysis of 
the patch structure by following the development of patches over several generations when 
assigning individuals to patches. All individuals plants were assigned coordinates in a 
permanent grid system set up on the island (Ingvarsson and Giles 1999). Previous genetic 
analyses of the S. dioica population on Bigstone have generated negative values of FIP 
(inbreeding coefficient) in newly founded patches (-0,162 and -0,102), high values of FPL 
(fixation index) and r (average relatedness within patches) approaching 0,25.  

All data used in this experiment were obtained in the summer of 1999. 4 people were out in 
the field to collect leaves for molecular analysis and measure plants to obtain morphological 
data. All measuring procedures were standardized in order to eliminate as much of the 
human error as possible. Only individuals flowering on the days of data collecting were 
included in the study. Non-flowering individuals were excluded in an attempt to discriminate 
in favour of individuals of approximately the same age to avoid compromising FST data by 
including genetic variance over several generations.  
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2. 5. Phenotypic traits 
The phenotypic traits measured were the same for males 
and females, with exceptions for traits that were only 
represented in females, such as stigma and capsule 
characters. Flower characters were chosen so that effects 
on flower morphology linked to pollinator preferences in 
flower size (as examined by Giles et al. 2006), reproductive 
success owing to stigma morphology and, for example, its 
pollen catching ability, or tube morphology linked to pollen 
transportation through the style could be examined and 
effects of selection could be detected. The characters 
chosen were (1) petal length, measured as the longest 
distance between the inner petal tip to the outer petal tip 
on each flower, (2) display width, measured as the 
diameter across the entire flower at the widest place, (3) 
tube length, measured as the distance from the base of the 
calyx to the point where the petals fold back and (4) stigma 

extrusion, measured only in females, as how far out of the flower centre the stigma extended 
(see Figure 1). To minimize the effect of stage in flower development on the within-patch 
variation in quantitative flower traits, three flowers on each plant were scored for all flower 
characters. On plants that had more than three flowers, three flowers were chosen at random, 
on which measurements were performed. If plants had three or fewer flowers, all open 
flowers on the plant were measured. 

Leaf and rosette leaf characters were chosen so that potential selection on leaf size and total 
leaf biomass could be examined. All cauline leaf characters were measured on the second leaf 
down from the top of one randomly chosen flowering stalk. Leaf (5) lengths and (6) widths 
were measured at their longest and widest points, respectively. Rosette leaf (7) lengths and 
(8) widths were measured on the longest leaf in the rosette in the same way as the leaf 
characters, and (9) number of rosette leaves were recorded for each plant. Lengths and 
widths of floral parts and leaves were measured with digital callipers to the nearest 0,1 mm 

Stalk characters were measured in order to examine the degree of population differentiation 
in stalk height as well as to provide information on environmental effects on biomass 
production. Three stalk characters were measured: (10) the number of flowering stalks 
produced by each plant, (11) the length of the longest stalk measured from the ground to the 
top of the stalk, and (12) the total stalk length, measured as the sum of the lengths of all 
stalks produced by the plant. The initial idea was that the longest stalk length would be more 
likely to give insight in selection effects on specific stalk heights, whereas number of 
flowering stalks and total stalk length would be more closely linked to each other and more 
likely to be a measure of biomass production. Biomass production is very likely to be 
associated with environmental effects such as nutrient supply, and could serve as an 
important source of information when interpreting the results. Stalk lengths were measured 
with a measuring tape from the ground to the base of the highest flower to the nearest 0,1 cm. 

The number of open flowers (13) on each plant was also recorded. Open flowers were defined 
as flowers that were visibly open or well on their way of opening, such that petals had 
expanded or were in a later stage of expanding, at the time of scoring. (14) The number of 
capsules produced was recorded on females plants two weeks after the initial measurements 
were carried out.  

Figure 1: The flower of a female Silene 
dioica, with the measured flower 
characters denoted: (1) Petal length, 
(2) display width, (3) tube length and 
(4) stigma extrusion. 
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2. 6. Analysis 
Males and females were analysed separately to enable detection of differences in the effect of 
selection in phenotypic characters on males and females. As described by Barrett and Hough 
(2012), selective forces may operate differently on some morphological traits on males and 
females, and selection pressures on secondary sex characters have been shown to differ as an 
effect of differences in reproductive cost in males and females (Åkerlund 2011). A pooled 
analysis of quantitative traits over both males and females could therefore be misleading. 
Some traits measured were also only present in females, such as stigma length and number of 
capsules, which made a separate analysis of the traits necessary to enable comparison to 
traits present in both sexes. 

2. 7. Allozyme data 
Genetic analysis was performed on males and females by interpretation of variation in 
selectively neutral markers in the form of polymorphic allozyme loci. This way, the effect of 
genetic drift and gene flow could be estimated with no interference from selection. Allozymes 
also have lower rates of mutation as compared to other neutral markers, like microsatellites, 
which is important in obtaining a representative measure of the effect of gene flow (Merilä 
and Crnokrak 2001, Leinonen 2013). In obtaining the genetic material needed from each 
individual, the youngest leaf of each plant was collected and marked so that they could be 
traced back to the correct individual. The treatment of leaves and the electrophoresis were 
performed using the same procedure as described by Giles and Goudet (1997). Nine 
polymorphic loci were chosen and scored from six enzyme systems: phosphoglucomutase 
(Pgm, EC 5.4.2.2), phosphor-glucose isomerase (Pgi, EC 5.3.1.9), diaphorase (Dia, EC 1.6.99), 
Aconitase (Acn EC 4.2.1.3) and 6-phosphogluconate dehydrogenase (Pgd, EC 1.1.1.44). 

