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Abstract 

Plant-pathogen interactions are of interest due to their impact on our economy, social welfare 
and not to mention, our environment. One important group of pathogens are the rust fungi, 
many which require two host plants to survive. In this thesis I studied patterns and effects of a 
rust disease during an outbreak by the rust fungi Puccinia paludosa on its alternate host 
Pedicularis palustris. The main targets of the study was to examine if the severity of rust 
damage varies along the water gradient of the littoral zone where P. palustris grow, moreover, 
if it depends on the distance to the primary host Carex nigra. I also examined the rust’s 
influence on the host fitness by quantifying various life history characters on P. palustris 
individuals (i.e. mortality, growth, fecundity). The outcome showed that P. palustris plants 
growing in the upper levels of the littoral zone had higher proportions of rust damage, 
indicating that soil moisture can be a determining factor for how vulnerable the plants are to 
rust infection. Also, a short distance between the host species favours a higher proportion of 
rust damage, and, in the littoral level where C. nigra dominates the vegetation, the proportion 
of rust damage on P. palustris individuals were higher. This suggests that the dispersal range 
of the rust spores are limited. Finally, P. paludosa negatively influences the fitness of the 
alternate host P. palustris as mortality is dramatically increased while growth and fecundity 
are reduced. 

 

Keywords: Rust fungi, Alternate host, Dispersal ability, Fitness effects, Aecidospores 



 

Table of contents 

1. Introduction .............................................................................................................. 1 

1.1 Plant-pathogen interactions .................................................................................. 1 

1.2 Rust fungi ...................................................................................................................... 1 

1.2.1 Environmental factors ........................................................................................... 1 

1.2.2 Dispersal ability ..................................................................................................... 2 

1.2.3 Fitness effects on hosts ........................................................................................ 2 

1.3 Field study and aim .................................................................................................. 2 

2. Method ........................................................................................................................... 3 

2.1 Study species ............................................................................................................... 3 

2.2 Study system ............................................................................................................... 4 

2.3 Field study design ..................................................................................................... 5 

2.4 Statistical analyses ................................................................................................... 6 

3. Results ............................................................................................................................ 7 

3.1 Patterns of rust damage.......................................................................................... 7 

3.3 Rust damage and the effects on fitness ............................................................ 9 

4. Discussion ................................................................................................................ 10 

4.1 Patterns of rust damage ....................................................................................... 10 

4.2 Rust damage and the effects on fitness .......................................................... 11 

4.3 Conclusion ..................................................................................................................12 

5. Acknowledgement ............................................................................................ 13 

6. References ................................................................................................................ 13 

Appendix 1 



 

1. Introduction 

 

1.1 Plant-pathogen interactions 

Plant-pathogen interactions play a major role in ecosystem dynamics. Pathogens can alter the 
fitness of their hosts, influence the life history traits and help maintain genetic diversity. The 
presence of pathogen organisms’ can ultimately shape and structure whole plant communities 
as they influence the diversity and density of plant populations and benefit succession 
processes e.g. by altering the competition between plants (Thrall and Burdon 1997, Gilbert 
2002, Burdon et al. 2006, Alexander 2010, Helfer 2013).  

The pathogen and the host plant are believed to coevolve as the plant may evolve resistance 
against the pathogen which then can respond by becoming more virulent. The intensity of 
selective pressure exerted by pathogens varies due to fluctuations in environmental factors 
(Burdon 1993, Thrall and Burdon 1997, Laine et al. 2010). Considering the aspect of climate 
change, a rising temperature is thought to increase the pathogen virulence as a result of milder 
winters and longer growing seasons in the boreal and temperate zone since there is a potential 
of an increased generation number (Alexander 2010, Helfer 2013). Climate change may also 
alter plant communities and structure which indirect affect pathogen populations. Increases 
in plant biomass can alter both morphology and nutrient flow in the plant which in turn can 
affect the host suitability for the pathogen. Another indirect effect might be an alteration of 
competition in plant communities, resulting in changed dynamics for both host and pathogen 
(Burdon et al. 2006). 

