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Abstract 
 
Most life forms, including plants, are more or less susceptible to infection by pathogens. 
Whereas plant-pathogen interactions are well studied in human-managed systems they are 
less known in natural ecosystems. In this thesis the interactions between the sterilising 
anther-smut fungus Microbotryum silenes-dioicae and the host plant Silene dioica were 
studied in natural habitats in the Skeppsvik archipelago in northern Sweden. The purpose 
was to study some population characteristics that can potentially influence the colonization 
of anther-smut (Microbotryum silenes-dioicae) in young Silene dioica populations. 
Specifically, it was tested whether the population age, floral-  and total density, population 
size and distances to nearest diseased populations affect incidence of disease (presence of 
disease) and prevalence of disease (proportion of diseased individuals in populations) in 
younger host populations. It was found that incidence and prevalence of disease increased 
with host population age and size. In addition, it was seen that distances to diseased 
populations could not explain incidence or prevalence of disease. These results can 
potentially be used to predict disease risk in similar plant-pathogen systems.   

 
Key words: Silene dioica, Microbotryum silenes-dioicae, neighbourhood, population age, 
Skeppsvik archipelago. 
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1. Introduction 

Nearly all plant species are affected by plant pathogens and, historically, most research has 
been conducted on pathogens with practical and economic consequences for the agricultural 
sector (Alexander 2010). Since the 1970s, however, natural plant populations have been 
studied more often, in part because of scholarly works such as Population Biology of Plants 
by John Harper (Harper 1977). This newfound interest for natural populations was due to a 
need of understanding the ecology and evolution of more complex natural systems 
(Alexander 2010). It was thought that natural populations could also serve as models for 
predicting the spread of disease in agricultural populations. In addition, natural populations 
had shown a wide span of different levels of genetic resistance towards pathogens, which 
made them interesting to study (Alexander 2010). 
 
There are several forms of plant pathogens, e.g. parasitical plants, fungi, bacteria, viruses and 
similar tiny microbes, whereas fungal infections are by far the most common (Clement 1993). 
These fungal pathogens can be spread in various ways via water, air and soil and by using 
other organisms as vectors e.g. (Alexander 2010). Typically, each fungal pathogen species has 
one dominant type of dispersal mode which is often known, and this makes it easier to 
predict the spread of pathogens (McDermott and McDonald 1993). Many fungal pathogens 
are spread from plant to plant via spores, and each pathogen has to produce an excess of 
inoculum (infectious parts of the pathogen), because only a fraction will reach another host 
(Clement 1993). At least some of the inoculum has to survive inside the host over the winter, 
should the pathogen be able to spread itself (Clement 1993). 
 
Fungal pathogens vary greatly both genetically and morphologically as well as in abundance 
and distribution, especially in natural populations. This is often the result of continuous gene 
flow that prevents the fixation of certain alleles (Clement 2004). While some pathogens are 
found in the entire distribution of its host population, others are in some cases hampered by 
unfavorable local environmental conditions, for example low temperature and moisture e.g. 
(Burdon et al. 1989), or shading (Jarosz and Burdon 1998). The latter is often the case, 
because the environmental conditions are typically not suitable for the pathogen throughout 
the distribution of the host, even in areas where the pathogen is abundant. Moreover, there 
are a multitude of factors that could potentially affect disease prevalence (proportion of 
diseased individuals) besides environmental conditions; differences, in terms of disease 
prevalence, between host populations are often due to phenotypic or genotypic variation as 
well differences in susceptibility and resistance to the pathogen (Burdon and Jarosz 1988, 
Kennedy and Barbour 1992). Similarly, pathogens can vary significantly in terms of their 
capacity to infect its host, which in turn can affect an entire host population (e.g. Burdon et 
al. 1990).  
 
There are many natural plant populations that experience gene flow from other populations 
that are isolated from them in some way. Metapopulations are spatially separated 
populations that experience gene flow between other populations, and also undergo 
extinction or recolonization events (Hanski and Gaggiotti 2004). The importance of spatial 
context when it comes to metapopulations, particularly concerning the ecology and evolution 
of plant and pathogen interactions, has become increasingly recognized (e.g. Ericson et al. 
1999, Laine and Hanski 2006). Laine and Hanski (2006) showed that close proximity to the 
source of the pathogen enabled repeated colonization events for the pathogen, and that 
increasing host population size was correlated with higher disease incidence (presence of 
disease). These effects were observed in populations up to 1 km from the source of the 
pathogen, indicating that there was substantial gene flow and spore deposition taking place.  
This means that it can be inferred that connectivity between populations can be an important 
factor for determining disease risk. This was also seen, for example, in a study by Thrall and 
Burdon (1997), who also reached the same conclusion about coupling. Connectivity can 
involve large distances between populations, as in the study by Laine and Hanski (2006), but 
not necessarily so since there can be physical barriers that prevent gene flow. The 
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environmental conditions naturally differ where each population lives, which in turn can 
significantly affect the spatiotemporal distributions of pathogens in particular (Burdon 1993). 
The length and extent of the interaction between the host and the pathogen are also 
fundamental for the evolution of the host-pathogen interaction. If the impact of the pathogen 
on its host is powerful, then it can be inferred that selection for resistance can take place, 
which in turn may reduce incidence or prevalence of disease within the host population 
(Carlsson et al. 1990). 
 