2. 8. Neutrality test of allozyme loci 
For genetic drift to be the main force in shaping the spatial genetic structure in allozyme loci, 
all alleles involved have to be selectively neutral. A basic measure of neutrality in markers can 
be assessed by comparing FIP values at each loci; if the values are similar, the loci are all 
affected in a similar way and there are no traceable effects of selection. Any locus that 
differentiates from the other loci should be left out in estimates of gene flow and genetic drift 
(Giles et al. 1998). The allozyme loci used in the analysis were tested for neutrality in the 
manner described by Giles et al. (1998). Using the program FSTAT version 2.9.3.2 (2002) by 
Goudet (1995), confidence intervals for FIP at each locus were calculated using jackknife 
procedures.  

2. 9. F-statistics 
To discover effects of selection, the effects of genetic drift and gene flow must first be known 
in order to rule out patterns of genetic differentiation caused by random processes in seed 
and pollen dispersal. The interpretation of genetic differentiation by analysis of allozyme data 
was therefore performed using Wright’s F-statistics (1951). F-statistics based on neutral 
markers are very useful tools in genetic analyses as they can be used to determine on which 
levels genetic variation occurs in substructured populations. As explained by Hartl and Clark 
(1989), F-statistics are based on measures and/or expected values of heterozygosity in 
different loci in (1) individual organisms (HI), (2) subpopulations, in our case patches (HP), 
and (3) the total population in question, here including all individuals on the island (HL). By 
comparing heterozygosity and allele frequencies in loci that are presumably selectively 
neutral, the effect of genetic drift within and among populations can be estimated. To 
maintain consistency with previous work on the Skeppsvik and Bigstone populations of 
Silene dioica (Giles and Goudet 1997, Giles et al. 1998, Ingvarsson and Giles 1999) subscripts 
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I, P and L are used to signify individuals, patches and island populations instead of Wright’s 
(1951) original I, S and T that stand for individual, subpopulation and total population. 
Studies by Giles and Goudet (1997) and Giles et al. (1998) have presented two and three level 
hierarchal analyses on genetic differentiation among and within islands, where populations 
over several islands have been included. In these cases, subscript T has signified the total 
population of Silene dioica in the Skeppsvik archipelago as all populations over all islands 
combined, in order to differentiate between island populations by comparison between 
variation in HT and HL. In this analysis, the island population L will be regarded as analogous 
to T in that the Bigstone population in this case constitutes the whole population subject to 
study and since differentiation between patches is the main focus. Heterozygosity measures 
HI, HP and HL used in this study are calculated as described by Wright (1951): 

HI, mean heterozygosity in an individual within a subpopulation (in our case a patch), is 
based on actual allele frequencies of a certain loci in that individual. Measures can also be 
derived to involve multiple alleles and multiple loci. 
HP, mean heterozygosity within a patch, is based on estimates of expected heterozygosity in 
an individual of that same patch, assuming random mating within subpopulations. 
HL, mean heterozygosity within the total population, is a measure, in the same way as HP, of 
the expected heterozygosity of any individual in the population, assuming random mating 
within the entire population. 

The three F-statistics, in our case FIP, FPL and FIL, can be calculated using these 
heterozygosity measures (Wright 1951): 

FIP denotes the inbreeding coefficient, showing the mean reduction in the expected 
heterozygosity in an individual caused by non-random mating (inbreeding) within a 
subpopulation when compared to Hardy-Weinberg expectations. FIP is calculated as: 

 !!" =
(!!!!!)

!!
 (1) 

FIP can take on values ranging from -1, where all individuals are heterozygous (strong 
outbreeding in patches), to +1, where there are no heterozygotes in the population (strong 
inbreeding in patches). 

FPL is the fixation index, calculating the reduction in heterozygosity within a patch compared 
to the total population when assuming non-random mating (and genetic drift) among 
patches instead of random mating. FPL is calculated as: 

 !!" =
(!!!!!)

!!
 (2) 

FPL ranges from 0 to +1, which each correspond to no differentiation between patches (FPL=0) 
and that patches are completely differentiated – when all patches fixed for different alleles 
(FPL=1). In nature, however, FPL rarely reaches 1. Consequently, Wright (1951) developed a set 
of qualitative guidelines for interpreting FPL values in natural populations, where: 
0.00<FPL<0.05 indicates little genetic differentiation between subpopulations, 
0.05<FPL<0.15 indicates moderate genetic differentiation between subpopulations, 
0.15<FPL<0.25 indicates great genetic differentiation between subpopulations,  
FPL>0.25 indicates very great genetic differentiation between subpopulations. 
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The last F-statistic is called FIL and shows the reduction in heterozygosity in an individual 
relative to the total population when assuming non-random mating within the population – 
both within and among patches. FIL is calculated as: 

 !!" =
(!!!!!)

