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Abstract 

 

Over centuries calcareous fens, with high pH in the boreal region, are invaded by 

Sphagnum (peat mosses). The invasion of Sphagnum shifts the ecosystem from 

calcareous rich fen to bog by their ability to acidify, create wet and anoxic habitats and 

form hummocks that lifts the plants above the influence of the calcareous water. In this 

process, the invasion and expansion of Sphagnum species which are adapted to acidic 

conditions (bog species) play a key role. Recent research has shown that periods with 

flooding by calcareous water can prevent the establishment and growth of bog species. 

To test the ability of bog species to establish from fragments in calcareous rich fens 

under different conditions (i.e. water level and nitrogen supply), a greenhouse 

experiment was carried out, contrasting one of the most common bog species 

Sphagnum fuscum and two common calcareous fen species (S. teres and S. warnstorfii). 

The effects of species interactions were tested by using monospecific stands and 

species mixtures. In addition, another experiment was conducted to test the water 

transport capacity of these three species and three additional species (S. papillosum, S. 

contortum and S. subsecundum). The results indicated that bog species and fen species 

have physiological differences in tolerating submergence or high water level and 

elevated N condition in calcareous rich fen during their establishment. The bog species 

(S. fuscum) was less successful after flooding and high N deposition than fen species. 

Competition in establishment between bog species and fen species may exist along the 

water level gradient, but S. fuscum was not outcompeted by fen species. On the other 

hand, there were indications of facilitation: S. teres survived better when growing 

together with other species than in monospecific stands. 
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Introduction 

 

Sphagnum (peat mosses) occur in a wide range of habitats, and are especially dominant 

in ombrotrophic mires (bogs) and often also in minerotrophic mires (fens) (Rydin and 

Jeglum 2006). While bogs are species poor and mineral poor mires with low pH (3.5-4), 

fens are species rich and mineral rich mires with relatively high pH (4-8.5) (Rydin et al. 

1999, Granath et al. 2010). Historically, mires are considered as fairly stable 

ecosystems with a unidirectional, slow and gradual succession shifting from fen into 

bog community (Zobel 1988). However, stratigraphic studies have shown that 

transitions from calcareous rich fen to bog can occur rapidly (Bellamy and Rieley 1967, 

Janssens et al. 1992, Kuhry et al. 1993, Almquist-Jacobson and Foster 1995).  

 

Over centuries, calcareous rich fens are invaded by Sphagnum species which can shift 

this ecosystem from calcareous rich fen to bog by their acidifying and peat forming 

ability. In this process, the invasion and expansion of Sphagnum species adapted to 

ombrotrophic conditions (bog species), and which have very low decay rate, superior 

acidification and hummock-forming ability, play a key role (van Breemen 1995, 

Granath et al. 2010). Even though calcareous rich fens are generally considered as 

unfavorable habitats for bog species because of their high concentration of calcium (Ca) 

ions and high pH (Clymo 1973), the common occurrence of Sphagnum fuscum (bog 

species) hummocks in calcareous rich fen observed by Bellamy and Rieley (1967) 

showed the invasion of bog species.   

 

Recent research has shown that flooding and low Height above the Water Table (HWT, 

i.e. growing close to the calcareous water) can prevent the establishment and growth of 

bog species in calcareous rich fens, and consequently, consecutive drought periods can 

trigger the rich fen - bog ecosystem shift (Granath et al. 2010). Moreover, consecutive 

low HWT periods may convert bogs back to poor fen ecosystem, as has been shown in 

some recent stratigraphic studies (Magyari et al. 2001, Hughes and Dumayne-Peaty 

2002, Grootjans et al. 2006). Hence, we can see the water table as the most strongly 

fluctuating factor during the growing season in mires, and the factor that plays the most 

important role in establishment, distribution and competition of Sphagnum species in 

peatland ecosystems (Li et al. 1992). 

 

Nitrogen (N) deposition is another important factor influencing mire ecosystem, with 

major effects on plant composition, biodiversity and trophic interactions, especially in 

ombrotrophic mires (bogs) (Rydin and Jeglum 2006, Granath et al. 2009). Recent 

studies suggest that increased N deposition and temperature may lead to a bog to fen 

ecosystem transition by decreasing the Sphagnum species abundance and increasing the 

vascular plant abundance (Bragazza et al. 2006, Gunnarsson et al. 2000, 2004). 

However, moderate N supply may have positive effects on Sphagnum growth in 

N-limited areas (Aerts et al. 1992, Li and Vitt 1997, Gunnarsson and Rydin 2000).  
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The main goal of this project was to investigate how abiotic factors (i.e. HWT and N 

supply) can affect the establishment, water balance and species interactions of bog and 

fen species in calcareous rich fens. Sphagnum fuscum was chosen as bog species since 

it is one of the most abundant and wide-spread Sphagnum species in bogs. It 

represents the typical bog species that sometimes form hummocks also in calcareous 

rich fen (Granath et al. 2010). In contrast, S. warnstorfii and S. teres were chosen as the 

most common calcitolerant species (Hájková and Hájek 2004). Two experiments were 

carried out in order to answer the following questions: To what extent do Sphagnum 

species differ in their ability to establish from fragments in calcareous rich fen under 

different abiotic conditions (HWT and N supply) and species combinations? What 

effect do different factors (HWT and N supply) have on the establishment of bog 

species? How can these factors influence the interaction between bog species and fen 

species?  