Studies of natural populations of systemic perennial parasites have shown more stable 
dynamics and persistence over several years than annual parasites, despite high turnover 
rates among perennial parasites (e.g. Thrall and Antonovics 1995). A high level of 
connectivity could increase disease incidence or prevalence, but it could also reduce disease 
prevalence (proportion of diseased individuals) within host populations (Carlsson-Granér et 
al. 2014), because it might enable host resistance to spread throughout or between 
populations, which lower disease levels in host populations. This was the case within 
modelled populations of Lychnis alpina in the study by Carlsson-Granér et al. (2014), and 
empirical data support modelled predictions (Carlsson and Thrall 2015).  
 
Studies conducted in situ, rather than computer simulations, have shown that there is 
considerable temporal and spatial stochasticity involved in natural host-pathogen 
interactions (Ericson et al. 1999). Consequently, it can be difficult to predict the spread of 
disease in natural systems in both space and time. Still, on the population level, it is expected 
that diseased populations are more common if neighbouring populations are also diseased 
(Ericson et al. 1999). Further, it has been shown that disease prevalence (proportion of 
diseased individuals) often is less variable within than between populations, e.g. Carlsson 
and Elmqvist (1992), especially for perennial parasites.  
 
Apart from the spatial population structures already mentioned there are many other factors 
that can explain disease patterns. Population age has also been shown to be associated with 
incidence of disease e.g. (Carlsson-Granér et al. 2014), i.e. older populations are more likely 
diseased. Moreover, chance events can often be significant for the spread of disease since a 
specific host population can be parasite free even though several other host populations 
nearby have a high prevalence of disease. A resistant founder population could cause this 
pattern, or if vectors did not spread the disease to a significant extent to that particular 
population. In fact, founder effects can potentially be more important for the spread of 
disease than other factors such as the proximity to the nearest diseased population. 
Moreover, colonization and extinction events can occur at frequencies and intensities that 
differ from year to year, even if neighbouring populations have not been far apart (Burdon, 
1997). For some members of the Caryophyllaceae family infected by the anther-smut, e.g. 
Silene latifolia, the disease prevalence in populations is highly distance-dependent, where 
short distances between populations increase the risk of high disease prevalence (Antonovics 
et al. 1994). This makes extinction of the parasite far more likely in isolated populations 
(Antonovics et al. 1994). 
 
The anther-smut (Microbotryum silenes-dioicae), a Basidiomycete, is a host-specific 
pathogen that makes the red campion (Silene dioica) permanently sterile, e.g. (Carlsson et al. 
1990). However, the lifespan of infected plants is still comparable to that of healthy 
individuals (Pettersson et al. 1999). The disease has an ability to potentially regulate 
population size and host-density of the red campion e.g. (Carlsson and Elmqvist 1992), which 
make this plant–pathogen interaction particularly interesting to study. It is relatively easy to 
take counts of these two species in the field, and the densities of both the host and the 
parasite are high enough to warrant long-term studies.  
 
Population fluctuations of S. dioica, both within and between populations, and patterns of 
numeric regulation and distribution of the anther-smut have been described previously in 
several studies in the Skeppsvik archipelago, northern Sweden, e.g. Carlsson and Elmqvist 
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(1992) and Carlsson-Granér (1997). According to Carlsson-Granér et al. (1998), about 70% of 
the populations in the archipelago are home to diseased S. dioica individuals. On average 
about 10% of the individuals are infected in intermediately aged (150-250 years) populations, 
and significantly lower occurrences of infection in younger and older populations have been 
seen (Carlsson et al. 1998). Observations have shown that young populations are commonly 
healthy, and also that the disease level increases with population age, size and density of the 
host (Carlsson-Granér et al. 2014). Larger patches with high density of flowers may attract 
more pollinators (Carlsson-Granér 1992) that also serve as disease vectors. This increases the 
chances for spore dispersal and infection within populations but also for infection to spread 
between populations e.g. (Carlsson-Granér 1997, Granberg 2007).  
 
Studies of S. dioica have indicated that genetic resistance to the anther-smut can have a great 
influence on disease prevalence (Carlsson-Granér and Pettersson 2005). The genetic 
resistance to the anther-smut varies between populations in different islands, and also within 
populations (e.g. Carlsson and Pettersson 2005, Granberg 2007, Carlsson-Granér et al. 
2014). Individuals within plant populations vary in levels of resistance, which may result in 
increased frequency of resistance to the parasite, which in turn might affect the densities of 
anther-smut (Carlsson et al. 1990). Thus, there are complex interactions between genetic and 
ecological factors underlying the establishment of disease in populations of S. dioica in the 
Skeppsvik archipelago (Carlsson and Elmqvist 1992). 
 