!!
 (3) 

FIL ranges from -1 to +1 like FIP. 

This gives the general relationship between the F-statistics as: 

 !!" = (1 − !!")(1 − !!") (4) 

All F-statistical analyses of allozyme data were performed using FSTAT (Goudet 2001). The 
program uses Weir and Cockerham’s (1984) estimators in calculating Wright’s F-statistics for 
the multilocus estimates. 

Based on what we know about the mating and seed dispersal patterns in S. dioica, we can 
anticipate the values of F-statistics. Above all, seed dispersal is extremely restricted 
compared to polled dispersal. Females depend on autochorous seed dispersal through gravity, 
and are often reliant on animal activity or heavy weather for the dried capsules to break and 
seeds to scatter (Baker, 1947, Giles et al. 1998). Seeds are small and smooth; they are not 
shaped as to provide any kind of aid for vector-based dispersal (Ingvarsson and Giles 1999). 
Males, on the other hand, exclusively use vectors such as insects for pollen dispersal, which 
can reach females far from the flowering male (Kay et al. 1984). This mating regime promotes 
a special genetic structure within the population. In accordance with genetic analysis 
performed by Ingvarsson and Giles (1999), FPL measures in this experiment were expected to 
generate a positive mean value as patches consist of family groups, so that the genetic 
variation between patches should exceed that within patches. At the same time, greater 
travelling distances of pollen than seeds should generate FIP measures corresponding to 
patches with non-random mating in the form of outbreeding, meaning a negative value for 
FIP is expected. 

2. 10. Significance tests for F-statistics 
To determine whether each of the F-statistics were signifanctly differentiated from 0, a set of 
randomisations based in the allozyme data were performed using the computer program 
FSTAT. Alleles were reallocated to a randomly chosen individual in the population or within 
the patch, depending on which F-statistic was evaluated. In evaluation of FPL and FIP, 5000 
permutations were performed to form a distribution of randomly generated FPL and FIP 
values. For FPL, the null hypothesis was that there was no differentiation in allele frequencies 
and heterozygosity among patches as would occur if there were completely random mating 
among patches. This meant that alleles were reallocated among individuals in the population 
with no regard to patch affiliation, as this gives that any allele in the sample would be drawn 
at random from the entire population. The value of FPL that was obtained in the analysis of 
the original data was then compared to the distribution of FPL values given by the 
randomisation tests. Since the alternative hypothesis for patch differentiation given in this 
experiment states that FPL > 0, the FPL value was deemed significant if it belonged to the 
highest 5% of the randomised distribution. In determining the significance of the calculated 
value of FIP, the permutations were performed only by reallocating alleles among individuals 
within patches, as the null hypothesis for FIP states FIP = 0 due to random mating within 
patches, giving no evidence for neither inbreeding, nor outbreeding. According to the 
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alternative hypothesis, based on the findings of Ingvarsson and Giles (1999), FIP < 0 in the 
Bigstone population. FIP should therefore be regarded as significant if it is allocated in the 
lowest 5% of the randomised distribution of FIP values. Due to the special genetic structure of 
the Bigstone population of S. dioica, FIL values is not expected to differ much from the null 
hypothesis, as is given by the expected values of FIP and FPL incorporated into equation (4). 

2. 11. PPL measures 
To obtain a measure of phenotypic variance analogous to FST, the variances of the 
quantitative traits among and within patches were analysed, using the open source 
programming language and software environment R, version 3.1.0 (GUI 1.64 Snow Leopard 
build (6734).  Normally, a QST measure would be calculated from material grown in 
controlled common garden experiments, where environmental impacts on phenotypic 
expression of quantitative traits can be kept to a minimum. In this way, the within-patch 
variance is more likely to estimate the genetic variance without adding variance from other 
sources, such as environmental effects. When quantifying variance of these traits in natural 
populations on a purely phenotypic basis, the measure used is instead called PST (Leinonen 
2006). The formula used for calculating PST is a formula analogous to QST and uses the 
variance among patches compared to the variance within patches: 

 !!" =   
!!!

!

!!!
!!!!!!!

!  , (5) 

where σ2
B is the variance in a phenotypic trait among patches, σ2

W is the phenotypic variance 
within patches, c is a scalar which denotes the proportion of among-patch variance that is 
accounted for by additive genetic variance, and h2 is a measure of heritability, the proportion 
of variation in the phenotypic expression of traits that are caused by additive genetic effects 
(Brommer 2011; based on Leinonen et al. 2006). Compared to QST, PST is very likely to be 
influenced by environmental effects in measuring variance in the phenotypic traits. The 
heritability measures and proportion of phenotypic variance that is due to additive genetic 
variance among subpopulations affects precision and the risk of over- or underestimating 
patch-associated variance (Brommer 2011, Leinonen 2013). It is for this reason that it is 

necessary to evaluate the ratio 
!
!!

 and the robustness of the test, or at least that the 

reasoning behind the assumed c and h2 values are clearly stated, before interpreting the 
result of a PST-FST comparison (Brommer 2011). In general, Brommer (2011) states that tests 
that assume a non-conservative approach where c > h2 are more likely to overestimate the 
phenotypic differentiation among patches caused by selection, and that the results should 

always be tested against different values of 
!
!!

 to evaluate robustness of the null 

assumptions in calculating PST. 