 

1.2 Rust fungi 

There has long been an interest in plant-pathogen interactions, especially in agricultural 
ecosystems since pathogens rapidly adapt to overcome resistance of host cultivars, which often 
cause epidemics difficult to control (Burdon and Thrall 2008). Some of our most problematic 
pathogens in such systems are the group of rust fungi (order Puccinales, Basidiomycota). Rust 
fungi are obligate biotrophic pathogens, infecting living plants in terrestrial ecosystems where 
they live as parasites, using the resources of the plant host. Many rusts require two host species 
to allow the process of sexual reproduction to complete their life cycle. The life cycle of rusts 
are complex as they produce up to five different types of spores; uredinio-, telio-, basidio-, 
pycnio- and aecidiospores (Appendix 1) (Wilson and Henderson 1966). To improve future 
management methods and gain more knowledge regarding these complex organisms they 
ought to be studied in natural systems as well (Alexander 2010). 

 

1.2.1 Environmental factors 

The most important environmental factors altering the distribution of pathogens on a spatial 
scale are temperature and moisture (Burdon 1987, More-Landecker 1996). The latter is of 
critical value especially in the stage of host alternation in rust fungi and both factors have a 
direct effect on rust survival. Furthermore, when the rust penetrates the plant tissues they can 
cause an increase of transpiration and a reduction in photosynthesis- and respiration rates in 
its hosts, which can lead to water stress for the plant (Ayres 1978, Paul and Ayres 1987a, More-
Landecker 1996). During drought, infected plants can have a competitive disadvantage 
compared to healthy plants and rust damage is more severe in environments where water is 
limited (Paul and Ayres 1987a). 
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1.2.2 Dispersal ability 

Rust spore types have various potential for dispersal and the dispersal range also differs 
between species. Spores dispersed by wind are restricted as distance and tall vegetation reduce 
the potential distribution (Wilson and Henderson 1966). The dispersal of the aecidiospores is 
often more limited due to their relatively large size, not spreading more than a few tens of 
metres and the aecidiospores of the majority of rust species do not spread further than 
approximately 400 meters from the alternate host. In contrast, the basidiospores are smaller 
and have a dispersal range up to several kilometres. Basidiospores are often dependent on high 
humidity for survival (Helfer 2013). Examples are given of basidiospores of Cronartium 
ribicola that may disperse and survive up to 300 meters, while the basidiospores of 
Gymnosporangium juniper-virginianae can spread up to 1.6 kilometres (Schumann and 
D’Arcy 2012). However, Liro (1908) argue that the basidiospores of many heteroecious rusts 
have a short dispersal range of no more than 20 meters. Wennström and Eriksson (1997) made 
a greenhouse experiment where they examined the dispersal between two host species for the 
rust Gymnosporangium cornutum. They found that the rust could not survive without the 
alternate host close by and they argue that the distance between host species are of great 
importance for spore dispersal. 

 

1.2.3 Fitness effects on hosts 

Rust fungi can affect the fitness of host plants in several ways by increasing the mortality and 
decreasing the growth and fecundity of the host (e.g. Paul and Ayres 1987b, Gilbert 2002). It 
has been shown that rusts can heavily reduce the seed production of the host (Paul and Ayres 
1987b, Mattner and Parbery 2007, Salama et al. 2010) and affect the growth due to a change 
of nutrient allocation after infection (Salama et al. 2010, Helfer 2013). Paul and Ayres (1987 b) 
found evidence that the rust can affect all these fitness characters. In their study, reduced 
growth resulted in delayed development and an increase in mortality in infected host plants 
since infected plants age more rapidly than control plants. The drastic negative effect on host 
reproduction caused by rusts was thought to be related to a reduction in biomass. 

 

1.3 Field study and aim 

The main focus of this study is the rust fungi, Puccinia paludosa. I studied P. paludosa in the 
aecidio stage of life, when it parasitizes on its alternate host Marsh lousewort, Pedicularis 
palustris after dispersal from the primary host, Carex nigra. I conducted a field study in the 
archipelago of Skeppsvik, northern Sweden during a major rust outbreak caused by P. 
paludosa. 

