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Abstract 
Rising archipelagos provide unique settings for the study of the temporal and 
spatial dynamics of their biota. This offers the possibility to study the ecology and 
genetics of early successional processes; both between islands that differ in age 
and within islands when already established organisms have to keep pace with 
the changing environment.   I have worked in the Skeppsvik Archipelago housing 
about 100 islands that due to land uplift vary in age, thus representing various 
stages of primary succession.  I have utilized a naturally created metapopulation 
of Silene dioica, which in this archipelago is a dominant plant of the deciduous 
border, offering the possibility to study subpopulations on islands of different 
ages and in different phases of primary succession. Many plant species exist as 
metapopulations, which consists of many local populations which may differ in 
size and degree of connectivity. Metapopulations are further characterized by 
recurrent colorizations and extinctions of local populations, meaning that a 
species continually must disperse and relocate to allow for persistence in this 
system. For a dioecious plant species, gene flow is in the shape of seeds and pollen 
and to allow for the persistence of populations, it is necessary that levels of seed 
dispersal and pollen gene flow are enough to ensure both colonisation, 
establishment and subsequent population growth.  Levels of seed dispersal and 
pollen gene flow is in turn influenced by how the two sexes partition resources 
between reproduction, growth and survival.  

In paper I, I combined a field survey, a common garden experiment and a nine-
year demographic study to assess the demographic consequences of sex-specific 
resource allocation and to investigate if differential costs of reproduction may be 
a driver in the evolution of sexual dimorphism in dioecious Silene dioica. 
Significant somatic intersexual dimorphism was found with females being the 
larger sex, both in terms of above – and belowground biomass. Furthermore, the 
reproductive effort of females exceeds that of males across a growing season 
which largely confirms what has been observed earlier in dioecious, herbaceous 
plant species. According to the cost of reproduction hypothesis, high reproductive 
investment should result in trade-offs with somatic and/or life-history traits. 
Somatic trade-offs were not observed, and instead I found strong, positive 
associations between reproductive investment and vegetative growth in both 
males and females. Compensation mechanisms were found in both sexes 
although females are generally more efficient at compensating their reproductive 
costs. At the end of a flowering season, after having paid the current costs of 
reproduction, females are better than males at provisioning perennial roots and 
rosettes potentially influencing the ability to set future flower buds and winter 
survival. Trade-offs were found between current and future reproduction and 
survival, but this is condition dependent and compensation through frequency of 
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flowering plays an important role. The cost of reproduction hypothesis appears 
to play some role in driving the somatic and demographic sexual dimorphisms 
observed in this system but sexual selection acting on males will be a fruitful 
avenue for future research. 

In paper II, I investigated the population genetic consequences of 
metapopulation dynamics in Silene dioica. The occurrence of islands in different 
phases of primary succession together with successional gradients across islands, 
makes it possible to investigate the genetic dynamics occurring in an age-
structured metapopulation across several hierarchical levels. Genetic diversity 
and differentiation were estimated in eight young, recently colonised populations 
and in ten populations of an intermediate successional stage.  Young populations 
were less genetically diverse compared to older populations, indicating that 
bottlenecks, created by small founding groups derived from a limited number of 
source populations, reduce the genetic diversity within newly founded 
populations. The observation of strong genetic structure both between islands 
and between patches with islands, indicates that gene flow is restricted across 
several spatial levels in this system. However, the lack of statistically significant 
differences in genetic differentiation between young and intermediate 
populations, indicates that levels of gene flow may not be high enough to reduce 
the genetic differentiation that arise from the initial founder event.  

The patterns of sexual dimorphism and the roles of males and females in Silene 
dioica have evolved to allow persistence in an ecological and population context 
of this species. The nature of this habitat, where islands rise up from the sea 
creating new environments for colonisation while at the same time, autogenic 
primary succession processes eventually leads to extinction, means that S. dioica 
continuously must relocate within successional phases for its persistence. The 
obvious success of this dioecious plant is apparent as it is one of the few dominant 
species in the deciduous border. This suggests that levels of seed dispersal and 
gene flow are sufficient enough to allow for establishment and persistence of 
island populations and that the sexual dimorphisms that have evolved in this 
metapopulation system act to increase levels of gene flow. The “live hard – die 
young” strategy, with extensive flowering bouts, which we find in the males may 
have evolved as a way of maintaining sufficient levels of genetic diversity in the 
metapopulation but will only be a possible strategy if there are continuous 
opportunities for re-establishments. Thus, the continuous land uplift that is 
occurring in the northern part of the Gulf of Bothnia may very well be a 
prerequisite for the long-term persistence of this dioecious, perennial plant 
species.  
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Svensk sammanfattning 
Landhöjningsprocesser i skärgårdsmiljöer skapar nya habitat som gör det möjligt 
att studera naturliga populationer i ett rumsligt och tidsmässigt sammanhang. 
Detta möjliggör studier av ekologi och genetik i tidiga successions-processer, 
både mellan öar som skiljer sig åt åldersmässigt och inom öar, där redan 
etablerade organismer måste anpassa sig till en föränderlig miljö. Jag har utfört 
studier i Skeppsviks skärgård som rymmer cirka 100 öar. På grund av 
landhöjningen så varierar dessa öar i ålder och de representerar således olika 
stadier i primärsuccession. Jag har använt mig av en naturlig Silene dioica 
metapopulation lokaliserad i Skeppsviks skärgård. Många växtarter existerar i 
metapopulationer, vilket består av ett antal lokala populationer som kan skilja sig 
åt i storlek och grad av anknytning. Metapopulationer kännetecknas även av 
återkommande koloniseringar och utrotningar av lokala populationer, vilket 
innebär att en art kontinuerligt måste sprida sig för att garantera sin fortlevnad i 
detta system. Genflöde inom dioika växtarter är i form av pollen och frön, och för 
att populationer skall kunna överleva så är det nödvändigt att nivåerna av 
fröspridning och pollen-genflöde är tillräckliga för att säkerhetsställa både 
kolonisering, etablering och efterföljande populationstillväxt. Nivåer av 
fröspridning och pollen-genflöde påverkas i sin tur av hur de två könen 
partitionerar resurser mellan reproduktion, tillväxt och överlevnad.   

I den första studien har jag kombinerat en fältundersökning, ett 
frilandsexperiment och en nioårig demografisk studie för att undersöka de 
demografiska konsekvenserna av könsspecifik resursallokering och för att utreda 
om könsspecifika skillnader i reproduktiv kostnad kan vara en drivkraft för 
evolutionen av sexuell dimorfism hos den dioika växten Silene dioica. Jag 
upptäckte signifikant somatisk intersexuell dimorfism där honor hade betydligt 
mer ovanjordisk och underjordisk biomassa jämfört med hanar. Över en 
växtsäsong så investerar honorna mer resurser i reproduktion, vilket i stor 
utsträckning bekräftar vad som tidigare har observerats i örtartade, dioika växter. 
Enligt hypotesen för reproduktiv kostnad så bör en hög investering i 
reproduktion leda till trade-offs med somatiska egenskaper, t.ex. tillväxt. Jag 
observerade inga somatiska trade-offs och istället fann jag positiva associationer 
mellan reproduktion och tillväxt hos både honor och hanar. Båda könen verkar 
ha utvecklat kompensationsmekanismer, även om honorna generellt är mer 
effektiva i hur de kompenserar för sina reproduktiva kostnader. Vid slutet av en 
växtsäsong, efter att ha betalat för de nuvarande reproduktiva investeringarna, så 
är honor bättre än hanar på att allokera resurser till fleråriga strukturer, såsom 
bladrosetter och rötter. Detta kan potentiellt påverka hur de anlägger sina 
knoppanlag för nästkommande år och hur väl de överlever vintern.  Trade-offs 
hittades mellan nuvarande reproduktion och framtida reproduktionsmöjligheter 
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och överlevnad men detta var habitat-specifikt och kompensation med hjälp av 
hur ofta en växt blommar under sin livstid spelar en viktig roll. Hypotesen för 
reproduktiv kostnad verkar vara en del av förklaringen till den somatiska och 
demografiska könsdimorfism som observerats i detta system men sexuell 
selektion, som verkar på hanar, kan vara ett möjligt område för framtida studier.  

I den andra studien undersökte jag populationsgenetiska konsekvenser av 
metapopulationsdynamik i Silene dioica. Förekomsten av öar i olika faser av 
primär succession tillsammans med olika grader av succession inom öar gör det 
möjligt att undersöka den genetiska dynamiken som uppträder i en 
åldersstrukturerad metapopulation över flera hierarkiska nivåer. Genetisk 
mångfald och differentiering uppskattades i åtta unga, nyligen koloniserade 
populationer och i tio populationer av ett intermediärt successionsstadium. Unga 
populationer hade lägre genetisk diversitet jämfört med äldre populationer, vilket 
indikerar att genetiska flaskhalsar, skapade av fåtal antal koloniserande 
individer, s.k. founders, som härrör från ett begränsat antal källpopulationer, 
minskar den genetiska diversiteten inom nybildade populationer. Observationen 
av stark genetisk strukturering, mellan och inom öar, indikerar att genflödet är 
begränsat över flera rumsliga nivåer i detta system. Bristen på statistiskt 
signifikanta skillnader i genetisk differentiering mellan unga och intermediära 
populationer indikerar emellertid att nivåer av genflöde kanske inte är tillräckligt 
höga för att minska den genetiska differentieringen som uppstår från den 
ursprungliga founder- händelsen.  