Unfortunately, very few natural populations have undergone the thorough study required for 
reliable heritability measures. It is essential to perform experiments on heritability in the 
environment in which the population that shall be examined is present, as heritability 
measures are strongly dependent on which and to what extent environmental factors may 
affect morphology (Brommer, 2011). At the time of this study, no heritability measures for 
natural S. dioica populations were available for any of the traits, and only a couple calculated 
in laboratory conditions and on only females (Giles et al. 2006). The PPL measures were 
therefore performed under the assumption that c=h2 (c=1, h2=1), meaning that phenotypic 
variation are affected in the same way by additive genetic effects among subpopulations as 
within subpopulations. In interpreting the results of the study, one must therefore keep in 
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mind the effect of excluding such information in that PPL values are likely to be an 
overestimation of the actual underlying genetic differentiation among patches in quantitative 
traits. 

When calculating the within and among-patch variances, R calculated a residual variance, 
defined as the variance remaining in the population after all among-patch variance had been 
subtracted, using the lmer function in the library package lme4. The residual variance 
includes all individual, within-patch variance as well as environmental and other 
circumstantial variation that may influence the measurements of plant morphology. 
Following the null assumption that c=h2, PPL was calculated as: 

 !!" =   
!!"#$!
!

!!"#$!
! !!!!"#$%&'(

!  (6) 

PPL measures for all traits were also calculated at different 
!
!!

 ratios using the relationship 

in equation (5), to assess a means of interpreting the robustness of the PPL measure. 

2. 12. PPL-FPL comparison 
In order to distinguish the effect of selection on among-patch variance from that of genetic 
drift, the PPL and FPL measures must then be compared. This study is based on the 
assumption that the mean variance among patches in a selectively neutral quantitative trait 
should, in theory, not differ significantly from that of alleles in neutral allozyme loci, i.e. PPL = 
FPL (Spitze 1993, McKay and Latta 2002, Martin et al. 2007). However, PPL-FPL comparisons 
are not necessarily straightforward in practice, as the intention is not as simple as to compare 
the value of PPL to that of FPL directly (Whitlock and Guillaume 2009). Instead, what is aimed 
for is rather to compare the obtained PPL values to that of a selectively neutral trait, which can 
be estimated through the values and variation in FPL for single neutral loci (Lind et al. 2011). 
The inherent variation in neutral traits and loci also make it important to obtain some form 
of estimate of mean differentiation among subpopulations based on many loci and many 
traits (Whitlock and Guillaume 2009). Following the procedure described in Lind et al. 

(2011), firstly, the among-patch variance expected in a neutrally evolving trait (!!"#$!! ) was 
estimated following the formula given by Whitlock and Guillaume (2009): 

 !!"#$!! = !!!"!!"#$%&'(
!

!!!!"
 (7) 

A random number was then generated from a !!-distribution with a number of degrees of 

freedom corresponding to the number of patches in each sex minus one. !!"#$!!  was 
multiplied by each of the random number in males and females respectively, to estimate a 

sampling distribution of !!"#$!! . Using equation (6), the PPL value expected for a neutral trait 

was estimated from the estimated among-patch variance in a neutral trait (!!"#$!! ) and the 

measured residual variance (!!"#$%&'(! ) in each quantified trait. A distribution of the test 
statistic PPL-FPL was simulated 10,000 times, and the measured PPL in each trait was plotted 
against the neutral distribution. The quantile of the distribution that had more extreme 
values than the observed PPL of the trait was then used to determine whether it was 
significantly differentiated from neutral expectation, using a two-tailed significance test with 
a nominal level of 5%. 

Each quantitative trait was analysed in R by this procedure, comparing the PPL values of each 
trait for males and females respectively. A trait that displays a standardized variance that is 
larger than that of selectively neutral loci so that FPL < PPL may be subjected to directional 
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selection, promoting a discrepancy in quantitative trait differentiation between patches. 
Conversely, a trait for which FPL > PPL and which is less differentiated than for selectively 
neutral loci may have been subjected to stabilizing selection, so that patches founded by 
genetically different mother plants may express traits more similar than expected from 
analysis of neutral genetic markers.  

In calculating PPL values, a few of the quantitative traits displayed an apparent zero value in 

among patch variance (σPatch), and subsequently PPL=0. Such results can be obtained in 
situations where the within patch variance is extremely high which effectively “cancels out” 
the among patch variance. For example, this will occur where there is a great difference 
between individuals because of strong small-scale environmental effects acting on one or a 
few individuals in a patch. This may for example be the case where a seed lands in an 
extremely nutritious environment (likely in some form of animal excrement) which enables 
extreme growth compared to the other patch members. This way, one could yield “false” PPL 
values pointing toward stabilizing selection, simply because no variance among patches can 
be discovered due to the high within patch variance caused by the outlier(s). Assuming 
stabilizing selection in these cases would be misleading since the outliers extreme growth is 
mostly caused by environmental factors and not selection.  