In the study system, P. palustris inhabit the littoral zone, where the sea water level determine 
the soil moisture content and the availability of water to the plant, which in turn can influence 
the plant interaction with P. paludosa. Based on the theory that moisture is an important 
component for rusts to thrive (Paul and Ayres 1987a, Moore-Landecker 1996) I intend to 
investigate if the proportion of rust damage varies along the water gradient where P. palustris 
grows. I also mean to test the assumption that the spatial distribution of the host species is 
important for successful dispersal of the rust (Wennström and Eriksson 1997). I expect the 
proportion of rust damage on P. palustris individuals to increase when the distance between 
the host species decrease. Moreover, because rust infection is assumed to alter host fitness (e.g. 
Jarosz and Davelos 1995, Salama et al. 2010), I quantified various characters that potentially 
determine the fitness of P. palustris plants. I expect mortality to increase while growth and 
fecundity is reduced as a response to the proportion of rust damage.  
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I aim to answer if;  

1) The damage of rust, P. paludosa, on P. palustris differs between the levels of the littoral zone 
where P. palustris grow. 

2) The damage of rust is influenced by the distance between the two host plants P. palustris 
and Common sedge, Carex nigra. 

3) The damage of rust influences the fitness of P. palustris. 

 

 

2. Method 

 

2.1 Study species 

The rust fungi, Puccinia paludosa (Plowr., 1889) is biotrophic and heteroecious, i.e. require 
two host species to complete the life cycle. It is specialized in its choice of host species and 
belongs to the group of rusts infecting a primary host in the genus Carex i.e. Carex nigra. Like 
closely related rusts, P. paludosa produces five different spore types (Wilson and Henderson 
1966) (Appendix 1). 

In the primary host, the rust produces urediniospores which can multiply several generations 
in one season (asexually). In late season, teliospores are produced which enable the rust to 
overwinter in a colder climate. In spring the teliospores undergo meiosis resulting in haploid 
basidiospores that disperse by wind and invade the alternate host, P. palustris (Wilson and 
Henderson 1966). The teliospores may disperse by water attached to drift with loosened parts 
of the plant and is thought to travel longer distances than the basidiospores (dispersed by 
wind) that have a dispersal range no wider than 5-10 m from C. nigra plants (Liro 1908). 

Once attached to the alternate host, the basidospores germinate and the hyphae produces 
pycniospores which in turn fertilize nearby compatible hyphae. The fertilized hyphae grows 
and a structure called aecidium produces aecidiospores. The aecidiospores disperse to the 
primary host where urediniospores once more are produced (Wilson and Henderson 1966) 
(Appendix 1). The alternation of host plant occurs in spring and late summer. Once the 
alternate host, Pedicularis palustris, is infected, the aecidia often cause a swelling and 
deformation of the stems and petioles of the host (Wilson and Henderson 1966). 

The primary host Carex nigra, and the alternate host Pedicularis palustris, are often found in 
the same area, both species are well adapted to moist conditions (Mossberg and Stenberg 
2010). The latter is a biennial herb found in fens and moist meadow vegetation. Due to 
increased land use and loss of habitat, the plant has become rarer in Europe (Karrenberg and 
Jensen 2000, Rosenthal and Fink 1996), however, not in Sweden. In a study by Waites (2005) 
they show that P. palustris individuals produced on average 30.6 flowers and 247 seeds per 
plant in the area where present study takes place. Karrenberg and Jensen (2000) mention that 
it can occasionally produce up to 300 flowers per plant. In the study area P. palustris flowers 
in June and July and the fruits mature approximately one month after flowering (Waites 
2005). 
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2.2 Study system 

The study was conducted in the Skeppsvik archipelago in northern Sweden (63°47’N, 20°37’E). 
The archipelago is under isostatic rebound and as a part of the Gulf of Bothnia, the sea water 
is non-tidal. Instead, the sea level is regulated by seasonal changes governed by hydrological 
and meteorological factors such as wind and high and low atmospheric pressure (Ericson and 
Wallentinus 1979). 