Mönstren av sexuell dimorfism och hanarnas och honornas roll har utvecklats för 
att möjliggöra fortlevnad i ett ekologisk och populationsmässigt sammanhang 
hos Silene dioica. I denna livsmiljö, där öar stiger upp ur havet och skapar nya 
miljöer för kolonisering samtidigt som autogena primära successionsprocesser 
leder till utrotning, måste S. dioica kontinuerligt sprida sig mellan olika 
successionsfaser för att överleva. Den uppenbara framgången för den här dioika 
växten är uppenbar eftersom den är en av de få dominerande arterna i lövkanten. 
Detta tyder på att nivåer av fröspridning och genflöde är tillräckliga för att 
möjliggöra etablering och beständighet av ö-populationer och att de sexuella 
dimorfismer som har utvecklats i detta metapopulationssystem verkar för att öka 
nivåerna av genflöde. ”Lev hårt – dö ung” -strategin med omfattande blomningar 
som vi finner hos hanarna kan ha utvecklats som ett sätt att upprätthålla 
tillräckliga nivåer av genetisk diversitet i metapopulationen men den kommer 
endast att vara en möjlig strategi om det finns kontinuerliga möjligheter för re-
etableringar. Således kan den kontinuerliga landupphöjningen som förekommer 
i norra delen av Bottniska viken mycket väl vara en förutsättning för den 
långsiktiga beständigheten av denna dioika, fleråriga växtart. 
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Introduction  

The study of life-history patterns and genetic consequences of 
metapopulation dynamics: Silene dioica in the Skeppsvik 
archipelago 
Many plant species exist as metapopulations, which consists of many local 
populations which may differ in size and degree of connectivity (Hanski, 1999; 
Pannell and Charlesworth, 2000). Metapopulations are further characterized by 
recurrent colorizations and extinctions of local populations, meaning that a 
species continually must disperse and relocate to allow for persistence in this 
system. For a dioecious plant species, gene flow is in the shape of seeds and pollen 
and to allow for the persistence of populations, it is necessary that levels of seed 
dispersal and pollen gene flow are enough to ensure both colonisation, 
establishment and subsequent population growth.  Levels of seed dispersal and 
pollen gene flow is in turn influenced by how the two sexes partition resources 
between reproduction, growth and survival.  

The Skeppsvik Archipelago provides a unique setting for the study of the ecology 
and genetics of an early successional plant species. Here, we find a naturally 
created metapopulation of Silene dioica where subpopulations are located on 
islands of different ages and in different phases of primary succession. The 
archipelago is located at the mouth of the Sävar River in the Gulf of Bothnia, 
Västerbotten province, Sweden (63°44’-48’ N, 20°34’-40’ E) and contains about 
100 islands within a 20 km2 area (Figure 1, Figure 2). This area is subject to a 
constant rate of land uplift of approx. 0.9 cm per year (Ericson and Wallentinus, 
1979) which causes new islands to emerge from the sea. When the ice receded at 
the end of the last ice age, it left morainic deposits in its wake and the islands in 
the Skeppsvik Archipelago are composed of these morainic deposits. Since the ice 
did not leave behind equal amounts of material on all locations and it is the 
highest point that first rises up from the sea, the land uplift creates islands of 
different ages (Giles and Goudet, 1997b). Islands go through different phases of 
autogenic primary succession as they age (Carlsson et al., 1990) and since they 
are created continuously, plant communities in different successional 
developmental stages can be found on different islands (Giles and Goudet, 
1997b). Different successional stages are also established across islands due to 
the continuous land uplift (Ericson and Wallentinus, 1979; Giles and Goudet, 
1997b; Pettersson, 2009). 

Silene dioica belongs to a middle successional phase characterised by the 
presence of deciduous tree species. For purposes of collection and analyses for 
paper I and II, populations were age-categorized at whole-island and across- 
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island levels based on the successional phase community of which S. dioica is a 
part (Giles and Goudet 1997a,b; Giles et al. 1998). Across islands, S. dioica starts 
to colonize in the young age zones which are found nearest the shores in the outer 
parts of the alder stands. Due to frequent wave wash, plant cover is sparse.  As a 
consequence, intra- and interspecific competition is low and light levels are high 
as shading species are absent. The intermediate zones are located higher up on 
the islands where S. dioica populations reach their highest abundances and hence 
highest levels of intraspecific competition. S. dioica occurs under a canopy of 
shading alders and rowans and in a more closed vegetation of low-growing herbs.  
Here, the Silene patches that formed in the young zones have expanded and 
combined to form continuous, high density populations (Giles and Goudet, 
1997b; Ingvarsson and Giles, 1999). Towards the centres of the islands, the herb-
rich intermediate zone merges into an upper zone under closed and shady 
canopies of birch (Betula spp.) and spruce (Picea abies). Silene dioica 
populations decline and occur as sparsely distributed patches in closed ground 
vegetation. Levels of interspecific competition are high and recruitment is low 
(Carlsson et al., 1990; Giles and Goudet, 1997a). At whole-island level, young 
islands consist of only young zones with recently founded S. dioica populations 
occupying the centres of the islands. Intermediate age islands contain S. dioica 
populations with densities well in to their expansion and both young, 
intermediate and old zones are observed. Old islands contain mostly old zones 
and coniferous forests has spread over the islands. Here, S. dioica populations 
decline and occurs sparsely.  

The nature of this system gives us the opportunity to study life-history processes, 
such as survival and reproduction, of a dioecious plant in its natural habitat 
(Paper I). Furthermore, with molecular methods, we are able study the effects of 
turnover dynamics on genetic diversity and structure in a spatially and temporally 
structured metapopulation (Paper II).  

The characteristics of the dioecious plant Silene dioica 
The genus Silene (Caryophyllaceae) contain species with a wide distribution of 
different breeding systems. In the Elisanthe section of the Silene genus, several 
species are dioecious and a few species have evolved heteromorphic sex 
chromosomes, for example Silene latifolia and Silene dioica (Howell, Armstrong 
and Filatov, 2009). Many species are easily bred and have short life cycles and 
are thus very suitable for experimental and field studies investigating the causes 
and consequences of sexual dimorphism (Bernasconi et al., 2009).  The study 
species in this thesis is Silene dioica, an insect-pollinated, dioecious, perennial 
plant with an average life span of 10 – 12 years. Sex is determined by sex 
chromosomes (XX females and XY males) (Westergaard 1958). Gene flow occurs 
through pollen and seeds and bumblebees are considered to be the main 
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pollinators (Kay et al., 1984), which have been found to travel between islands, 
over water (Giles and Goudet, 1997b).  Seeds are dispersed through gravity when 
mature capsules open at the apex and the seeds drop to the ground (Ingvarsson 
and Giles, 1999). Seeds may also be transported between islands over water in 
floating debris and drift material (Giles and Goudet, 1997a) which enables 
migration of seeds to other islands which may or may not yet support S. dioica 
populations.  In the Skeppsvik Archipelago, S. dioica colonises in the earlier 
deciduous phase of succession and disappears when species belonging to the 
coniferous phase become established and successional processes close in the 
canopy (Giles and Goudet, 1997a).  