When examining the recorded values for the affected traits and the within patch variance for 
the individual patches, it became apparent that a few individuals displayed high values in all 
traits linked to biomass production. With the previous explanation in mind, it is apparent 
that the inclusion of such individuals may skew the PPL values towards zero because of great 
environmentally induced variation. Very high, or “extreme”, values that were outliers – not 
only with respect to the values for individuals within the patches but also against the means 
for the entire population – were therefore at risk of influencing the PPL values in the traits in 
which they could be classified as outliers. Within-patch variance for the traits that displayed a 
PPL of 0 is shown in Figure 2A-D. In males, one individual in patch 18 showed extreme values 
in all stalk and most leaf characters as well as displaying a high number of open flowers 
(Figure 2A, 2B and 2C). One individual in patch 23 also showed extreme values (but not to 
the same extent as the individual in patch 18) in some stalk characters (Figure 2A and 2C) 
and in number of rosette leaves. In females, one individual in patch 52 had a large number of 
rosette leaves (Figure 2D), but showed no signs of extreme biomass production in other traits. 
Of course, a (small) number of other individuals also showed high values in stalk and leaf 
traits that suggested influence of environmental effects as described above, but did not 
display a particularly high within patch variance. However, all three patches mentioned 
above consisted of only two individuals, in which having one “abnormal” individual of course 
greatly affected the magnitude of the within patch variance. Thus, the variances of patches 18, 
23 and 52 were more likely to skew the PPL results in the affected traits. These patches were 
therefore deemed to contain outliers and excluded where a non-zero value for PPL could be 
yielded as a result.  

 



  
 

 15 

3. Results 

3. 1. Allozyme data 
Neutrality tests for allozyme loci showed no differentiation among FIP values at the respective 
loci, thus verifying that the chosen loci are indeed selectively neutral. Patch classification, as 
a basis of analysis, can be seen in Appendix 1. Tables 1A and 1B show the per locus estimates 
of the F-statistics, means of F-statistics over all loci, average relatedness within patches and 
gene diversity for male and females, respectively. As predicted, and previously shown by 
Ingvarsson and Giles (1999), the F-statistics indicate a family structure in patch composition. 
There is a significant difference in heterozygosity of neutral markers between and within 
patches compared to that expected from a random sample of the total population (FPL > 0, P 
< 0.00020). The positive values of FPL indicate moderate relatedness between individuals 
within patches following the qualitative guidelines of Wright (1951). Thus, individuals within 
patches are more related than is expected in a population with random mating between all 
individuals in the population by the Hardy-Weinberg model. Patches do differ genetically, 
suggesting non-random mating and/or seed dispersal among patches. At the same time, FIP 
show strongly negative values, which suggests that outbreeding also shapes the genetic 
composition of patches (Wright 1951; Prout 1981). As expected, FIP is significantly smaller 
than would be anticipated from a population where random mating within patches occurred 
(P< 0.00020). Measures of average relatedness (r) within patches show higher relatedness 
between males than between females in patches, with values being r=0.245 for males and 
r=0.185. 

 

 

  

 
Figure 2: Within patch variance per patch in (A) number of flowering stalks in males, (B) total stalk length in 
males, (C) number of flowering stalks in males and (D) number of rosette leaves in females. Patches are lined up 
along the horizontal axis, vertical axis show magnitude of variance in cm2 (A and B) and (number of flowers)2 (C 
and D), respectively. 
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3. 2. Phenotypic traits and PPL:FPL comparisons 
 The calculation of PPL values and comparisons of PPL values of each trait to the total FPL value 
in males and females, respectively were performed to detect signs of on-going selection in 
quantitative traits. The null hypothesis is a neutral expectation where PPL=FPL and the 
amount of variation among patches in the quantitative traits can be explained solely by 
stochastic processes such as genetic drift and gene flow. Consequently, departure from the 
neutral expectation must be explained by other processes such as selection or spatially 
variable environmental effects. If environmental effects can be excluded, the cause of 
discrepancy between PPL and FPL must be linked to some form of selection. 

Tables 2A and 2B show the PPL values for each of the quantitative traits scored in males and 
females, respectively. PPL values for traits that showed a significant disparity from FPL are 
marked with stars (the levels of significance are based on Spitze (1993)). By excluding patch 
18 when calculating the PPL for total stalk length, and patches 18 and 23 in calculations of PPL 
for traits number of flowering stalks and number of open flowers, a non- zero value could be 
obtained in those traits. In females, the exclusion of patch 52 did not affect within patch 
variance, and the original value of PPL was used instead, since the “outlier” in the patch 
showed few signs of strong environmental effects. It is evident that many traits display 
departure from the null hypothesis. However, the traits that show significant deviations from 
the neutral expectations are not necessarily the same for males and females, and they are 
more numerous in males according to the calculations. In males, all traits analysed except 
rosette leaf width and the length of the longest stalk were significantly differentiated from 
expectations based on FPL (P<0.05) (Table 2A). Six traits showed departure at the highest 
significance level (P<0.001); leaf length, leaf width, number of rosette leaves, number of 
flowering stalks, total stalk length and number of flowers (Table 2A). Among these, the stalk 
leaf characters showed a greater differentiation in quantitative trait expression among 
patches than was expected. This relationship between PPL and FPL suggests divergent 
selection in stalk leaf length and width. Tube length (P<0.005) displayed the same pattern of 
differentiation as stalk leaf characters, and should thereby be a subject to divergent selection 
on an among-patch level as well, as did petal length, display width and rosette leaf length 
(P<0.05) (Table 2A). The other characters all showed a lower differentiation among patches 
than would be expected from stochastic processes, implying that stabilizing selection might 
be acting towards an optimal phenotype on each of these traits. Conversely, in females, petal 
length displays great among patch differentiation compared to neutral expectation (P<0.001) 