The field study included two P. palustris populations (fig. 1). They inhabit the shore meadow 
in the littoral zone, the area between high water-level and extreme low water-level. The littoral 
can be divided into levels depending on how frequently they are inundated by sea water. The 
geolittoral i.e. the area situated above annual mean water level and the hydrolittoral i.e. the 
area situated below the annual mean water level (Ericson and Wallentinus 1979). P. palustris 
inhabit both the geolittoral and hydrolittoral. In the present study I further divided the 
geolittoral into two levels according to dominating vegetation and presence of sea water: 1) the 
middle geolittoral is rarely submerged by sea water and is dominated by the primary host 
species C. nigra (var. recta), 2) the lower geolittoral zone, to which the sea level rises more 
frequently and species such as Agrostis gigantea, and Juncus gerardii are more dominant. 
The hydrolittoral is often inudated by sea water for longer periods and the vegetation is 
dominated by more water tolerant species, e.g. Eleocharis uniglumis (Ericson and Wallentinus 
1979). Thus, P. palustris inhabit all three levels. 

 

 

Figure 1. The field study was conducted in the archipelago of Skeppsvik, northern Sweden. The two Pedicularis 
palustris populations studied are marked on the map. 
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2.3 Field study design 

In July (3rd-4th), when P. palustris is in early bloom, altogether 320 plants were selected in the 
two study sites depending on where P. palustris grow in the littoral zone. To investigate if the 
proportion of rust damage differs between the littoral levels where P. palustris grow and 
location sites, I randomly selected and marked 60 plants in the middle geolittoral, 60 plants in 
the lower geolittoral and another 40 plants in the hydrolittoral giving 160 plants at each site. 
The damage of the rust on marked individuals was measured as the proportion of the plant 
covered with aecidiospores. The aecidiospores are seen on the aecidia which appear as round-
like structures on the stems, petioles and if highly infected, other parts of the plant if the plant 
is highly infected (fig. 3). To determine if the distance between host species affect the 
proportion of rust damage on P. palustris I measured the distance between all marked P. 
palustris individuals to the closest C. nigra individual. 

Fungal pathogen can affect the fitness of the host plants in several ways by increasing the 
mortality and decreasing the growth and fecundity (e.g. Paul and Ayres 1987b, Gilbert 2002). 
To examine if the rust damage has an effect on the fitness of P. palustris individuals I studied 
the following life history traits; mortality, growth and fecundity. To get an estimation of 
individual growth, the height of all 320 plants was measured. Regarding the issue of mortality, 
I declared the status of a subset of the marked plants (240 plants) as plants in the hydrolittoral 
was not used when quantifying fitness characters; dead or alive on the basis of the presence of 
green living tissues left on the plant in the stage of late flowering (24th-25th of July). 

Furthermore, to quantify the fecundity I counted the number of flowers, seeds pods and seeds 
per pod on the subset of 240 P. palustris individuals. In the field I counted all flowers and seed 
pods from the bottom to the top of the individual. Depending on the development stage of the 
seed pods, they either appear in green colour with a closed capsule wall (fig. 2) or as brown 
when they mature and opens, exploiting the seeds. The 240 individuals were harvested and 
put in paper bags and transported to the lab where the remaining quantifications was made. 
To estimate the total seed production per plant, I counted the seeds from a maximum of five 
pods per plant (1st-3rd of Sep.) and I also documented if the seeds were predated or not. This 
was done to assess if seed predation is correlated to rust damage. The average number of seeds 
per pod was then multiplied with the number of pods each individual possessed to achieve the 
total seed production per plant. Finally, to determine if the rust damage affect seed quality, 
seed weight was determined on a subset of the plants selected according to its cover of 
aecidiospores; four plants with low percentage- and four plants with high percentage of rust 
damage. From each plant ten randomly selected seeds where weighed. 