In the present thesis, islands in the Skeppsvik archipelago were used for the purpose of 
investigating the importance of some of the factors affecting disease establishment in 
younger S. dioica populations. The Skeppsvik archipelago is located in an area where new 
islands continually emerge and rise above the sea level as a result of land-uplift since the 
latest glaciation (Ericson and Wallentinus 1979). This fact makes it possible to determine the 
age of populations of S. dioica, a factor which has been shown to be associated with incidence 
of disease (Carlsson et al., 1990). Likewise, changes in the host and pathogen populations in 
the archipelago (i.e. host populations sizes and disease prevalence) have been studied since 
1985 (Carlsson and Elmqvist 1992, Carlsson-Granér et al. 2014). The young populations (<82 
years old) in this study were healthy when the studies started in 1985, although some have 
become diseased after that e.g. (Carlsson and Elmqvist 1992). It is therefore possible to 
examine characteristics that may have affected disease colonisation in populations of S. 
dioica in more detail than has been done in some previous studies due to the long time series. 
There are many potentially significant distance related characteristics that can be 
investigated in order to find correlations with increased disease incidence or prevalence. The 
distance to nearest diseased population is sometimes examined (e.g. Carlsson-Granér et al. 
2014), because the distance to the diseased population could potentially be relevant from a 
biological standpoint. This could be due to higher probabilities of increased spread of 
diseased spores over a relatively short distance, or the possibility for repeated colonization 
attempts. An aggregation of diseased individuals could also be likely to promote the spread of 
the disease to another area, which therefor is another underlying factor that could make it 
worthwhile investigating e.g. Carlsson-Granér et al. (2014).  
 
An often-preferred way of studying plant-pathogen dynamics is to remove or introduce a 
pathogen to an area and make use of controls to make comparisons between treatments 
(Harper 1990). However, this is often unpractical or unethical to do. Studying the natural 
distribution of disease prevalence, or incidence, between and within host populations as in 
the present study can still potentially provide valuable information for plant-pathogen 
systems with non-neutral genetic variation, including ones of economic importance. It is thus 
of scientific interest to continue this research in the archipelago, to see how disease 
prevalence or presence changes over time, since long time series can reveal unexpected 
fluctuations.  
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1.1 Objectives 

The purpose was to study some population characteristics that can potentially influence the 
colonization of the anther-smut (M. silenes-dioicae) in young S. dioica populations. The 
research questions were as follows:  

What impact has age, size and density of S. dioica populations on the incidence (presence of 
disease) and prevalence of disease (proportion of diseased individuals) of anther-smut in 
younger populations? 

What significance has the distance to diseased populations in the neighbourhood for the 
incidence and prevalence of anther-smut disease? 
 
 

2. Materials and Methods 

2.1 Study sites 
The data were collected in a designated area in the Skeppsvik archipelago in northern 
Sweden, situated about 20 km east of Umeå (Figure 4). The archipelago is one of the most 
extensive drumlin archipelagos in Sweden. Most of the islands consist of unsorted moraine, 
granite and gneiss, and are orientated from the north to the south, which was the direction of 
the flow of the latest inland-ice that started to melt about 10, 000 years ago (Ericson and 
Wallentinus 1979). Since the last glaciation there has been an isostatic uplift of 9 mm/year 
(Ericson and Wallentinus 1979). The age of the islands can be calculated using the formula: 
Age = (h/m) – t, where h is the height of the island, m the land uplift, and t is the average 
time for exposure and establishment of species (Carlsson et al. 1990). Once a new island rises 
above the water surface, and weathering of the bedrock and deposition of organic matter 
takes place, soil formation and primary succession can commence. In the first phases of 
colonization and succession grasses dominate the newly risen islands. Large patches of 
Dechampsia flexuosa and tall herb species are common during this stage (Carlsson et al. 
1990). Nitrogen-fixing species, i.e. Alnus incana establish themselves at an early successional 
phase. The nitrogen-fixing properties, provided by the alder stands, will increase the amount 
of nitrogen available in the soil. Islands that are 150-250 years old become more dominated 
by alder along the shorelines (Giles and Goudet 1997). When islands grow higher with age 
due to land up lift, the conditions become more suitable for establishment and growth of 
rowans (Sorbus acuparia), Norway spruce (Picea abies), and Scots pine (Pinus sylvestris) 
(Carlsson et al. 1990). The influx of species like P. sylvestris and Betula pendula decreases 
the light on the ground and also lowers the amount of nutrients available, which disfavour 
perennial plants such as red campions (Carlsson-Granér 1997). Forests in the study area are 
typically characterized by coniferous species, mainly P. abies and P. sylvestris and alder 
species, i.e. Alnus incana dominate the shorelines (Carlsson et al. 1990). The succession 
occurs at a faster rate closer to the mainland, in part because species like B. pendula, P.  
abies, P. sylvestris and Juniperus communis colonize the area more quickly. 
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Figure 1. An aerial overview of parts of the Skeppsvik archipelago. Wikipedia Commons. 