Table 1: Estimates of F-statistics and genetic relatedness (r) for all nine loci, and the combined estimate over all 
loci in males (A) and females (B) respectively. The number of alleles on each locus is shown under (n). 

A.  B. 
Allele  FIL FPL FIP r n  Allele  FIL FPL FIP r n 
pgm1 -0.071  0.026 -0.100  0.057 3  pgm1  0.041  0.074 -0.036  0.142 3 
pgm2  0.330 -0.042  0.357 -0.063 3  pgm2 -0.004  0.006 -0.010  0.012 2 
pgi -0.150  0.078 -0.248  0.184 4  pgi -0.135  0.102 -0.264  0.235 3 
dia  0.564  0.046  0.543  0.058 2  dia -0.003 -0.106  0.093 -0.213 2 
acn1 -0.026  0.207 -0.294  0.426 3  acn1 -0.097  0.110 -0.233  0.243 4 
acn2 -0.031  0.208 -0.303  0.430 2  acn2 -0.015 -0.027  0.012 -0.054 2 
pgd1 -0.034  0.015 -0.049  0.031 3  pgd1  0.202  0.036  0.173 -0.059 3 
pgd2  -0.142  0.154 -0.350  0.359 3  pgd2  -0.016  0.096 -0.123  0.195 3 
Total -0.081 0.113 -0.219 0.245   Total -0.038 0.089 -0.139 0.185  
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(Table 2B), whereas differentiation in display width cannot be distinguished from the pattern 
in selectively neutral traits. PPL measures show a greatly reduced differentiation among 
patches in stalk leaf length and width in females (P<0.001), which suggests stabilizing 
selection. As for the variation in number of flowering stalks, females display evidence for 
divergent selection as PPL < FPL (P<0.001) (Table 2B). Moreover, tube length, rosette leaf 
length, total stalk length or number of open flowers displays no deviation from neutral 
expectation in trait expression in females in contrast to males. Length of the longest stalk in 
females is less variable among patches than FPL would suggest (P<0.01) (Table 2B). Females 
also display great variation among patches when it comes to number of capsules (P<0.001) 
(Table 2B). PPL–values relative to their neutral distributions are shown in Appendix 2. 

PPL measures for quantitative traits in males and females at different 
!
!!

 ratios are plotted in 

Figures 3A and 3B. 

Table 2: Quantitative traits measured in males (A) and females (B), respectively; showing among-patch (σPatch) and 
residual variances (σRes) for all traits and PPL values derived from variance components. Significant disparity 
between total FPL in each sex and QPL for the trait is marked with stars; the level of significance is signified by the 
number of stars and based on Spitze (1993) (* = P<0.05, ** = P<0.01, *** = P<0.005, **** = P<0.001). 
A.  B. 

Trait σPatch σRes PPL  Trait σPatch σRes PPL 
Petal length 0.8333 1.6802   0.1987028*  Petal length 1.021 1.715 0.2293867**** 
Display width 6.191 2.924 0.1910362*  Display width 1.401 7.486 0.0855677 
Tube length 1.526 2.645 0.223885***  Tube length 0.3907 2.1579 0.08301285 
Leaf length 32.23 37.35 0.6867675****  Leaf length 0.7704 72.3083 0.005298961**** 
Leaf width 4.998 7.784 0.2430225****  Leaf width 0.01734 14.55976 0.0005951225**** 
Ros. leaf length 213.4 360.0 0.2286265*  Ros. leaf length 34.85 173.18 0.09141943 
Ros. leaf width 4.424 15.416 0.1254822  Ros. leaf width 3.492 13.172 0.1170398 
No. ros. leaves 5.204e-14 208.7 1.246766e-16****  No. ros.leaves 0.00 199.6 0.0000**** 
No. stalks 2.095e-14 8.989e 1.165313e-15****  No. stalks 2.758 5.848 0.1908122**** 
Longest stalk 16.00 41.85 0.1604814  Longest stalk 9.073 74.853 0.05714232** 
Tot. stalk length 6.423e-11 6423 5e-15****  Tot. stalk length 685.4 2771.2 0.1100549 
No. flowers  0.00 73.97 0.0000****  No. flowers  0.8649 4.7360 0.08367112 
Note: QPL values are compared to FPL=0.113 in males 
(A) and FPL=0.089 in females (B). 