Paper I: Causes and consequences of sex-differences in life-
history and the theory of resource allocation 
Dioecy is not uncommon in the plant kingdom. It is found in nearly half of all 
angiosperm families and in approximately 10% of flowering plant species (Geber, 
Dawson and Delph, 1999). Dioecious plants have male (staminate) and female 
(pistillate) flowers on different individuals (Westergaard, 1958). In addition to 
having separate sexes on separate individuals, dioecious plants often exhibit 
sexual dimorphism in reproductive, , somatic and life history traits (Lloyd and 
Webb, 1977; Delph, 1999; Eckhart, 1999; Obeso, 2002). Lloyd and Webb (1977) 
propose that most of these dimorphisms have an adaptive value which is 
associated with the distinct roles of males and females in sexual reproduction. 
These different adaptations could have arisen as a result of selection for different 
resource-use patterns or from natural and/or sexual selection (Lloyd and Webb, 
1977; Bell, 1980; Grant, 1995; Skogsmyr and Lankinen, 2002). The most 
commonly used explanations for patterns of sexual dimorphisms relates to life-
history theory and, in particularly, on trade-offs relating to differential costs of 
reproduction. Life history theory assumes that individuals have a fixed pool of 
resources which they must divide between various competing functions such as 
reproduction, growth and maintenance (Figure 1a) (Bazzaz, Ackerly and Reekie, 
2000). If an organism invests more resources in reproduction, this means that 
fewer resources would be available for growth (Lloyd and Webb, 1977), which 
implies a cost of reproduction. Paper I of this thesis investigates differences in 
resource allocation and life-history strategies between the two sexes in a 
dioecious plant. If the two sexes invest similarly in reproduction, there should be 
no sex-specific differences in the trade-offs between life-history traits. If, 
however, one of the sexes invest more resources in reproduction, the sex with a 
higher reproductive investment is assumed to pay greater demographic costs, 
manifested by less growth, earlier death, delayed reproductive maturity and fewer 
life-time reproductive events (Lloyd and Webb, 1977; Geber, Dawson and Delph, 
1999; Case and Ashman, 2005).  
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In dioecious plant species, it is generally assumed that the female sex have the 
greatest reproductive investment, caused by a highly resource-demanding seed – 
and fruit production (Lloyd and Webb, 1977). There are several examples of 
dioecious plant species where females have a greater reproductive investment 
(e.g. Putwain and Harper, 1972; Zimmerman and Lechowicz, 1982; Agren, 1988 
and see table 1 in Delph, 1999) and females have been  found to exhibit less 
vegetative growth (Lloyd and Webb, 1977; Agren, 1988; Vaughton and Ramsey, 
2011), delayed reproductive maturity (Putwain and Harper, 1972; Allen and 
Antos, 1993) and greater mortality (Lloyd and Webb, 1977; Agren, 1988; Obeso, 
2002) compared to males. This indicates that, in many cases, females both have 
a greater investment in reproduction and also pay a greater cost of this 
reproductive investment in terms of reduced growth and increased mortality 
(Lloyd and Webb, 1977; Delph, 1999). Despite the high prevalence of a greater 
reproductive investment (and subsequently greater reproductive cost) in female 
dioecious plant individuals, there are some exceptions where it has been found 
that the male sex seem to suffer from a greater reproductive cost in terms of less 
growth (Harris and Pannell, 2008; Teitel et al., 2016) and a lower probability of 
survival (Gross and Soule, 1981). Obeso (2002) carried out a literature study to 
examine the occurrence of somatic intersexual dimorphism (SSD) and 
demographic intersexual dimorphism (DSD) in woody and herbaceous perennial 
plant species. In almost all species, females invested more in reproduction 
compared to males and most species showed significant SSD. However, which sex 
that outperformed the other depended greatly on growth form. Woody species 
conformed to the pattern expected when reproductive investment is greater in 
females, but for 58% of the herbaceous species, females were larger than males 
and clearly did not fit the expectations of the cost of reproduction hypothesis (see 
Table 3, Obeso 2002). The question then arises, why do females in herbaceous, 
dioecious plant species grow and survive better even though their reproductive 
effort greatly exceeds that of males?  

Several mechanisms have been proposed to explain how females may be able to 
decrease the somatic and demographic cost associated with a high reproductive 
investment. Firstly, the timing of investment in growth versus reproduction may 
be different between the sexes. It has been proposed that females may invest 
proportionally more resources in vegetative growth early in the season, and this 
coupled with a later onset of flowering, enables them to compensate for a greater 
reproductive effort later in the season (Gross and Soule, 1981; Delph, 1990; Delph 
and Meagher, 1995). Secondly, if reproductive structures in females have a 
greater photosynthetic capability compared to males, this may provision them 
with the extra resources needed for seed production (Laporte and Delph, 1996; 
Case and Ashman, 2005; Gehring and Delph, 2006; Sunmonu, Ida and Kudo, 
2013). Thus, these sexually dimorphic compensation mechanisms may reduce 
growth and survival costs of reproduction for females more than for males, 
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implying that the resource pool available is dynamic rather than static (Figure 1b; 
Figure 1C). Furthermore, pollen production is quite nitrogen-demanding, and if 
male and female reproductive function is limited by different resources, male 
reproduction costs may very well exceed that of females if reproductive effort is 
measured in nitrogen instead of carbon (Harris and Pannell, 2008) .  

 

 

 

 

In paper I, we investigated if there are any differences between the two sexes in 
Silene dioica in reproductive allocation and the eventual demographic 
consequences of sex-specific differences in life-history trade-offs. Indications of 
differential survival of the two sexes in this species have been found earlier, where 
the sex ratio in natural populations was female-biased (Pettersson, 2009). To first 
assess whether there exists sexual dimorphism in resource allocation patterns, 
we performed a field survey where we analysed sexual differences in flower 
production, biomass and nitrogen at peak flowering in three natural populations 
of S. dioica. Thereafter we did a common garden experiment, using individuals 
excavated from the field, to test if there is sex-differences in the effect of 
reproduction on growth by analysing biomass and nitrogen allocation patterns 
prior to and after a reproductive season and how manipulation of pollination 
levels affects female reproductive investment and growth. Thirdly, we document 
demographic sexual dimorphism in a nine-year study in which we measure age 
to reproductive maturity, flowering frequency, mortality and sex ratio.  

Through these studies we seek answers to five questions about sexual 
dimorphism in Silene dioica: (1) Are there sex-specific trade-offs between 
reproductive effort and investment somatic tissue? (2) Are there sex-specific 
trade-offs between current and future reproduction? (3) Are compensation 
mechanisms operating that ameliorate the costs of reproduction? (4) Which is the 
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Figure 1. Three models of resource allocation to growth and reproduction. (A) the resource 
pool is static and there exist a trade-off between reproduction (R-a) and growth. (B) 
reproductive structures are able to photosynthesize, thus increasing the total available 
amount of resources and masking a trade-off between reproduction and growth. (C) a 
relatively earlier investment in vegetative growth by one of the sexes results in a larger 
resource pool and trade-offs between reproduction and growth are reduced. Figure 
modified from Delph and Meager (1995).  
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costlier sex? (5) How well are the sexual dimorphisms in somatic and life-history 
traits explained by the cost of reproduction hypothesis?  

Paper II: Genetic consequences of metapopulation dynamics 
The process of land uplift and the emergence of new habitats for Silene dioica to 
colonise creates a spatially and temporally structured metapopulation in the 
Skeppvik archipelago (Giles and Goudet, 1997a). The term metapopulation has 
traditionally been defined as  “a population consisting of populations” with an age 
structure determined by the colonisations (birth) and extinctions (death) of 
subpopulations (Hanski, 1999; Pannell and Charlesworth, 2000). In addition to 
being defined through the context of population turnover (i.e. recurrent 
extinctions and re(colonisations), a metapopulation can be said to consist of a 
collection of discrete subpopulations between whom gene exchange is possible 
through dispersal (Pannell and Charlesworth, 2000).  

The process of population turnover have consequences for the genetic diversity 
and differentiation of local populations (McCauley, 1991) where theory predicts 
that recurrent extinctions and colonisations should reduce total levels of genetic 
diversity (Slatkin, 1977; Maruyama and Kimura, 1980; Pannell and Charlesworth, 
1999). Genetic diversity is reduced because colonization by a few individuals may 
create genetic bottlenecks which enhances genetic drift, thus increasing levels of 
homozygosity in local populations.   

In terms of genetic differentiation (FST), metapopulation processes may either 
decrease or increase the differentiation between subpopulations depending of the 
mode of colonisation (McCauley, 1991). Slatkin (1977) proposed two modes of 
colonisation; the propagule-pool model and the migrant-pool model. When all 
colonising individuals come from the same source population, such as in the 
propagule-pool model, FST is expected to increase. However, when colonising 
individuals consists of a random sample from the whole metapopulation, such as 
in the migrant-pool model, FST is expected to decrease if the number of colonisers 
is about twice the level of gene flow among established populations (Whitlock and 
McCauley, 1990; Pannell, 2003). Several studies have reported an association 
between population turnover and increased genetic differentiation (McCauley, 
Raveill and Antonovics, 1995; Giles and Goudet, 1997a; Haag et al., 2005; 
Cosentino et al., 2012; Fields and Taylor, 2014) where younger, more newly 
established populations are more genetically structured compared to older 
populations. It has been suggested that the greater genetic differentiation found 
in younger populations are due to founder effects and increased levels of genetic 
drift (Giles and Goudet, 1997a; Fields and Taylor, 2014).  However, a couple of 
studies have found the opposite pattern, i.e. that older populations are more 
genetically differentiated compared to young populations (Dybdahl, 1994; 
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Jacquemyn et al., 2004). The geographical locations of young and old 
populations (Dybdahl, 1994; Jacquemyn et al., 2004), together with altered levels 
of gene flow  and decreased distances between patches within young populations 
are proposed as explanations for the lower levels of genetic differentiation in 
young populations (Jacquemyn et al., 2004).   