 

2.2 Study organisms 

2.2.1. Plant 

The red campion (Silene dioica, Figure 2a) is a perennial dioecious species that lives on 
disturbed, nutrient-rich soils (Kurrto 2001). It belongs to the Caryophyllaceae family, also 
known as the pink family, and is widespread in many parts of Europe, including Sweden 
(Jonsell and Karlsson 2001). S. produces several pale to dark pink flowers in early June to 
early August. Male flowers tend to be somewhat larger and they tend to flower a few days 
earlier than female flowers (Carlsson and Elmqvist 1992). Since red campions are 
predominantly outbreeding, it is in general a genetically diverse species, both in terms of 
plant morphology and isozymes (Ingvarsson and Giles 1999). Unlike many other dioecious 
plants, the S. populations in the Skeppsvik archipelago have a clearly female biased sex ratio 
(Pettersson 2009). Each plant typically becomes reproductive after 2-3 years and reaches an 
age of 5-10 years. Therefore, populations only live on each island for 20-40 generations 
before they are outcompeted by late successional species (Giles et al. 1998). Bumblebees 
(Bombus spp.) are the most common pollinators (Carlsson et al. 1998). The seeds are usually 
dispersed in August, by gravity from open capsules, and most seeds germinate in June the 
year after (Carlsson and Elmqvist, 1992).  
 
In the study area, red campions make up a part of the deciduous phase of primary succession, 
and they must continually relocate to persist (Thompson 1981). This is because the locations 
of the most suitable habitats change over time due to land uplift and plant succession. Very 
young islands can be difficult for red campions to colonize. Without the required amounts of 
nutrients and necessary soil stability, the populations cannot sustain themselves. This is an 
important reason why islands must be at least 75-150 years old, (see Carlsson-Granér (1997), 
in order for red campion populations be able to colonize them efficiently. At this age a small 
founder population of red campions is typically established, and then the population 
increases rapidly in both size and density (Carlsson et al. 1990). Typically, populations 
between 150-250 years have higher densities of S. dioica than younger and older ones) e.g. 
Carlsson-Granér 1997). Older populations experience competition from late successional 
species resulting in lower population densities, which is often due to shading by other plants. 
Young populations with low densities of S. dioica, on the other hand, are more vulnerable to 
wind-, wave- and ice-action. In this study, only younger populations were studied mainly 
because they had been known to be disease free in 1985 (Carlsson and Elmqvist 1992). They 
also tend to be more dynamic populations, than older ones, and the disease prevalence can 
change quickly with age (e.g. Carlsson and Elmqvist 1992).  
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Figure 2a and b. Healthy and diseased Silene dioica. Notice the dark discolouration of the 
anthers. Photos: 2a, Wikipedia Commons. 2b, Barbara E. Giles. 

2.2.2. Pathogen and biology of infected plants 

The anther-smut (Microbotryum silenes-dioicae) is spread via diploid teliospores. It is 
perennial like its host, and can only reproduce and disperse when the host plant flowers. 
After the parasite has undergone germination, meiosis, and conjugation the dicaryotic 
mycelia invade the host plant. If the basal meristems become infected before the winter 
season, the plant will become systemically infected and will only produce diseased flowers 
thereafter (Carlsson-Granér 1997). Figure 3 shows the life cycle of the anther-smut. 

In infected male hosts, the stamens become dark-coloured (Figure 2b) because of the fungal 
sporulation (Carlsson and Elmqvist 1992) and the flowers do not produce pollen. In infected 
female flowers, the ovaries become rudimentary, in addition to producing anthers that are 
filled with spores.  It has also been seen that female plants on average have higher disease 
prevalence than male plants (Pettersson 2009). Diseased individuals tend to flower earlier 
than healthy individuals. It is likely that it is an evolutionary adaptation of the pathogen in 
order to attract pollinators earlier than healthier plants (Giles et al. 2006). This can result in 
greater spread of the disease if the bumblebees are already “dusted” with the pathogen when 
they visit healthy individuals. No evidence of reduced competitiveness, i.e. reduced biomass 
production or biomass belowground or reduced frequency of flowering, has been found in 
diseased plants (Carlsson and Elmqvist 1992). 
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Figure 3. The life cycle of the anther-smut (Schäfer et al. 2010). The anther-smut (Microbotryum silenes-dioicae) 
is spread by pollinators. Teliospores may undergo meiosis and conjugation and then the dicaryotic mycelia invade 
the plant tissues and cause systematic infection.  

 
In the study area, presence of the anther-smut has been shown to be associated with both age 
and size of S. dioica populations (e.g. Carlsson et al. 1990, Carlsson-Granér et al. 2014). 
 
Variations in floral morphology among healthy and diseased red campions affect the 
behavioural response by pollinators, which in turn influences pollen import and export and 
hence the spread of disease within and among populations. Elmqvist et al. (1993) observed in 
an experimental study that healthy transplanted plants had both larger flowers and styles 
than a native, highly diseased, population. Transplanted healthy plants captured nine times 
more spores and four times more pollen than resident plants from the highly diseased 
population. 
 
The genetic component of the host is crucial for the resistance to the disease. Resistance can 
vary both within and between populations in the same area (Carlsson 1997, Giles et al. 2006). 
The resistance of a particular plant results from the combined effects of active and passive 
resistance (Burdon and Jarosz, 1988). Biochemical resistance is a type of active resistance, 
while phenology and morphology form the basis for the passive resistance (Burdon 1987).  An 
example of passive resistance in floral diseases like anther-smuts is unattractive flowers. This 
is a trade-off because attractive flowers attract more pollinators that could carry healthy 
pollen, just as they could be carrying diseased spores. In areas where the disease is rampant it 
is expected that there should be selection for smaller, less attractive, flowers (e.g. Elmqvist et 
al. 1993).  
 