 Stigma extrusion 0.4802 2.8959 0.0765625 
 No. capsules 17.24 42.29 0.1693184**** 
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Figure 3: The figure shows the relative PPL measures for each trait and FPL plotted against ratios of ! !
!!
! ranging 

from 0,1-2 in males (A) and females (B). The point where PPL of a trait equals FPL denotes the critical value for 
! !
!!
! in the trait. The values for PPL are based on equation (5). 
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4. Discussion 

4. 1. F-statistics 
As predicted, FPL values for males and females are both significantly greater than 0 (0.113 
and 0.089 respectively, Table 1), indicating moderate genetic differentiation among patches 
by the qualitative guidelines for FST interpretation as suggested by Wright (1978). Patches 
differ genetically from other patches more than do individuals within patches, suggesting 
non-random mating and limited seed dispersal between patches. These results are consistent 
with the findings of Giles and Goudet (1998) and Giles and Ingvarsson (1999), and set a 
premise for the interpretation of additional results of allozyme and quantitative trait data. 
Neutral allozyme loci are not subject to any form of selection, and their distribution is 
dictated solely by genetic drift, via founding events in colonization leading to patch formation, 
gene flow between patches in the form of pollination and seed movement. Spatial differences 
in allele frequencies and heterozygosities corresponding to a patch structure as seen in the 
study population of Silene dioica can therefore only be explained in terms of these processes. 
A system of patches resulting from initial colonization by genetically different, extraterritorial 
females, mating and scattering offspring near the mother plant to form patches of 
interrelated individuals like family groups, correspond to the results obtained. Genetic 
exchange between patches can, as mentioned, generally only occur by females being 
pollinated by males from other patches, as mentioned before. 

As presented in the study by Ingvarsson and Giles (1999), FIP results indicated strong 
outbreeding in patches (FIS = -0.139 in males, FIS = -0.219 in females), meaning that females 
most often mate with males from other patches rather than those in their own patch to which 
they are related. Measures of average relatedness within patches suggest a family structure 
where patches consist mostly of half-sibs - average relatedness within patches is 0.245 in 
males and 0.185 in females, which approximately corresponds to patches consisting of half-
sibs. This might suggest some form of inbreeding impediment in the mating structure, or 
simply that offspring from within-patch crossing have lower survival than between-patch 
crossings, maintaining a patch structure of families related through maternal lines, with 
different fathers. The genetic structure of high values of FPL and negative values of FIP is 
promoted by the difference in average travelling distances of pollen and seeds as studied by 
Prout (1981) in the manner anticipated. This suggests that sons and daughters of the “mother 
plant” have non-patch fathers and that males and females within the patch rarely mate. This 
pattern is shown in the studies of Giles et al. (1998) and Ingvarsson and Giles (1999). 
 

4. 2. Zero-values in PPL 
The traits that exhibited no among-patch variance were different in males and females but 
could easily be linked to effects of nutrient supply on biomass production. An individual seed 
could by chance have landed in a very nutritious environment, such as some form of 
excrement, whereas other seeds in the patch did not. This could introduce a large amount of 
variation in the patch that is not genetically based, which could in effect cancel out the 
among-patch variance. The small PPL value would then have been caused by environmentally 
induced variation and not a true measure of the genetic variation in the quantitative trait. As 
found in this study, males displayed no among-patch variance in number of flowering stalks, 
total stalk length and number of open flowers, whereas females did so for number of rosette 
leaves. These traits are correlated in that the number of stalks produced by the plant is likely 
influenced by environmental effects such as nutrient supply. The total stalk length is the 
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cumulative length of all stalks and will likely be larger in a plant that is able to produce more 
stalks, and the number of flowers follows from the number of stalks. Males are also more 
likely to allocate biomass into reproductive parts, as shown by Åkerlund (2011), and 
differences in nutrient supply should therefore be visible in floral traits that are affected by 
biomass production. The affected number of rosette leaves in females is also likely to be 
somewhat affected by biomass production in the plant. It is therefore likely to assume that 
the excessive variation observed in some patches in these traits was indeed caused by 
environmental aspects, especially as the same few individuals seemed to exhibit extreme 
values in many traits. 

4. 3. PPL : FPL – signs of selection and the differences between sexes 
Traits were analysed separately for males and females, and showed different results for 
variation among traits between them. Results showed significantly greater differentiation in 
quantitative traits than expected by the effects of genetic drift (PPL>FPL) in petal length in 
both males and females, display width, tube length, stalk leaf length and width and rosette 
leaf length in males, and number of flowering stalks and number of capsules in females. This 
relationship between PPL and FPL points toward divergent selection affecting those traits. 