In paper II, we investigate how turnover dynamics (recurrent extinctions and 
colonisations) affect the genetic diversity and genetic differentiation in a Silene 
dioica metapopulation located in the Skeppsvik Archipelago, Sweden. 
Furthermore, we use a coalescent-based approach to find what levels of genetic 
drift and migration that causes a specific value of genetic differentiation (FST). In 
this system, extinction and colonisation are independent processes because 
extinction is deterministic through succession and therefore not a requirement 
for colonisation. Instead, new suitable habitats for colonisation are created as 
islands rise up from the sea. However, in the context of metapopulation 
dynamics, one still expects to see the same pattern of increased genetic 
differentiation arising from founder effects during recolonization (Giles and 
Goudet, 1997b) as in a system where extinction is stochastic and a pre-
requirement for colonisation. Evidence for genetic structuring, both within and 
between island populations has previously been reported in this system (Giles 
and Goudet, 1997a; Giles et al., 1998; Ingvarsson and Giles, 1999). The aims with 
paper II was to assess patterns of genetic diversity and differentiation across 
different hierarchical scales and to see whether we could detect effects of 
metapopulation dynamics on population genetic diversity and structuring in the 
archipelago. We estimate genetic differentiation and diversity among islands 
belonging to different age classes to assess the genetic consequences of 
colonisation processes. Kin-structured dispersal processes have been found to 
cause small-scale genetic differentiation within populations of Silene dioica 
(Ingvarsson and Giles, 1999) and to examine whether these family patterns are 
observed across our island populations, we estimate genetic diversity and 
structure among patches within islands. These patches are further classified as 
young (individuals growing near the shore where colonisation and patch 
formation takes place) or as intermediate aged (individuals growing further up 
on the islands where S. dioica populations are established and grow in higher 
densities). To provide an estimate of Ne, the effective population size of 
subpopulations, and to quantify levels of gene flow in the metapopulation, we use 
a coalescent-based approach, the admixture F-model (Karhunen and 
Ovaskainen, 2012). 
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Materials and Methods 

Paper I: Sex-specific resource allocation and life-history 
consequences 
In Paper I, we investigate if there is sexual dimorphism in resource allocation 
between the sexes in dioecious Silene dioica and if sex-specific differences in the 
cost of reproduction have demographic consequences. We use data from three 
studies:  a field survey, a common garden experiment and a demographic survey.  

Patterns of sexual dimorphism and resource allocation in natural 
habitat 
To quantify patterns of sexual dimorphism in resource investment in S. dioica 
males and females across natural habitats, we did a field study where we studied 
plants from 3 islands in the Skeppsvik archipelago (Islands 1 – 3, Figure 2). In 
the summer of 2010, ten 2x2 m patches were laid out across both young and 
intermediate successional zones of each island. In each patch, we chose and 
marked two females and two males with a single floral stalk, resulting in 40 
females and 40 males from each island. At regular intervals, we recorded the date 
of first flowering and counted the number of newly opened flowers on the marked 
individuals. At the end of the survey, we clipped off the entire reproductive shoot 
of each individual, pressed and dried them. Plants were dissected in to vegetative 
parts and reproductive parts and thereafter weighed to estimate dry biomass (dry 
weight) and quantify nitrogen content through mass spectroscopy. Reproductive 
effort was calculated as the proportion of the total resource pool devoted to 
reproduction: RE = Ir/(Ir + Is) where Ir are the resources allocated to 
reproductive parts while Is are the resources allocated to vegetative parts, both 
above – and belowground (Thompson and Stewart, 1981; Tuomi, Hakala and 
Haukioja, 1983; Obeso, 2002). Reproductive effort was calculated for both 
biomass (REB) and nitrogen content (REN) where nitrogen concentration was 
used as an estimate of nitrogen content.   

Effect of reproductive investment on resource allocation 
To compare levels of reproductive investment across a growing season, and to 
investigate how amount of fruit production affects reproductive and somatic 
expenditures, we did a common garden study with 226 reproductive Silene dioica 
individuals excavated from a natural coastal population at Kylören, 
Ångermanland, Sweden (63º 32’N, 19º46’E) in early June 2011.  35 males and 35 
females were immediately pressed and dried for biomass estimation and nitrogen 
analyses at the beginning of the flowering season (these individuals are referred 
to as pre-flowering males and females respectively). The remaining 156 
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individuals were planted in 1 dm3 pots containing soil from the field site, the pots 
were put in trays and the trays placed in an experimental garden. The 156 potted 
individuals were assigned to one of four groups: males (N=48), low reproduction 
females (N=36), intermediate reproduction females (N=36) and high 
reproduction females (N=36). The proportion of female flowers pollinated were 
manipulated to estimate somatic costs of reproduction in females that allocate 
different amounts of resources to reproduction. All flowers of females in the low 
reproduction group were bagged to prevent pollination. In intermediate 
reproduction females, every other flower was bagged and unbagged flowers were 
hand pollinated with a brush. All flowers in high reproduction females were hand 
pollinated as soon as they opened. The number of newly opened flowers were 
counted every other day and flower diameter was measured on each individual. 
At the end of the experiment, whole plants were pressed and dried to estimate 
biomass and nitrogen content. Reproductive effort in biomass and nitrogen was 
calculated for all individuals in the experiment.  

Demographic consequences of sex-differential resource allocation 
Sex-differential patterns of resource allocation, leading to differential costs of 
reproduction in terms of future fecundity and survival, are predicted to drive 
sexually dimorphic life histories. The sex that invests relatively more in 
reproduction is predicted to delay reproductive maturity, reproduce less often in 
its lifetime, grow less and/or die at a younger age, where these differences may 
also lead to biased sex ratios in dioecious populations (reviewed in Delph 1999). 
To test these predictions and to see whether sex-specific differences in life-history 
traits have demographic consequences we utilize data from a demographic survey 
carried out on nine islands in the Skeppsvik Archipelago (Islands 4-12, Figure 2) 
between 1998-2006 (see Pettersson et al., 2009b, 2009a). The nine islands differ 
in age; seven of the nine islands contain young, intermediate and old successional 
zones and the two youngest contain young and intermediate zones. Grids 
consisting of a number of permanently labelled 5*5 m plots were laid across 
young, intermediate and old successional zones of each island. The nine islands 
contained 186 5x5 m plots enabling replication of successional zones within and 
among islands. Each year between 2000-2006, the numbers of flowering male 
and female plants were counted within each 5x5 m plot at peak flowering. In 2005 
and 2006, the number of floral shoots were also counted on each flowering 
individual. These data were used to determine whether the sex ratios of flowering 
individuals and the sizes of reproducing plants changed across successional 
zones.  
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All 5x5 m plots contained a permanently marked 1x1 m demographic plot. In 
these plots, all individuals entering a plot between 1998-2006 were marked with 
a numbered stick. To follow the fates and transitions of individuals between life 
stages over time, each marked individual was assigned to one of six life stages 
each survey year: (1) seedling (2) small pre-reproductive vegetative (individuals 
1-3 years old) (3) large pre-reproductive vegetative (individuals 3-4 years old), (4) 
flowering (reproductive), (5) post-reproductive vegetative (individuals that have 
flowered previously and may flower again) (6) dead.   

Subsets of the transition data from the 1x1 m plots were used to examine the 
predicted between-sex differences in life history that follow from sex-differential 
costs of reproduction. First, the average ages at reproductive maturity for males 
and females under field conditions were calculated using the subset of individuals 
that were both marked as seedlings and that flowered for the first time within the 
survey period. Second, using the subset of all individuals that flowered at least 
once during the survey, we calculated differences in re-flowering rates between 
the sexes in each successional zone. This rate is based on the number of 
individuals that flowered in two consecutive years. Finally, we examined survival 
of males and females in each successional zone as the probability that an 
individual remains alive as a function of the number of years since it last flowered. 

To compare with the sex ratio estimations from the 5x5 m plots (see above), data 
from the 1x1 m plots were used to estimate sex ratio based on the actual numbers 
of reproductively mature males and females alive in a plot and successional zone, 
regardless of whether they are flowering in a particular year. 

Statistical analyses 
For study 1, we used a nested analysis of variance (ANOVA) to test the effect of 
sex on the measured variables and generalized linear models (GLM) with 
Poisson-distributions were used to analyse whether there were differences 
between the sexes in numbers of flowers produced, days until the first flower 
opened and the numbers of cauline leaves. Regression analyses using a linear 
mixed effects model were used to test for possible trade-offs between 
reproduction and vegetative growth, which would imply a somatic cost of 
reproduction. 

For study 2, we used One-way ANOVAs to investigate differences between the 
groups in the common garden experiment for the measured variables. Thereafter, 
post hoc pairwise comparisons were undertaken using Tukey’s tests comparing 
least square means and adjusting for multiple comparisons. Regression analyses 
using a linear model were used to test for possible trade-offs between 
reproduction and vegetative growth. This analysis was performed on a subset 
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from the common garden dataset, containing only late-harvested males and 
females. 