Figure 2. The stage of the life cycle when Puccinia paludosa produce aecidiospores on the alternate host. To the left, 
the aecidia cause the plant stem to swell and deform. The spores appear on small round-shaped structures called 
aecidia on the stem of Pedicularis palustris. To the right, young seed pods not yet mature (Photo: Sarah Lundgren 
2014). 
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2.4 Statistical analyses 

I used a multiple regression analysis to test if the proportion of rust damage on P. palustris 
individuals differs between littoral levels-, and sites (categorical data), and is correlated to the 
distance to the primary host C. nigra (numerical data). Rust damage, i.e. the proportion of 
aecidiospores covering individual host plants, were arcsine square root transformed and the 
distance between host plants were logtransformed to meet the assumptions of normality. 

To evaluate if the proportion of rust damage affect mortality of P. palustris plants, the observed 
rust damage was first categorized into for damage classes; 0-10, 10-50, 50-80 and 80-100% of 
the plant covered by the spores (fig. 3). A Chi-square test was then performed to test if the 
proportion of plants that were alive or dead differ between the different damage classes. 

Spearman rank correlation tests were used to test whether the proportion of rust damage has 
a negative effect on the other measured fitness characters, i.e. height, number of flowers, 
number of pods, number of seeds per pods and the total number of seeds of P. palustris 
individuals. The data set did not meet the assumptions of normality, why this test was deemed 
more accurate.  

I used nested ANOVA to test if seed weights differ between plants with high damage; 40-80 % 
and low damage; 0-10% covered by the rust (the weight of single seeds nested within individual 
plant). All statistical analysis was performed by using NCSS, version 9.0.11 (Hinze 2013), while 
data was handled using Microsoft Office Excel 2013. 

 

 

Figure 3. The distribution of rust damage on P. palustris, according to damage classes (n=320). 
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3. Results 

Of the total 320 plants that were marked, 33 % had more than 50 % coverage of rust 
aecidiospores (fig. 3). Five percent of the plants did not show any disease symptoms, while 1.3 
% of the plants had the observed maximum of 90 % coverage of aecidiospores. 

 

3.1 Patterns of rust damage 

The multiple regression analysis, using data from 320 individuals, showed that the proportion 
of rust damage differed between plants inhabiting different levels of the littoral zone and 
location sites. The rust, P. paludosa, have a higher proportion of aecidiospores on P. palustris 
plants in the middle geolittoral. The damage is intermediate in the low geolittoral, and is even 
less severe in the hydrolittoral. This pattern was seen in both sites although site 2 showed 
higher rust damage levels than site 1 (fig. 4, table 1). 

Moreover, there was a negative correlation of the distance between host species and the 
proportion of rust damage (table 1). The proportion of aecidiospores on P. palustris plants was 
higher with shorter distance to the other host C. nigra (fig. 5). When the distance was greater 
than 100 cm, the proportion of rust damage was generally low with no plants showing more 
than 20 % cover of the spores (fig. 5). All in all, these three variables explained a large 
proportion of the variation observed in rust damage in the study (model R2 = 0.5571). 

 

Table 1. The results of the multiple regression on the importance of distance between host species, site and littoral 
levels on the proportion of rust damage on Pedicularis palustris. All variables tested had a R2 value of 0.5571. 
Analysis made from transformed data (see material and method for more details).  

 
 
 
 

 df Mean square F-ratio P-value 

Distance 1 1.97 31.91 <0.0001 

Site 1 2.75 44.49 <0.0001 

Littoral level 2 3.08 49.81 <0.0001 



8 

 
Figure 4. Distribution of rust damage on Pedicularis palustris in the littoral zone at studied sites; the middle 
geolittoral (MG) (n=60), the lower geolittoral (LG) (n=60) and the hydrolittoral (H) (n=40). The boxes represent 
50 % of the sample values; above the median, 25 % of the sample have values below the third quartile (top border 
of the box) and below the median, 25 % are above the first quartile (bottom border of the box). The whiskers 
represent remaining sample values. 