Judging by the critical values of the 
!
!!

 ratio in males for the different traits, plotted in 

Figure 3A, petal length and display width (that are logically very closely associated) both lie 

relatively close to their critical value of 
!
!!

 at which PPL=FPL. Still these traits could well be 

associated with pollinator preferences (Åkerlund 2011), although arguments for directional 
selection promoting a larger discrepancy in flower size may not be clearly intuitive in this 
case. It is perhaps possible that certain pollinators prefer a certain flower size, and in this way 
carry pollen between males and females with corresponding floral size, but this scenario is 
purely hypothetical at this point. The differentiation among patches in these traits is, after all, 
not far from neutral expectation when taking into account the effects of heritability and 
additive genetic variance among patches. According to Whitlock and Guillaume (2009), 
however, the critical value of this ratio should be lower than 0,2 before inferences on 
selection can be drawn from PST measurements, at which level none of the PPL measures in 
this study can be said to infer strong evidence for selection. A few traits are close, such as 

petal length in females and leaf length in males, where the critical value of 
!
!!

 is close to 

0,25, and so in these traits it is possible that estimates of selection is more reliable. Stronger 
divergent selection in petal length in females than in males, but no sign of selection in display 
width is not easy to explain without further study, and would likely imply that estimates are 
not entirely straightforward. Rather, a previous study by Giles et al. (2006) demonstrated 
clear signs of directional selection favouring large flower sizes in females in natural 
populations of Silene dioica (note: where no disease was transmitted by pollinators).  

Another mechanism may explain the variation in reproductive traits in females that show 
signs of divergent selection: since number of flowering stalks and number of capsules were 
only measured on one day each, it possible that variation in these traits are due to temporal 
differences in flowering time as induced by life history traits. Females generally flower during 
a shorter period and are pollinated quickly (Åkerlund 2011), whereas males flower during a 
long period, producing a large number of flowers to enable pollination of as many females as 
possible. On a purely speculative level, one might imagine that females may thereby have the 
opportunity of “arranging” their relative flowering times during a season so that a smaller 
number of females will be flowering at the same time, thus interfering less with other females 
during mating. A temporal structure in flowering times such as this could then explain of the 
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observed differentiation among patches in number of flowers and capsules. Competition for 
pollinators among females in Silene dioica has been observed, expressed as larger flower 
sizes being under a higher selection pressure where females are numerous (Giles et al. 2006, 
Åkerlund 2011), as well as other dioecious species (Glaettli and Barrett, 2008). Generally, 
pollinators seem to discriminate in favour of males where male flowers outnumber female 
flowers (as is often the case) (Kay et al. 1984), possibly increasing the competition for 
pollinators in females further. An adaptation in flowering time would lower the competitive 
pressure between females in the flowering season. However, previous studies on flowering 
times in females has so far only concluded that females not only seem to flower during short 
periods, but also that these periods exhibit a near complete overlap (Åkerlund 2011). 

Stabilizing selection appears to be well supported in the analysis of several traits, meaning 
that the quantitative traits are less differentiated among patches than assumed by neutral 
expectation (PPL<FPL), even after removal of outliers (Brommer 2011, Leinonen 2013), 
Though the PPL for longest stalk length in females is not far from neutral expectation when 

examining 
!
!!

 ratios (FPL=PPL at 
!
!!

 =1,5), strong stabilizing selection seems to be affecting 

phenotypic expression in stalk leaf length and width in females – a pattern that is not seen in 
males. In males, number of flowering stalks, total stalk length and number of flowers show 
signs of stabilizing selection.  

4. 4. Conclusion and future study 
Although the reasons for selection cannot be revealed from this study alone, clear signs of 
some forms of selection acting in the Bigstone population of Silene dioica are evident. This 
discovery is remarkable in itself, when acknowledging the small spatial scale and short time 
period over which evolution has been operating in the population. In an area of only 173 m2, 
in a colonising population of a few hundred individuals and over the course of less than 10 
years, effects of selection in phenotypic traits are already detectable among even smaller 
subpopulations, where drift effects are strong due to both founder effects and restricted gene 
flow by a strict mating regime and short seed dispersal. Selection is also evidently acting 
differently in males and females, probably as an effect of pollinator preferences. This implies 
that the force of selection may not always be under the reign of drift effects even in small 
populations. 

Further study is needed to assess reliable estimates of selection, preferably by estimating 
heritability measures and variation among patches caused by additive genetic variance for 
the S. dioica population on Bigstone. Measures of phenotypic plasticity of the quantitative 
traits in individuals from the Bigstone population would further help interpreting the results 
of this study with regards to environmental effects on phenotypic expression. With these, it 
would be possible to estimate the true(r) effects of selection on different traits. Additional 
evaluation of the effects on secondary sex characters by pollinator preferences in healthy 
populations of Silene dioica, the costs of reproduction as an aspect in determining direction 
of selection in quantitative traits and examining of offspring survival from different male-
female crosses would also provide means of interpreting causes of selection in quantitative 
traits. An evaluation of QPL in quantitative traits, such as the secondary sex characters studied 
in this experiment by crosses of individuals of S. dioica from the Bigstone population in a 
common garden situation could yield more precise information on the forces of selection 
acting on the population. Coupled with thorough analysis of selective agents involved, the 
direction of selection in the traits may be assessed in a way that cannot be done in a simple 
PPL analysis.  
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Appendix 1: Patch classification 
Patches defined in the analysis, with individuals each marked with coordinates. Patches are 
largely corresponding to those used in Ingvarsson and Giles (1999). Both axes are measured 
in cm. 
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Appendix 2: Histograms for PPL 
The histograms, produced in R, show where the calculated PPL value for each trait in each sex 
was positioned (marked with an arrow) along the simulated distributions of PPL-values of a 
selectively neutral trait. QST-FST, as written on the x-axis, is in this case called FPL-PPL by the 
nomenclature used in the report. 
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