For study 3, sex ratios of flowering individuals were analysed with c2. GLM 
models with Poisson-distributions and log-link were used to analyse differences 
in the numbers of flowering shoots between the sexes and in young, intermediate 
and old zones. The change in deviance was referred to a chi-square distribution 
to test for significance. Differential survival of males and females was examined 
in each successional zone as the probability that an individual remained alive as 
a function of the number of years since it last flowered. Analyses of survival data 
were performed separately for different island age classes. Kaplan-Meier 
estimates of the survival function were calculated for males and females 
separately using the survfit function from the survival package in R 3.3.2. A 
multivariate Cox proportional hazards model was fit to the data using the coxph 
function using sex and island age as fixed and island as random factors.  

Alpha levels for all statistical analyses in Studies 1 and 2 were set to p<0.05 and 
all analyses were performed using the statistical package R (R version 3.3.2 
(2016-10-31) (www.R-project.org). 
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Figure 2. Map of the Skeppsvik Archipelago with the study islands in paper I. Islands 1- 
3 (black) were chosen to study patterns of sexual dimorphism and resource allocation 
under field conditions. Islands 4-12 (grey) were used in the demographic study. 
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Paper II: Genetic consequences of metapopulation dynamics 
In paper II, we wanted to find out how metapopulation dynamics, i.e. recurrent 
extinctions and colonisations, affect genetic diversity within subpopulations and 
genetic differentiation within and among subpopulations in a Silene dioica 
metapopulation. To do this, we sampled newly developed leaves from 1800 
individuals on 15 islands (resulting in 18 populations) in the Skeppvik 
Archipelago (Figure 3). Eight populations came from young and ten populations 
came from intermediately aged islands. To see whether kin-structuring could be 
detected within populations, we defined ten patches each with an area of 1 m2 and 
with a distance of ten meters between patches within each population. To further 
assess how colonization processes influence patterns of genetic diversity and 
differentiation during population expansion (Giles and Goudet, 1997a, 
Ingvarsson and Giles, 1999) five patches were sampled in the young age zones 
and five patches were located in the intermediate age zones within islands.  

Genomic DNA was extracted from fresh leaf material and thereafter, each 
individual was genotyped for 14 microsatellite loci. From microsatellite data, we 
estimated genetic diversity and genetic differentiation at several hierarchical 
levels.  

Statistical analyses 
To estimate global summary statistics of genetic diversity, including allelic 
richness, expected heterozygosity (HE), observed heterozygosity (Ho) and 
inbreeding coefficients (Fis) per locus and across all loci (Goudet and Jombart, 
2015), we used the analytical software R (R Core Team, 2018) and the package 
Hierfstat v.0.04-22.  

Genetic differentiation was assessed by means of F-statistics (Weir and 
Cockerham, 1984). To estimate hierarchical F-statistics, we did a three-level 
hierarchical analysis on gene frequencies using the package Hierfstat in R. We 
used the subscripts T for total population, S for island population (sub-
population), P for patch (sub-sub-population) and I for individual. Thus, FST is 
the correlation of genes within island populations relative to the total 
metapopulation, FPS is the correlation of genes within patches relative to the 
island populations, FIP is the correlation of genes within individuals relative to 
patches and FIT is the correlation coefficient for individuals relative to the total 
population. These statistics are related through: (1-FIT) = (1-FST)(1-FPS)(1-FIP). 
The significance of each F value was tested using a permutation procedure in the 
R package Hierfstat.  
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Genetic structure was evaluated using a principal component analysis (PCA) on 
the centred matrix of individuals’ allele frequencies. To improve the visualization 
of the genetic clustering, average individual location was calculated for each 
subpopulation used for visualisation of the PCA plot.  

Furthermore, we used the Admixture F- model (AFM) to estimate the effective 
population size and gene flow across populations. The AFM is a coalescent-based 
approach that explicitly take into account the evolutionary history of alleles, 
allowing for a joint estimation of demographic parameters such as effective 
population size and migration  (Nielsen and Wakeley, 2001; Karhunen and 
Ovaskainen, 2012). Isolation by distance analysis was done for all island 
populations included in the study and separately for four chains of island 
populations (Figure 3). 

 

For specific details of the material and methods, see the respective papers (Papers 
I and II).  

 

 

 

 

 

 

 

 

 

 

 

 



 

 15 

 

 

 

 

 

Figure 3. Map of the study area in the Skeppsvik Archipelago in Paper II. Island 
populations are labelled with population number. Grey = young populations. Red 
= intermediate populations. Isolation by distance analysis was done on 4 chains of 
island populations; namely A, B, C and D.  
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Results and Discussion 

Paper I: Sex-specific resource allocation, reproductive costs 
and life-history consequences  

Sex-specific resource allocation 
In paper I, we found evidence for significant somatic intersexual size dimorphism 
(SSD) with the larger sex being the females (Paper I: Table 1; Table 2; Figure 3a; 
Figure 6a). Furthermore, across the growing season, the reproductive effort of 
females exceeds that of males (Paper I; Figure 5a). This largely confirms the 
expected pattern in herbaceous species, i.e. that females have the greater 
reproductive investment and grow larger (Obeso, 2002). According to the cost of 
reproduction hypothesis, a high reproductive investment should result in 
physiological trade-offs in other life-history traits (Barrett and Hough, 2013). 
Even though female S. dioica plants allocate an overall greater amount of biomass 
to reproduction compared to males, we could not find any apparent trade-off 
between current growth and reproductive investment. On the contrary, we 
instead found strong, positive associations between vegetative and reproductive 
biomass in both males and females (Paper I: Figure 4a; Figure 7). A possible 
trade-off between reproductive investment and vegetative growth may be more 
difficult to detect if the resource pool available for the plant is dynamic rather 
than static (Figure 1b,c)(Gross and Soule, 1981; Delph and Meagher, 1995). In 
both study 1 and 2, females started to flower later in the season while having a 
greater total vegetative biomass compared to males. Furthermore, there is a 
temporal difference in how the two sexes allocate biomass to reproduction where 
males have a greater reproductive effort early in the season (Paper I: Figure 2a) 
while females have a greater reproductive effort during capsule formation and 
seed maturation (Paper I: Figure 5a). A greater male REB early in the season may 
be due to a greater male flower production, both in terms of the number of flowers 
produced and in the size of the flowers (Paper I: Table 1a; Table 2a).  An earlier 
investment in growth by the females (which is possible since they start to flower 
later and produce fewer flowers at that time) may increase overall resource levels 
over that of males, enabling them to invest twice as much in reproduction while 
still managing to increase in growth, which is reflected by a larger total size. Thus, 
the “extra” resource pool that females acquires early in the season may be used to 
compensate for the increased reproductive cost when seeds are maturing by the 
end of the season (Gross and Soule, 1981; Delph, 1999).  
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Total levels of nitrogen were found to be higher in female leaves in both study 1 
and study 2, although there was no difference in nitrogen concentration between 
the sexes (Paper I: Figure 3b; Table 1c; Figure 6b; Table 2c). The activities of 
carbon allocation, growth, nitrogen content and partitioning of photosynthates 
between roots and shoots are intimately related in plants. Nitrogen is needed for 
carbon gain, by the manufacturing of chlorophyll and rubisco, while carbon is 
needed to produce roots for nitrogen gain (Bazzaz, 1997). We have not measured 
photosynthetic activity in males and females of S. dioica but we hypothesize that; 
because females have more below-ground biomass for nitrogen acquisition and 
more nitrogen available in their leaves, this enables them to capture more 
sunlight and photosynthesize to a greater degree compared to males, thus further 
increasing their resource pool which may recompense their greater REB. REN was 
found to be greater for late season males compared to late season females (Study 
1: Figure 5b). This can be explained by a greater nitrogen content in pollen 
compared to seeds (Ishida et al., 2005). It has previously been found that males 
allocate a greater proportion of their nitrogen to reproductive structures in 
dioecious species (Hemborg, 1998; Harris and Pannell, 2008) which highlights 
the importance of using alternative currencies in measuring reproductive 
investment.  