 

 

Figure 5. The relationship between the distance to closest C. nigra neighbour and the proportion of rust damage of 
Pedicularis palustris individuals (n = 320). 
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3.3 Rust damage and the effects on fitness 

The results from the Chi-square test showed that the mortality of P. palustris was higher 
among hosts that had higher proportions of rust damage (Χ2 = 91.7526, df = 3,  
P = 0.0000) (fig. 6). 

 

 

Figure 6. The distribution of dead and alive plants in each damage class at the end of reproduction for P. palustris 
(n = 240). 

 

The marked P. palustris individuals produced on average 31 flowers. Moreover, 22.5 % of the 
individuals continued their reproductive process and produced on average 212 seeds per plant 
(table 2). When the plants produced seeds, they became targets of seed predating organisms, 
and 78 % of the P. palustris individuals that produced seeds showed sign of seed predation. 
However, the level of rust did not differ between predated a nonpredated plants (T-test, T = 
1.69 P = 0.09592) with an average of 12.3 % ± 1.7 of rust damage on predated individuals (n=57) 
and 18.5 % ± 3.9 of average rust damage on nonpredated individuals (n=15). 

 

Table 2. Fitness characters; growth measurement of height and fecundity measurements, i.e. number of flowers- 
seed pods- and seeds that Pedicularis palustris produced in the summer 2014, with mean values ±SE. 
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 Site 1 Site 2 Total 

Flowers per plant 33.7±2.0 28.1±1.6 30.9±1.3 

Seed pods per plant 22.8±2.0 25.7±3.1 23.2±0.9 

Seeds per plant 206.9±26.3 242.0±63.9 211.7±24.2 

Seeds per pod 8.3±3.1 8.0±2.1 8.2±3.0 
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0.05, P = 0.84). Hence, this argues that the rust does not have an effect on seed weights of P. 
palustris. 

There was also a negative correlation between height of the host plant and the severity of rust 
damage (table 3). Furthermore, the height of P. Palustris differ between the littoral levels 
(ANOVA, F2,317 = 65.78, P = 0.000000). Plants of smaller size grow in the middle geolittoral, 
intermediate in the lower geolittoral and plants of larger size grow in the hydrolittoral (table 
4). 

 

Table 3. Spearman rank correlation tests indicate how various fitness characters of Pedicularis palustris are affected 
by the proportion of rust damage. 

 

Table 4. The height of Pedicularis palustris individuals in the middle geolittoral (MG) (n=120), lower geolittoral 
(LG) (n=120) and the hydrolittoral (H) (n=80), based on mean values ±SE. 

 

 

4. Discussion 

In the summer of 2014, the outbreak of the rust P. paludosa gave me a unique opportunity to 
investigate this rarely studied rust and how it interacts with its alternate host species P. 
palustris. The results show that the distance to the primary host C. nigra but also the littoral 
level where P. palustris grow influence the patterns of disease. Moreover, the rust clearly 
decreases the fitness of infected hosts. Because studies of natural pathogen-plant interactions 
are still relatively limited (Alexander 2010), the results in present study is important not only 
for this particular rust-plant interaction, but also for increasing the knowledge of rust-plant 
interactions in general. 

 

4.1 Patterns of rust damage 

My results show that the proportion of P. paludosa damage increases on P. palustris 
individuals when the distance between P. palustris and C. nigra decreases (table 1). This 
suggests that a close distance between the hosts increases the potential of a successful dispersal 
and infection of the rust (fig. 4). In agreement with the studies by Liro (1908), this may indicate 
that the basidiospores have a short dispersal range. However, to confirm this pattern of 
dispersal, both basidiospores and aecidiospores should be investigated in future studies. 