Besides characteristics of populations (e.g. age and size), plant morphology and biochemical 
resistance, there are environmental factors, e.g. water and nutrient availability, and shading 
from other plants, that may affect prevalence of disease. These environmental factors can 
vary between populations in the same area and have been shown to affect patterns of disease 
in other systems (Burdon et al. 1989). Additionally, the genetic predisposition that some 
individuals have for developing the disease, (e.g. Giles et al. 2006), is a factor, along with 
chance events, that could potentially have a significant impact on disease incidence or 
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prevalence. However, the effects of genetic factors are beyond the scope of this study. 
 
 

2.3 Field survey 

 
The field sampling was carried out during late June and early July in 2013, at a time of the 
year when most plants flower and estimates of disease prevalence is reliable (Carlsson and 
Elmqvist 1992). The counts were taken on 19 young islands with a host population age 
between 7 and 81 years (Table 3), each of which typically had one continuous area inhabited 
by S. dioica. There were a few islands, however, for instance island no. 52, which had more 
than one distinct patch i.e. 52 and 52.5 (Figure 4).  
 
The islands, and associated S. dioica populations, were selected because of their age structure 
and location in a delimited geographical area (Figure 4). These populations had no disease in 
1985 and have been studied every second to third year since then (Carlsson and Elmqvist 
1992, Carlsson-Granér et al. 2014). The ages of the studied populations numbered lower than 
50 were retrieved from the table in Carlsson and Elmqvist (1992) and age-adjusted to the 
year 2013.  Host populations that have been established after 1990 have been assigned new 
numbers from 50 and higher (Giles and Goudet 1997, Carlsson and Giles unpubl. data).  
 
To estimate floral density and total density (including vegetative plants) in the young S. 
dioica populations included in the study, plants were counted in 1 x 1 m plots, using rulers to 
delimit each plot. In order to cover the different successional zones where S. dioica 
populations grow on the islands, the locations of the plots were selected at varying distances 
from the shoreline. About 10 plots per population were sampled, depending on the size of the 
population in question. Diseased males and females were recognized by the presence of dark-
violet, discoloured stamens. Diseased females were distinguished from diseased males by the 
presence of rudimentary ovaries. All healthy and diseased males and females and vegetative 
plants were counted in each plot. However, the smallest vegetative plants (juveniles) were 
excluded from the count. Finally, the lengths and widths of the area where S. dioica 
individuals occurred in each population were measured in order to estimate area and size of 
populations. Average adult densities (including both vegetative and flowering plants) from 
the plots multiplied by population area provided estimates of population sizes. Disease 
prevalence was calculated by adding the number of flowering infected individuals and 
dividing it by the total number of all flowering plants in each population. The estimates for 
the number of diseased individuals in each population were calculated based on the average 
for all plots. 
 
To be able to examine whether distances to diseased populations affect the probability of 
finding infected individuals in the studied populations, population data from a previous 
study in 2008 were also used (Table 5). In 2008, the density of flowering plants and the 
disease prevalence were estimated in a similar way as in present study but on a larger sub-set 
of populations (Prouillet-Leplat unpublished data) in the studied geographical area than in 
the present study. In the 2013 study only populations younger than 82 years were included.  
 
The software ArcGIS 10 was used to create an interactive map of the archipelago, to locate 
populations, and to measure the distances between all populations in the subset of the 
archipelago where the study was performed. For most of the islands, the GPS coordinates for 
the midpoints were retrieved using values compiled in 2008 by Prouillet-Leplat (unpublished 
data). The remaining location coordinates, mostly for the 2013 data, were pinpointed by 
using ArcGIS 10. This was done by using a GIS-map over the area provided by the Swedish 
University of Agricultural Sciences. The GPS coordinates were then converted to the ArcGIS 
10 compatible SWEREF 99 TM format using an online converter.  
The distances between all the populations were measured using ArcGIS 10 and the built-in 
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“measure” tool. 
 

 

 

 

 
Figure 4. The map shows the locations of all S. dioica populations in the study area located in the Skeppsvik 
archipelago. The younger (<82years) populations that were in focus in this study are marked with crosshairs. 
Green symbols indicate healthy populations and red figures symbolize diseased populations. The black crosses 
indicate populations with a disease prevalence of >0.1. The large island in the upper-left is Hästskäret. 

 

2.4 Statistics 
 

The data were processed using the statistical software R. For all tests (normality, variance, 
Mann-Whitney's rank sum tests, Spearman’s rank coefficient correlation tests) the level for 
statistical significance was set at p=0.05. The data concerning population age, floral density, 
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total density and population size were only based on the 2013 data. 
 
First, it was tested whether the age, floral and total density and size (number of individuals in 
total) differ between populations that have become diseased during the years since 1985 and 
populations that have remained healthy. Then the characteristics were tested to determine if 
they were correlated with prevalence (proportion of diseased individuals). 
 