The effect of habitat on the cost of reproduction 
When resources are limited, life-history trade-offs are likely to be more 
pronounced and any disparities between males and females of dioecious species 
are likely to be more accentuated (Gehring and Linhart, 1993; Hesse and Pannell, 
2011). In study 1 in Paper I, although we did not find any trade-offs, we could still 
see a clear difference between the sexes in the positive relationship between 
reproductive biomass and vegetative biomass in intermediate zones but not in 
young zones (Paper I: Figure 4b). In intermediate zones, where shading and 
competition is more intensified, females have the ability to both increase their 
reproductive investment and increase their vegetative biomass whereas males 
reached a level of reproductive investment at which no further increases in 
vegetative investment occurred. A zone-specific effect was also found in the DSD 
(demographic intersexual dimorphism) in both re-flowering rates (Paper I: 
Figure 8) and survival (Paper I: Figure 9). In young and open habitats on the 
islands, males and females re-flower with equal frequency but males also display 
a lower survival rate. However, in intermediate habitats on the islands, where 
shading and competition is more intensified, males re-flower less frequently 
compared to females while there was no difference in life-time survival. This 
suggests that the two sexes have evolved different resource allocation strategies 
under varying environments to secure future growth and survival. It has been 
found in Mercurialis annua, that the sexes may respond differently to 
environmental heterogeneity. In a study by Hesse and Pannell (2011), they found 
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that males reduced their reproductive expenditure when grown in poor soils 
whereas females increased theirs. We propose that female S. dioica, by having a 
greater ability at utilizing resources with their larger amount of both below- and 
aboveground vegetative biomass, have the potential to both flower and survive 
when conditions become harsher. Males, on the other hand, may have a form of 
compensation mechanism where they instead of flowering one year, recoup 
enough resources to survive and flower at a later time when conditions improve. 
In young and open habitats on the islands, males seem to demonstrate more of a 
“live hard, die young” strategy (Aragón, Méndez and Escudero, 2009) by 
flowering more frequently but also surviving to a lesser degree. Thus, the 
increased resource availability in young habitats may facilitate a high 
reproductive investment for males, but this high reproductive investment can 
also lead to a greater mortality.    

Which is the costlier sex?  
It is clear from Paper I that females invests a greater amount of resources into 
reproduction but that there is temporal difference in resource allocation patterns 
between the sexes. A greater vegetative investment by the females early in the 
season may very well ameliorate the increased cost of seed production later in the 
season. Furthermore, we found that females have a larger increase in 
belowground biomass compared to males across a growing season (Paper I: 
Figure 6a). Flowering in S.dioica occurs early in the season (Kay et al., 1984) and 
resources used to initiate flowering are likely to be drawn from overwinter 
storages such as roots and rosette-leaves (Elmqvist and Gardfjell, 1988). Early 
growth in spring is supported more by stored resources than by concurrent 
absorption and an increase in leaf nutrient capital early in the season have been 
shown to coincide with decreasing pool sizes of nitrogen and phosphorus in stems 
and roots (Chapin, 1980).  Having more belowground biomass means having 
more stored resources to draw upon when spring comes and it may also facilitate 
resource uptake during early summer the following year, allowing them to build 
more photosynthetic structures which then in turn provides resources for another 
reproductive bout. A greater amount of belowground biomass also increases the 
chances of surviving the winter (Baker, 1947; Favre, 2010) which may provide an 
explanation to why males have a lower probability of survival in the young 
habitats, where they re-flower to a greater degree and hence may have less 
resources available for investment in perennial structures such as roots.  

The dimorphism in demographic traits (DSD) suggest that males have a greater 
reproductive cost since they a) re-flower to lesser degree (Paper I: Figure 8); b) 
have a lower probability of survival (Paper I: Figure 9); produce fewer flowering 
stalks (Paper I: Figure 11); and c) sex ratios are female-biased (Paper I: Figure 
10). However, the relationships between reproduction, growth and survival are 
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not as clear cut as the cost of reproduction hypothesis assumes, i.e. that a greater 
investment in reproduction always leads to a greater cost of reproduction, 
reflected in lesser growth and lower survival.  The discovery of sex-specific 
temporal patterns in resource allocation in growth and reproduction suggests 
that the resource pool, which the plants divide between several competing 
functions, are dynamic rather than static. Furthermore, males and females may 
have evolved different strategies to handle the partitioning of resources into 
reproduction, growth and survival since males seems to “choose” the alternative 
of taking a year off in terms of flowering when conditions become harsher. 
Females, on the other hand, have a more conservative strategy across a season in 
the way they invest more resources in vegetative growth (which increases the 
resource pool available by providing more photosynthetic material) and 
belowground biomass (which provide means of surviving the winter and 
increases resource uptake the following year) compared to males.   

We propose that, instead of having one single trade-off, i.e. between current 
reproductive investment and current growth, perennial plants need to partition 
their resources between several competing activities such as a) current 
reproductive output; b) future reproductive output (to be able to flower in 
consecutive years) and; c) winter survival. With this view of resource allocation, 
it seems like females of S. dioica balances these three activities in a more 
conservative way, while males more often exhibit strategy a), i.e. investing a lot 
of resources in reproduction but then having less available for future 
reproduction and survival. The observation that males does this even though it 
effectively lowers their probability of survival suggests that the sexual size 
dimorphism observed in S. dioica may be a result of sexual selection where 
selection favours males with a relatively exaggerated phenotype (Delph, 
Knapczyk and Taylor, 2002). Bateman’s principle states that sexual selection 
should operate more on male function than female function since reproductive 
success of females is more like to be limited by the availability of resources then 
by mate availability. On the other hand, male reproductive success will tend to be 
limited by the availability of mating partners (Bateman, 1948). One pollinator 
visit might be sufficient for fertilization of ovules but male fitness may continue 
to increase with increasing pollinator visits and males, but not females with large 
flower displays will therefore be favoured by selection (Moore and Pannell, 2011). 
If a large flower display is genetically correlated to physiological traits that are 
important for life-history trade-offs such as future vegetative growth and 
reproductive output (Delph et al., 2005), the exaggerated flowering in males may 
also provide an explanation for their smaller size.  

In conclusion, it seems like each species has evolved unique ways of dealing with 
reproductive costs but we should not make assumptions about (1) which sex that 
have the greatest costs; (2) in which traits costs are detected; and (3) which sex 
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that has the greatest reproductive investment. Furthermore, it is clear that future 
studies of sexual selection and its role in explaining sexual dimorphism is 
warranted since the cost of reproduction hypothesis does not seem to fully explain 
the patterns we see of sexual dimorphisms in herbaceous, perennial plant species 
in natural populations.  

Paper II: Genetic consequences of metapopulation dynamics 
In this study, we assessed genetic diversity and differentiation at several 
hierarchical levels in a Silene dioica metapopulation. We found that young 
populations were genetically less diverse compared to intermediate populations 
while there was no significant difference in genetic differentiation.  

Genetic diversity within populations 
A metapopulation is characterized by recurrent extinctions and colonisation 
events (turn-over dynamics) and theory predicts that these processes should 
reduce levels of genetic diversity (McCauley, 1991; Pannell and Charlesworth, 
2000). Genetic bottlenecks associated with colonization by a few individuals 
reduce the chance that rare alleles are included in the colonizing individuals, 
resulting in a decline of genetic diversity in founding populations. Furthermore, 
fluctuations in effective population size, which follows colonisation, may further 
enhance genetic drift (Whitlock and Barton, 1997). This suggest that populations 
from young islands, which have recently been founded, should show substantial 
effects from genetic drift while populations from intermediately aged islands, 
where continuous gene flow have had the opportunity to counter-effect genetic 
drift, should show greater levels of genetic diversity. Our results corroborate these 
predictions. Young populations had reduced levels of genetic diversity compared 
to intermediate populations, both measured in expected heterozygosity (He) 
(Figure 4a, Monte-Carlo permutation, p<0.001) and in allelic richness (Ar) 
(Figure 4b, t test, t15.9 = -2.69, p = 0.02). Earlier work on Primula elatior 
(Jacquemyn et al., 2009), daphnia spp.  (Haag et al., 2005) and Nassauvia 
lagasce var. lanata (López et al., 2010) shows the same pattern; i.e. that the 
genetic bottlenecks created by small founding groups from a small number of 
sources reduces the genetic diversity among newly founded populations. The 
reduced levels of genetic diversity in young populations suggests that founder 
events, i.e. colonisation by a few individuals which inflates levels of genetic drift, 
are occurring in this metapopulation. The observation of groups of seedlings on 
an island with only 5 to 10 individuals further indicates that the number of 
colonisers indeed is small (Giles and Goudet, 1997b).  
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Genetic differentiation between and within populations 
Contrary to what was detected in the estimates of genetic diversity, levels of 
genetic differentiation were not significantly different between young and 
intermediately old populations (Table 1, 95 % CIs [0.09, 0.17] for young 
populations and 95 % CIs [0.11, 0.21] for intermediate populations respectively). 
Theory predicts that population turnover should lead to increased levels of 
genetic differentiation and earlier empirical studies confirms this prediction 
(McCauley, Raveill and Antonovics, 1995; Giles and Goudet, 1997a; Haag et al., 
2005; Cosentino et al., 2012; Fields et al., 2014). The lack of difference in genetic 
differentiation may be a result of migrant-pool colonisation, where new 
populations are founded from colonizers origination from several sources. 
Furthermore, hydrochory, or seed dispersal by water, have been found to affect 
the genetic structure of populations since it enables long-distance geneflow 
(Kudoh and Whigham, 1997; Akimoto, Shimamoto and Morishima, 1998). The 
colonising propagules of S. dioica  are seeds and long-distance dispersal do occur 
in this archipelago since all islands eventually become colonized (Giles and 
Goudet, 1997a).  