 Rs P-value 

Height -0.41 <0.0001 

Flowers 0.01 0.8682 

Seed pods -0.66 <0.0001 

Average number of seeds -0.52 <0.0001 

Number of seeds  -0.46  <0.0001 

 MG LG H Total 

Height 27.0±0.5 32.3±0.5 38.6±1.2 31.9±0.5 
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The results in the present study also showed that the proportion of rust damage vary among 
the inhabited littoral levels where P. palustris grow (table 1). The rust damage was more severe 
in the middle geolittoral (fig. 4) compared to the lower geolittoral and the hydrolittoral. In the 
summer the water levels rarely reaches the middle geolittoral and the soil is normally drier 
than the lower levels which are inundated more frequently. When the rust penetrates the plant 
tissues, the transpiration increases and this can in turn lead to a decreased photosynthesis and 
respiration rate in the plant (Paul and Ayres 1987 a). From the point of view of the rust, this 
argues that P. paludosa has an advantage over the host in drier conditions if the plant struggles 
for obtaining water, making the plant more vulnerable to the rust. The water gradient along 
the littoral zone, with drier conditions in the upper levels, suggests that soil moisture content 
is important for the proportion of rust aecidiospores in P. palustris plants. Since C. nigra is 
more frequently occurring in the middle geolittoral (see method for more details), it strongly 
suggests that the water availability combined with the distance between the hosts are likely 
factors that determine the proportion of the rust on P. palustris individuals. 

The proportion of rust damage on P. palustris individuals differed between the two studied 
host populations. From my results it is not possible to say why this is so. However, other studies 
have shown that competition in more dens plant populations can result in higher disease levels 
due to reduced defence systems and increased susceptibility to infection (Gilbert 2002). 
Moreover, in spatially structured populations such as those of P. palustris in the archipelago, 
populations may vary in genetic and resistance structure which can affect the disease levels 
(Burdon et al. 2014). There might also be other biotic and abiotic parameters that resulted in 
the higher level of disease in site 2 (fig. 4). 

The rust outbreak this summer was extreme with a severity above normal levels of infection 
(Ericson pers. com.). Seasonal weather conditions can have a large influence on rust-host 
interactions (Helfer 2013), and it might be that the weather condition in 2014 was favourable 
to P. paludosa. According to weather data from the Swedish Meteorological and Hydrological 
Institute, SMHI, the spring arrived approximately one month earlier than normal with 
temperatures above average (SMHI 2014). A period of high atmospheric pressure in spring, 
followed by a low sea water level may be one factor that provided a favourable environment for 
the rust. The shallow water in the shore meadow warmed up fast and the increased 
temperature may have benefited the production of basidiospores in the primary host C. nigra 
which then could spread and infect P. palustris (appendix 1). July was then very warm with 
low precipitation in the study area and water stress may have made P. palustris plants more 
vulnerable to the rust. Although years with epidemics of the rust may be unusual, extreme 
years may have a large impact on the long-term dynamics of host-pathogen interactions. 

 

4.2 Rust damage and the effects on fitness 

Results from my study imply that mortality of P. palustris increases with higher proportions 
of rust damage (fig. 5). In natural systems, where the seeds of one year’s generation is the future 
of the next (Alexander 2010), an increase in the mortality of biennial plants can be devastating. 
In the evolutionary aspect, an increased mortality of the host could increase the mortality of 
the rust itself as the rust cannot survive without the host. Once again, I would like to refer to 
the issue of climate change; if rust outbreaks such as the one in present study become more 
frequent in natural systems, it may alter the dynamics of the interaction between pathogen and 
host. 

The increased mortality may be a result of a reduced growth rate as it makes the host die in a 
faster rate (Paul and Ayres 1987 b). In the present study system, the stem height was negatively 
correlated to proportion of rust damage, as expected (table 3). Possible factors regulating the 
stem height, i.e. growth, is the availability of soil water, nutrients and plant competition (Ayres 
1978). A changed allocation of nutrients can lead to a reduced growth rate and height of the 
plant as it must defend itself against the rust (Salama et al. 2010). A combination of several 
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components are most likely the cause of the increased mortality, which is why further studies 
in this matter are necessary. 