To test whether the distances to diseased populations in the neighborhood affect incidence 
and prevalence of disease in younger populations, two different estimates of disease 
neighborhood were used. First the distance to nearest diseased population was tested. 
Second, because the spore load is probably higher from populations with higher disease 
prevalence, the effect of distance to populations with a disease prevalence >0.1 was also 
tested. 
 
Mann-Whitney’s rank sums tests were used for all of the characteristics in Table 3. This was 
done because the data showed unequal variance and were not normally distributed. The 
impact of the characteristics (Table 3, Table 4) on the prevalence of disease was tested with 
Spearman’s rank correlation test. These tests were chosen because they are conservative and 
suitable when n is low (Hawkins 2009).  

3. Results 

 

Seven out of 19 populations sampled 2013 were diseased (Table 1 and 2). Disease prevalence 
(the proportion of in diseased individuals) varied between populations but it never exceeded 
17% in any of the studied populations. Incidence of disease (presence of infected individuals) 
in the young populations studied in 2013 was significantly associated with population age 
and host population size (Table 3). The mean age of 51 years for the diseased populations was 
about twice as high as for the healthy populations, and the difference was statistically 
significant (p=0.043, U=18). Diseased populations were also on average more than three 
times larger than healthy populations (Table 3). The mean of total density (22 individuals per 
m2) and floral density (9 individuals per m2) for the healthy populations compared to 26 and 
11 individuals per m2 for the diseased populations respectively were not significantly different 
(Table 3). The mean distances for healthy and diseased populations to the nearest diseased 
population were 422 and 591 m, respectively. The mean distances for healthy and diseased 
populations to the nearest population with a disease prevalence >0.1 were 1011 and 982 m 
respectively. None of these characteristics regarding distances to other populations differed 
significantly between healthy and diseased populations (Table 4).  
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Table 1. Host population age, floral density, total density, disease prevalence and size data for 2013. The table is 
sorted by increasing population age. 
 

Population 
 

Pop. age 
(2013) 

Floral density 
(m2) 2013 

Total 
density 

(m2) 2013 
Prevalence 

(2013) 
Population 
size (no.) 

52.5 7 3.2 24.0 0.000 96 

62 13 10.9 31.2 0.000 4677 

60 20 3.8 9.8 0.033 351 

110 20 7.3 13.2 0.000 1809 

57 25 11.3 17.3 0.000 1427 

59 27 10.4 27.3 0.004 8328 

1 28 12.3 28.9 0.000 2365 

2 28 9.2 18.6 0.000 4066 

52 28 12.1 26.9 0.000 2895 

55 28 2.6 6.4 0.000 397 

53-N 28 7.0 14.8 0.000 242 

53-S  28 2.3 7.7 0.000 254 

51 31 9.5 27.5 0.000 3939 

5-E 36 17.0 47.2 0.000 7250 

5-W 36 12.8 29.0 0.137 21750 

6 54 19.2 40.0 0.005 5161 

8 62 10.6 31.0 0.085 14030 

12 76 7.4 21.7 0.162 8073 

13 81 10.0 23.5 0.008 5264 
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Table 2. Populations sampled in 2013 with associated disease prevalence, distance to nearest diseased population 
(healthy and diseased populations separately) and the distance to nearest diseased population with a disease 
prevalence of >0.1. Within parentheses are the relevant populations to which distances were measured in meters.  

 

Population 

Distance to 
nearest 
diseased 
population  

 
Distance to 
nearest 
population 
(prevalence 
>0.1) 

1 168(59) 706(5-W) 

2 427(13) 643(26b) 

5-E 39(5-W) 39(5-W) 

5-W 544(6) 1026(23) 

6 367(8) 547(5-W) 

8 367(6) 661(5-W) 

12 513(41) 513(41) 

13 156(26a) 230(26b) 

52.5 74(8) 626(5-W) 

59* 228(36) 544(5-W) 

60 54(22) 566(23) 

62 182(8) 614(5-W) 

110 164(16) 550(23) 

57 307(16) 503(5-W) 

51 252(36) 845(5-W) 

53-N 640(27) 640(27) 

53-S 599(27) 599(27) 

52 78(8) 631(5-W) 

55 263(26b) 263(26b) 
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Table 3. Characteristics of S. dioica populations in 2013 with means and standard errors for healthy and diseased 
populations, with Mann-Whitney's rank sum tests statistics (Z), and associated p-values. “Ind.” is an abbreviation 
for individuals. 
 

Characteristic Healthy (n=12) Diseased (n=7) 

Test 
statistic 
(Z) p-value 

Age  25.00 ± 2.31 50.86 ± 9.02 2.02 0.043 

Total density (ind. per m2) 21.975 ± 3.30 26.04 ± 3.51 0.88 0.375 
Floral density (ind. per m2) 8.73 ± 1.29 10.6 ± 1.80 0.80 0.422 
Host population size (ind.) 2451.42 ± 639.27 8993.86 ± 2639.78 2.58 0.009 
     

 
 
Table 4. Characteristics of S. dioica populations (estimates of neighborhood) with means and standard errors for 
healthy and diseased populations, with Mann-Whitney's rank sum tests statistics (U), and associated p-values.  