In addition to the finding of strong genetic structuring between island 
populations (FST = 0.15), we also found significant genetic differentiation within 
populations (Table 1, FPS = 0.05). Significant genetic differentiation within 

a). b). 

Figure 4. Estimates of genetic diversity in a) expected heterozygosity (He) and b) 
allelic richness (Ar) 
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islands has previously been reported in S. dioica (Giles, Lundqvist and Goudet, 
1998; Ingvarsson and Giles, 1999) and in populations of Phalacrus substriatus in 
the Skeppsvik Archipelago (Ingvarsson, Olsson and Ericson, 1997). Giles et al. 
(1998) and Ingvarsson and Giles (1999) proposed that this pattern arises through 
kin-structured colonisation and dispersal processes. This kin-structure is first 
established when a colonising female drops her seeds in close vicinity, hence 
creating a patch with close relatives. S. dioica seeds disperse by gravity and the 
tendency for seeds to fall near one another and not far from the maternal plant 
allows these family groups to persist over generations as female offspring 
continue to disperse most of their seeds within the same area (Giles et al., 1998; 
Ingvarsson and Giles, 1999). The finding of small-scale structuring in both young 
and intermediate populations in our study, suggests that this pattern is not only 
associated with the initial colonisation event but also persists in established 
populations despite high levels of gene flow within islands.  

 

 

 

Effective population size 
The effective population size, estimated by a, varied considerably between 
populations: a ranged from 1.51 in population 4 to 7.48 in population 2 (Paper II: 
Table 3, Paper II: Figure 6a). However, a did not differ significantly between 
young and intermediately old populations (Paper II: Figure 6b, ANOVA, F1,16 = 
0.54, p = 0.47).  This indicates that age structure due to colonization history is 
not the only determinant factor for the magnitude of genetic drift, at least as 
estimated by a. This is somewhat surprising since theory expects that genetic drift 
should have a big impact in newly established populations (Whitlock and 
McCauley, 1990). Turnover dynamics is expected to lower the effective 
population size (Ne) of a metapopulation by increasing the chance of random loss 
of genetic variation but the magnitude of this effect depends on the variance in 
reproductive success among individuals in the metapopulation (Wang and 
Caballero, 1999). Very high migration rates may however offset these differences 
in reproductive output (Honnay et al., 2009). We have not directly measured 
migration rates per se in our study so we can only hypothesize that levels of gene 
flow, i.e. connectivity, between subpopulations are sufficient enough to counter-

Table 1. Hierarchical F-statistics over all loci for all island populations and for 
young and intermediate age groups of populations.   
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affect the increased levels of genetic drift in newly founded populations.  Our 18 
studied populations are relatively closely located to each other with a mean 
distance of 1371 meters between populations (Figure 3). Hence, we could expect 
that levels of gene flow among populations is relatively high, which is further 
corroborated by the lack of a correlation between geographic distances and 
genetic distances when we include all populations in the isolation by distance 
analysis (Mantel test, rm = 0.13, p = 0.19). This is also evident in Figure 5a, where 
all populations except population 4 are tightly clustered and the observation that 
although some populations group accordingly to geographic locations, several 
populations do not conform to this pattern (Figure 5b).  

 

 

 

The effective population size for island 4 was almost three times lower than the 
mean effective population size for the whole metapopulation (Paper II: Table 3, 
Paper II: Figure 6a), indicating that greater levels of genetic drift have shaped the 
genetic variance within this population compared to the metapopulation as a 
whole. Population 4 is the oldest of the populations in this study (Paper II: Table 
1) and is more geographically isolated compared to other populations in our study 
(Figure 3). This indicates that not only extinction-colonization dynamics 
influences the amount of genetic drift in this system. The successional age for this 
population is most probably closer to the old stage, where S. dioica populations 
approaches extinction and the random loss of individuals due to interspecific 
competition leads to an additional source of drift.  

In summary, the results from this study and previous studies on the Silene dioica 
metapopulation in the Skeppsvik archipelago indicates that that local levels of 

Figure 5. Global PCA on individual Silene dioica genotypes with 14 microsatellites.  
Average population locations are plotted: a) all populations in the study area, b) a 
magnification of populations excluding population 4 



 

 24 

genetic diversity and differentiation are affected by population turnover in this 
system. Colonisation events may lead to genetic bottlenecks which was indicated 
by reduced genetic diversity in both young populations and in young patches 
within populations. There are restrictions to gene flow at several spatial levels in 
this system, indicated by strong genetic structuring between and within 
populations. However, we did not find any statistically significant differences in 
genetic differentiation between young and intermediate populations, indicating 
that levels of gene flow may not be high enough to reduce the enhanced genetic 
differentiation that would arise from an initial founder event. This suggests that 
extinction and recolonization dynamics may affect genetic diversity and genetic 
differentiation on different time-scales where considerable amounts of gene flow 
seem to be required to counterbalance genetic drift. Furthermore, the discovery 
of a much lower effective population size in one of the more isolated populations 
suggests that not only the age structure determines the degree of genetic diversity 
but that connectivity and degree of isolation may play a large role in facilitating 
or impeding geneflow.  
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Conclusions 

The cost of reproduction hypothesis as an explanation for 
sexual dimorphism? 
The cost of reproduction hypothesis proposes that sexual dimorphism in growth, 
survival, tendency to flower or flower number are related to differential 
reproductive investment (Lloyd and Webb, 1977) and thus, the sex with the 
greater reproductive investment (most commonly females) should consistently 
exhibit less growth, reproduce less often in its lifetime and/or die at a younger 
age (reviewed in Delph, 1999; and Obeso, 2002). Based on the results from paper 
I, we conclude that the cost of reproduction hypothesis does not fully explain 
patterns of sexual dimorphism in Silene dioica. As has been previously found in 
other herbaceous plant species (Obeso, 2002), female Silene dioica have greater 
reproductive investment across a season but also grow larger, both in terms of 
above – and belowground biomass. The discovery of sex-specific temporal 
differences in resource investment makes it clear that one needs to study the 
interactions of resource partitioning across the whole season in order to fully 
understand the patterns. Furthermore, the results from the demography study 
indicate that males have a greater reproductive cost since they flower less 
frequently during their lifetime, have lower probability of survival and sex ratios 
in natural populations are female biased. We propose several explanations for the 
observed patterns of sexual dimorphism in S. dioica: a) an earlier vegetative 
investment by females suggests that the resource pool which the plants partition 
between growth, reproduction and future survival is dynamic rather than static, 
masking the trade-off expected in the sex with the greater reproductive effort; b) 
males, but not females, have a trade-off between current reproduction and future 
reproduction and survival, reflected in lower re-flowering rates when conditions 
worsen; and c) sexual selection, where males have been selected for an 
exaggerated flower display, may play a larger role than previously assumed. 
Additionally, the observation of habitat-specific sex differences in several life 
history traits (e.g. in the relationship between growth and reproduction, in the re-
flowering rate and in the survival probability) highlights the importance of 
conducting these kinds of studies in the habitats where the populations exist. This 
is the first paper where sexual dimorphisms in resource allocation patterns and 
demographic traits have been described in a natural population. Furthermore, it 
is clear that many sex-differences are interrelated and that the two sexes may be 
limited by different resources, which makes it important to consider an array of 
traits when doing investigations considering resource allocation and reproductive 
costs.  
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Genetic consequences of metapopulation dynamics 
In paper 2, we conclude that recurrent colonisations and extinctions affects the 
genetic diversity and differentiation in the Silene dioica metapopulation. 
Founder events, resulting from colonisation processes, leads to increased levels 
of genetic drift in young populations compared to intermediate populations 
which is reflected in lower estimates of expected heterozygosity and allelic 
richness. We saw evidence for strong genetic structuring, both within and 
between island populations but we did not find any significant differences in 
genetic differentiation between populations of different age classes. This suggests 
that levels of gene flow are not sufficient enough to countereffect the increased 
levels of genetic drift resulting from founder events when genetic structure is 
considered. The effective population size varied considerably between island 
populations, where one population had a remarkably lower effective population 
size compared to the rest. This suggest that not only the age of the population 
determines the degree of genetic drift but that geographical location and degree 
of isolation may play a large role.  Thus, metapopulation studies that both 
considers the age structure resulting from turn-over dynamics and the role of 
connectivity between subpopulations are warranted, especially in a world where 
habitats for natural populations becomes more and more fragmented (Hanski, 
1999).  