The negative correlation between stem height and rust damage seen in the Spearman rank 
correlation test may also argue that P. palustris individuals of small size are more susceptible 
to invasion by P. paludosa. Higher plants are less infected compared to small sized plants. One 
may think that higher plants with large areas of the plant host exposed would increase the 
possibility for rust spores to successfully infect the plant. My results indicate that this is not 
the case. To re-connect to the issue of the littoral zone, individuals of larger size inhabit the 
hydrolittoral and small sized P. palustris grow in the middle geolittoral (table 4). The rust 
damage was more severe in the middle geolittoral (fig. 4) where small sized individuals intend 
to grow. Hence, despite the smaller plant area exposed when basidiospores invade P. palustris, 
plants in the middle geolittoral have higher disease levels than plants in the hydrolittoral due 
to shorter distances to the primary host C. nigra. 

Fecundity is often correlated to growth and size of the plant, i.e. pathogens affecting growth 
indirectly also reduce the reproduction and vice versa (Gilbert 2002, Jarosz and Davelos 1995). 
My results indicate that plants with higher proportion of rust damage have a lower 
reproductive ability compared to individuals less damaged. Both the number of seeds per pod 
and the total seed production per plant showed a strong negative correlation with rust damage 
(table 3). On the other hand, the number of flowers produced per individual was not influenced 
by the rust (table 3) indicating that the rust may not have an effect in the early stage of the 
reproduction process when the plant start producing flowers. Moreover, the seed weight was 
not affected by the proportion of rust damage indicating that P. paludosa affect seed 
production but not the quality of the seeds. However, the studied life history traits allow a 
suggestion that several components of individual fitness in P. palustris is negatively influenced 
by the presence of P. paludosa. 

 

4.3 Conclusion 

The outcome of this study has contributed to an improved understanding of the interactions 
between the rust P. paludosa and its host P. palustris. The study indicate that a short distance 
range between the two host species is of advantage when the rust basidiospores disperse to the 
alternate host P. palustris. The proportion of rust damage is higher in areas where C. nigra is 
more abundant and soil water is less available - two potential factors that explain the patterns 
of disease in the studied populations of P. palustris. The proportion of P. paludosa 
aecidiospores negatively influences the fitness of the alternate host as mortality is dramatically 
increased while growth and fecundity are reduced. 

P. paludosa and the interaction with the alternate host is complex. One must consider the 
aspect of the interactions between both hosts to understand the ecology and life cycle of the 
rust. To accomplish this, controlled experiments are necessary to confirm the conclusions from 
my study. To distinguish the combined effects of distance between hosts and the effects of the 
water gradient variation along the littoral zone, a conducted experiment on controlled and 
manipulated distances and water levels are preferable. Furthermore, to test the effect on 
fitness, a comparison between life history characters in infected plants and healthy control 
plants (preferably cloned plants) could facilitate the research in this area. 
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Appendix 1 

 

The life cycle of P. paludosa start in the primary host, Carex nigra, where the hyphae is 
dikaryotic, i.e. holds two nucleus in each cell (n+n). 1) Urediniospores are produced from the 
sorus (i.e. spore producing structure) called uredia. The binucleate spores can multiply and 
regenerate during one season, capable of infecting new plants. 2) However, in the end of season 
the fungal hyphae creates telio where the teliospores are composed. They are thick walled to 
be able to survive the coming winter. 3) Karyogamy takes place, where the nucleus fuses and 
becomes diploid (2n). 4) A structure called metabasidium is growing out from the teliospores, 
this is where the haploid basidiospores (n) are produced as a result of the process of meiosis in 
spring. These spores disperse and invade the alternate host Pedicularis palustris. The 
basidiospores germinate and grow, creating pycnium. 5) From this, the pycniospores are 
produced and spores from one pycnium fertilizes spores of a compatible pycnium. 6) Next, 
hyphae from the fertilized pycnium grow and plasmogamy allows the hyphae to once again 
become dikaryotic. 7) Eventually the sorus called aecidium is created where aecidiospores 
(n+n) are produced and dispersed back to the primary host (fig. 7). 

 

 

Figure 7. Life cycle of Puccinia Paludosa demonstrating all five spore types. Based on the illustrated life cycle of the 
rust Puccinia graminis (USDA 2009). 