 

Characteristic Healthy (n=12) Diseased (n=7) 
Test 
statistic p-value 

Distance to the nearest diseased pop. 
(m) 

421.83 ±  114.81 590.86 ± 98.945  U= 24 0.139 

Distance to the nearest diseased  
population with Prev.>0.1 (m) 

1010.58 ± 190.36 981.71 ± 175.71 U = 44 0.899 

     
 
 
Of the population characteristics in focus in this study (Table 3 and 4) only host population 
age and size were correlated with the prevalence of disease in populations (Figure 5 and 6). 
The prevalence of disease in 2013 (Figure 5) and population age was significantly correlated 
(Spearman’s rank correlation test, p=0.019 r=0.53, N=19). Host population size was 
significantly correlated with disease prevalence (Figure 6, Spearman’s rank correlation test, 
p=0.004, r=0.62, N=19). 
 
 

 
 
Figure 5. The relationship between disease prevalence (%) in populations of S. dioica and estimated population 
age in 2013 (N= 19).  
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Figure 6. The relationship between disease prevalence (%) in populations of S. dioica and population age in 2013 
(N=19). 
 

4. Discussion 

 
The purpose of this study was to investigate population characteristics that may influence 
colonization of the anther-smut disease (M. Silenes-dioicae) in young S. dioica populations 
in the Skeppsvik archipelago. The objectives of the study were to answer the following 
questions: what impact has population age, size and density of the host on the incidence and 
prevalence of anther-smut on the young islands? What significance has the distance to the 
nearest diseased population and the distance to nearest population with anther-smut 
prevalence of >0.1, for the incidence and prevalence of anther-smut disease? Patterns and 
changes of anther-smut disease have been studied regularly in this area since 1985. Since 
then both the host and the pathogen have colonized new islands. This provides opportunities 
for investigating factors that may affect colonization of the anther-smut in younger host 
populations that were healthy when the studies started. 
 
Among the populations that were healthy in 1985, disease incidence (presence of disease) 
was significantly affected by population age (p=0.043, Z=2.03). Thus, older populations were 
more likely to be diseased, a trend that was also found in Carlsson et al. (1990) including data 
from all S. dioica populations in the Skeppsvik archipelago. However, previous studies of 
anther-smut disease in the Skeppsvik archipelago contained no detailed data on colonization 
of the anther-smut disease in formerly healthy S. dioica populations. That population age 
affects incidence and prevalence of disease is understandable because population age is 
correlated with the island height above the sea level, which affects the incidence and 
distribution of many species not just S. dioica and its parasite. Moreover, sufficient spore 
dispersal and establishment might take some time, meaning that the youngest populations 
may not have been exposed to diseased spores from other populations to a significant extent. 
The probability of exposure to the disease is largely dependent on relatively high densities of 
S. dioica in the first place (Carlsson et al. 2014). In general, S. dioica populations of 
intermediate age (150-250 years) are most often infected, which coincides with higher 
densities of the hosts (Carlsson and Elmqvist 1992). The relatively young ages of the host 
populations in this study can explain why only seven out of the 19 populations were diseased. 
In host populations that were older than 300 years, it has not been seen that disease 
incidence was associated with increased age (Carlsson et al. 1990). This is understandable 
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because there are not many plants left in the older populations, diseased or not.  
 
In this study, disease incidence was not related to total density or floral density (p=0.375, 
Z=0.88 and p=0.422, Z=0.8 respectively). This does not fit with the findings of Abbate and 
Antonovics (2014) in their studies of anther-smut diseased populations of Silene vulgaris. 
Host density can be expected to be associated with host population size since the population 
size is calculated in part based on the host density. Therefore, the results for host population 
density in the present study were unexpected, which could be due to the relatively limited 
amount of data. Host population size, however, was even more significant than population 
age for the incidence of disease (p=0.009, Z=2.58).  It has been shown that large plant 
populations are often denser and more attractive to pollinators than smaller populations, and 
this can lead to higher disease prevalence (Carlsson-Granér et al. 2014). Mustajärvi et al. 
(2001) studied Lychnis viscaria, and its pollinator, and found that bumblebees had longer 
visitation times in smaller populations because they tended to have larger clusters of flowers 
(inflorescences) per plant. The bumblebees still preferred larger populations, which leads to 
shorter flight times between plants. If the same is true for S. dioica it can explain why host 
population size was associated with disease prevalence in the present study. Studies of other 
plant-pathogen interactions have shown similar results concerning disease incidence and 
host population size. For instance, Ericson et al. (1999) studied Valeriana salina and its 
associated parasite in a setting similar to the Skeppsvik archipelago, and found that disease 
incidence was related to host population size. Moreover, disease incidence was also related to 
the proximity of diseased populations.  In the present study, the distance to the nearest 
diseased population was not significant for disease incidence (p=0.139, U=24). This lack of a 
significant result could be due to differences between perennial and annual plants in terms of 
fungal life cycles and dispersal modes, and the scales studied when compared to the study by 
Ericson et al. (1999). In an experimental study of S. latifolia by Antonovics and Alexander 
(1992), concerning the distance to the nearest diseased individual, among other things, it was 
shown that there was no association between the distance to the nearest diseased individual 
and prevalence of disease. However, in comparison with the study by Laine and Hanski 
(2006), the spread of disease between perennial plants over certain distances are not always 
comparable because the vector of the disease can be more important in some cases than 
others. 
 