The relationship between sex-differential resource allocation 
patterns and levels of genetic diversity in a metapopulation 
The patterns of sexual dimorphism and the roles of males and females in Silene 
dioica have evolved to allow persistence in an ecological and population context 
of this species. The nature of this habitat, where islands rise up from the sea and 
creates new environments for colonisation while at the same time, autogenic 
primary succession processes eventually leads to extinction, means that S. dioica 
continually must relocate within successional phases for its persistence. Thus, it 
is necessary that levels of seed dispersal and gene flow are enough to allow for 
establishment and persistence of island populations. In this system, there are two 
kinds of gene flow; namely by diploid seeds or haploid pollen. Seeds are the 
colonising propagules and we observe both short-distance seed dispersal (which 
creates and maintains a kin-structure within populations) and long-distance seed 
dispersal (where seeds have been found to travel between islands in the drift 
material). Both kinds of dispersal mechanisms are crucial for population growth 
(short-distance dispersal) and colonisation (long-distance dispersal) and the way 
females partition their resources between reproduction, growth and survival is 
thus crucial for population growth once an area has been colonised. Gene flow by 
pollen is, on average, much more extensive than seed movement and male fitness 
is determined by how many females that become pollinated. Thus, the sexual 



 

 27 

dimorphism that have evolved in this metapopulation system, for example in the 
timing and extent of flowering, the number of flowers produced by each sex, the 
number of times an individual can reproduce and sex -specific flowering 
longevity, all influence levels of gene flow. The obvious success of this dioecious 
plant is apparent as it is one of the few dominant species in the deciduous border. 
This suggests that levels of seed dispersal and gene flow are sufficient enough to 
allow for establishment and persistence of island populations and that the sexual 
dimorphisms that have evolved in this metapopulation system act to increase 
levels of gene flow. The “live hard – die young” strategy, with extensive flowering 
bouts, which we find in the males may have evolved as a way of maintaining 
sufficient levels of genetic diversity in the metapopulation but will only be a 
possible strategy if there are continuous opportunities for re-establishments. 
Thus, the continuous land uplift that is occurring in the northern part of the Gulf 
of Bothnia may very well be a prerequisite for the long-term persistence of this 
dioecious, perennial plant species.  
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Tack! 
Resan har varit lång och vägen till målet har varit gropig men nu är jag 
äntligen i mål! Såklart så vill jag tacka de människor som följt mig under dessa 
12(!), stundtals jätteroliga och stundtals tuffa år.  

Pelle: När vi pratade om doktorandtjänsten en av de första gångerna så utbrast 
jag: ”Men jag kan ju nästan ingenting om genetik!” – Du försäkrade mig då att: 
”det gör inget, jag började som en grön biolog en gång i tiden och det löste sig 
ändå”. Nåväl, jag kanske inte skulle inte kalla mig för genetiker i nuläget men den 
kunskap jag har fått från dig har varit guld värd. Tack för att du aldrig någonsin 
har tyckt att någon fråga varit för dum och för att du har kunnat förklara det 
mesta för mig på en alldeles lagom nivå – allt från statistiska modeller till 
populationsgenetiska koncept. Du har haft förmågan att ta ner mig på jorden och 
lugna mig i de stressigaste stunderna och jag kommer att ta med mig en sak som 
du sa en gång: ”-jag är optimist ända tills det skiter sig”.  

Åh Barbara, vad vi har varit med om mycket tillsammans under dessa år. Det 
har varit roliga stunder och det har varit jobbiga stunder men på det stora hela så 
är jag så glad över att ha fått arbeta med en så ambitiös och fantastisk forskare 
och pedagog som du. Tack för alla långa diskussioner om allt mellan himmel och 
jord, både vetenskapliga och trädgårdsrelaterade. Du är min främsta 
inspiration för mitt kommande läraryrke och jag hoppas att jag en gång 
blir en lika engagerad och inspirerande lärare som dig.  

Lasse, min respekt för dig är ofantligt stor och jag är så tacksam över att jag en 
gång, tillbaka i tiden, fick chansen att arbeta som fältassistent åt dig. Du väckte 
mitt intresse för forskning och allt spännande som händer ute i Skärgården.  Den 
kunskapsbank som du innehar och generöst delar med dig av på ett väldigt 
ödmjukt sätt är helt ovärderlig.  

Carin, jag har sagt det förut också, men du är verkligen en av mina handledare 
du med. Du har alltid ställt upp, oavsett om det har gällt att snabbfrysa rödbläror 
med flytande kväve eller hjälpa till med undervisningslabbar. Du har lärt mig 
precis allt jag kan om labbarbetet och jag vet fortfarande inte hur jag ska kunna 
späda upp rätt koncentrationer av vätskor utan dig?! Tack för allt ditt moraliska 
stöd och tack för att du alltid har sett till att jag får i mig kaffe när det har behövts. 
Jag kommer att sakna dig <3 

Min varma, fantastiska uppföljningsgrupp: Jonatan, Tomas och Annelie. Ni 
har räddat mig många gånger. Hos er har jag kunnat vara trygg, tala ut och få 
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rätsida på saker. Ni har påmint mig om vad som viktigast här i livet och fått mig 
att kämpa ända till slutet. TACK! 

Annelie, vi har varit tillsammans på det här stället sedan tidernas begynnelse 
känns det som (2006!). Vad jag är glad att jag har haft dig som medsyster i denna 
värld <3 Och du, VI FIXADE DET TILL SLUT!  

Tack Jon M, för att du ställde upp när jag behövde det som mest.    

Till det härliga doktorandgänget på EMG – ingen nämnd och ingen glömd 
men tack för alla roliga och trevliga stunder vi har haft tillsammans!  

Sven - TACK för ditt fantastiska omslag till den här boken och för att du är en 
sån snäll, varm och inte minst kreativ person J  

Till min roommate Helena – tack för ditt sällskap de här två sista åren, alla 
pratstunder och alla sticklingar! Förlåt för att jag inte lyckades följa med på en 
endaste konferens, vi får ta det en annan gång ;-)  

David: min trädgårdskompis i fikarummet - det kommer nog att bli en 
rhododendron för mig också någon gång i framtiden J  

Till alla som har varit inblandade i undervisningen på EMG: Kaj, Mårten, Olle, 
Mariana, Carola och Barbara – det har varit fantastiskt roligt och 
stimulerande att få undervisa på EMG, tack så mycket!  

Till alla på Umeå Marina Forskningsstation (UMF) – tack för att ni 
välkomnat mig och fått mig att känna mig som ”en i gänget”.  Jag hade nog inte 
kunnat slutföra det här om jag inte hade fått sitta ute hos er det här sista halvåret. 
Havsutsikt och dagliga kramar (Martina), kan man få det bättre!?  

Till det fantastiska fältgänget ute i Skeppsviks skärgård: Aron, 
Staffan, Mikael och Ylva. Tack för våra underbara somrar där ute i 
skärgården: alla fikaraster, diskussioner om tv-serier och inte minst, alla 
spontana sångstunder. Somrarna med er har varit de bästa i mitt liv och nu är jag 
faktiskt mer än ”half-way there” J  

Tack till min familj: Pappa som alltid ställer upp och stöttar, i alla lägen. 
Mamma – nej jag blev inte läkare, och inte doktor heller men lärare ska jag nog 
bli en gång i framtiden! Sara – min fantastiska, spirituella, goa lillasyster och 
världens bästa moster. Tack för att du har lärt mig att alltid våga vara mig själv. 
Jag älskar er <3 
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Tack till min älskade farmor – det var du som väckte mitt intresse för växter 
en gång i tiden när jag som liten fick hjälpa dig att plantera blommor, gräva i 
potatislandet och plocka jordgubbar. Tack för att du har tagit hand om mig under 
min uppväxt och för att du alltid har funnits där med varma kramar, gott fika och 
stöd.  

Till min andra familj: Hasse och Eva, Katarina och Niklas – tack för att 
ni finns där, jag är så otroligt glad att jag har er! 

Madde – min äldsta och bästa kompis. Tack för att du påmint mig om att det 
finns en annan värld utanför akademin. Du är min ”föräldraguru” och den jag 
alltid kan lita på i alla lägen. Du är bäst!  

Micke – min stöttepelare, livskamrat och bästa vän genom allt. Tänk att vi 
lyckades ta oss igenom det här också? Inget av detta hade varit möjligt utan dig, 
du är den finaste man och pappa man kan tänka sig. Älskar dig oändligt mycket.  

Arvid och Nils – busiga, härliga och fantastiska ungar! Den kärlek jag känner 
till er är obeskrivbar. Tänk att jag får vara eran mamma! Nu är mamma klar med 
den där boken om blommor så nu ska jag gå i skola och bli fröken istället. Såklart 
ska vi hinna med massa badhusbesök, legobyggande och mys också J  

Tillslut så vill jag tacka mig själv och ge mig en stor klapp på axeln. Du lyckades 
med att jonglera familjelivet, forskning och undervisning under så många, tuffa 
år och tillslut så skrev du den där uppsatsen som satt så långt inne. Det gjorde du 
bra Bettan! Nu ska du se att det ljusnar på horisonten och att ett nytt kapitel tar 
vid.    

 

”…I can’t tell where the journey will end. But I know where to start.”   

- Tim Bergling



 

 

 