In the present study, the distance to the nearest diseased population, with a prevalence >0.1, 
could not explain the presence of disease (p=0.899, U=49). Hence, there was no association 
with the distance to the nearest diseased host population with a high proportion of diseased 
individuals and disease incidence. From 2008 to 2013, the number of young host populations 
with a disease prevalence of more than 0.1 had increased. Five years is evidently enough time 
for the levels of disease prevalence to change for specific populations, in this case populations 
5-W, 6 and 13 (Appendix I). It is possible that the data set was too limited to produce 
statistically significant results concerning the distance related data. An alternative 
explanation is that distances to other populations are not appropriate indicators of incidence 
or prevalence of disease in this study area. This fits with Carlsson and Elmqvist (1992), who 
compared the distances to nearest diseased population, for healthy and diseased populations, 
and found that they did not differ. Another way to study the aspect of distances between 
populations could be to regard certain host populations as part of different groups of 
populations (e.g. Burdon et al. 1989, Carlsson-Granér et al. 2014). For instance, it might be 
reasonable to assume that host populations that are located along the direction of the 
prevailing wind may have greater exchange of genes between each other than with other 
populations in the area that are located to the east or the west (Giles and Goudet 1997, 
Carlsson-Granér et al. 2014). These host populations would then be regarded as groups of 
populations and treated separately. Distances would be measured to the nearest diseased 
population in the nearest relevant group. Potentially, this could be a more realistic method to 
understand disease distribution in the archipelago.  
 
Apart from the characteristics in Table 3 and 4, resistance to the pathogen could play an 
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important role when it comes to disease incidence or prevalence, although this was not 
investigated in this study. For example, it can be deduced that resistance can be costly in 
terms of fitness, e.g. small flowers are more seldom visited by pollinators. Moreover, chance 
events can have large influences on resistance and patterns of disease in populations, for 
instance when a population or small group of highly resistant or highly vulnerable individuals 
arrives (Granberg 2007, Carlsson-Granér and Pettersson 2005). This type of event could 
override all of the other factors in this study that might affect disease incidence or prevalence. 
These types of events could lead to the formation of new populations or significantly alter the 
genetic composition of existing ones. The aforementioned experimental study by Antonovics 
and Alexander (1992) showed that the level of disease in S. latifolia is more dependent on 
frequency-dependent transmission than density-dependent transmission. In a system with 
frequency-dependent transmission, the spread of disease depends on increased frequency 
but not density of pollen donors (pollinators). In Alexander (1992) this happened because 
pollinators adjusted their flight distances in populations where the densities of diseased 
individuals were high. If the same holds for S. dioica, this would indicate that an analysis of 
frequency vs. presence of disease could be beneficial, even though density and frequency are 
often correlated. For future studies it would also be interesting to look at distance data in 
combination with the genetic traits of the host species, as it relates to vulnerability towards 
the anther-smut. It could be that distances to other diseased populations are less important 
than the genetic susceptibility of the host, or that it is just one of many factors that may affect 
disease prevalence. Not only resistance, and the distance to nearest diseased population, but 
also floral density, sex ratios and frequency of disease etc. can vary between populations as 
discussed in Carlsson-Granér and Pettersson (2005).  
 
In conclusion, both incidence and prevalence of disease were significantly associated with 
population age and host population size. This knowledge can potentially be used to predict 
the development of outbreaks of disease, and enable managers to handle them appropriately 
if needed. However, not all plant-pathogen systems are age structured, for example, like the 
plant-pathogen system in this thesis (e.g. Antonovics 2004). Therefore, each plant-pathogen 
system must be viewed in its proper context, and broad generalizations should be avoided in 
order to accurately predict disease risk.  
 
The distance to diseased populations and population density were not associated with either 
disease incidence or prevalence. Further studies with more extensive sampling could 
potentially make some of these characteristics statistically significant, for example plant 
density. It may also be beneficial to regard groups of associated populations as clusters, since 
it may be a more biologically relevant way of using distance data in this context. 
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7. Appendix I 

 
Table 5. Host populations with age and disease prevalence sampled in 2013 by the present author, and in 2008 by 
Helene M. Prouillet-Leplat. NA indicates no available data. 

 

Population Population age (2013) Prevalence (2013) Prevalence (2008)  

52.5 7 0 NA 

62 13 0 0 

60 20 0.1 0.05 

110 20 0 NA 

57 25 0 0 

59 27 >0 0 

1 28 0 0 

2 28 0 0 

53-N 28 0 NA 

53-S 28 0 NA 

52 28 0 NA 

55 28 0 0 

51 31 0 0 

5-E 36 0 0 

5-W 36 0.16 0.03 

6 54 0.01 0.01 

8 62 0.09 0.1 

12 76 0.17 0.15 

13 81 0.01 0.06 
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