 

The difference of water transport capacity among Sphagnum species is the second 

point discussed in this project. Sphagnum species have well-defined niches along the 

water table gradient (Rydin and Jeglum 2006), Water transport capacity is one of the 

most important factors for this niches differentiation. In experiment II, I investigated 

the three above mentioned Sphagnum species and in addition S. papillosum, S. 

contortum and S. subsecundum. The question was: To what extent do the species 

differ in their ability to maintain shoot water content when HWT varies? 

 

Material and methods 

 

Experiment I: growth and interactions 

 

Study species 

 

Three species were included in this study: Sphagnum fuscum (Schimp.) Klinggr., 

Sphagnum warnstorfii Russ. and Sphagnum teres (Schimp.) Ångstr. Sphagnum 

fuscum was chosen as a typical bog species having very low decay rate and superior 

acidifying ability (Clymo and Hayward 1982, Belyea 1996). It occurs mostly on open 

oligotrophic mires, but may also be found in minerotrophic margins and wooded parts 

of mires (Daniels and Eddy 1990). It is one of the most abundant Sphagnum species, 

which usually forms compact hummocks, and is associated with many other 

Sphagnum species in minerotrophic sites (e.g. S. papillosum, S. angustifolium, S. 

capillifolium and S. magellanicum) (Woodin et al. 1985). Sphagnum warnstorfii 

belongs to the same section (sect. Acutifolia) as S. fuscum. It is a hummock/lawn 

species which is usually found in intermediate to calcareous rich fens with some light 

shade by shrubs (Jauhiainen et al. 1999). Sphagnum teres is one of the few Sphagnum 

species consistently associated with S. warnstorfii in fens which is able to tolerate 

base-rich conditions (calcitolerant species) (Daniels and Eddy 1990, Hájková and 
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Hájek 2004, Granath et al. 2010).  

 

Experimental design 

 

To investigate the establishment abilities of these three Sphagnum species, a factorial 

greenhouse experiment testing three different HWT (shoot apex at -0.5 cm, 1 cm and 

3 cm above water surface) was employed with different species combinations. There 

were seven species combinations in total: three monospecific samples (S. warnstorfii, 

S. teres and S. fuscum), three two-species equal mixed combinations (S. warnstorfii + 

S. teres, S. warnstorfii + S. fuscum and S. teres + S. fuscum) and one three-species 

equal mixed combination (S. warnstorfii + S. teres + S. fuscum). To investigate the 

effects of N supply, three different N concentrations: 1.25, 2.5 and 5 g N m
-2

 y
-1 

were 

supplied at the highest HWT (3 cm) in all species combinations without replication 

(the three replicates at HWT = 3 cm above were used as controls). These N 

concentrations can be compared with the annual N deposition in southern Sweden 

(1.14 g N m
-2

 y
-1

) (Granath et al. 2009). Totally, 84 samples in this experiment 

represented three replications for each species combination and HWT (3 x 7 x 3 = 63 

samples), and each species combination with three N levels without replication (7 x 3 

= 21 samples).   

  

The experiment started at the end of September 2009 and ended at the beginning of 

March 2010. In September 2009, shoots of the three Sphagnum species were collected 

from mires in eastern central Sweden. The fen species S. warnstorfii and S. teres were 

collected at Lars-Olskärret (moderately rich fen) where S. teres grows together with S. 

warnstorfii, and the bog species S. fuscum was collected at Långmossen (poor 

fen-bog). These two sites belong to one big mire area, 25 km NE Uppsala (59º57'N, 

17º18'E), dominated by Sphagnum spp. and Polytrichum spp. after 50 years of 

drainage. Spontaneously invading Betula pubescens forms a rather dense tree layer. 

Only few rich fen shrub species still occurs sparsely after drainage (Mälson et al. 

2009). Annual precipitation is 544 mm (SMHI 2005), and peat depth is about 1-2 m. 

For more detailed site descriptions see Ingmar (1999). Moreover, for the experiment 

peat was collected from Långmossen for moss culture, and fen water from 

Lars-Olskärret. 

 

The experiment was placed in the Botanical Garden of Uppsala University, Sweden 

(59º54'N, 17º38'E) during the first week for acclimation in fen water, then transited to 

greenhouse and cultured over five months. The temperature in the greenhouse was 

10-20ºC, and lamps provided 16 hours of supplemental light (PPFD ca 280-350 μmol 

m
-2

 s
-1

). Mosses were cultured in plastic cylinders (inner diameter 6.9 cm; height 10 

cm) which were covered by net at bottom and filled to 8 cm with peat. Peat pH was 

adjusted from 6 to 7.6 by supplemental lime. The 84 samples (cylinders) were 

assigned randomly into six boxes (45 x 27 cm, height 14 cm), 14 in each box, which 

were perforated with several holes at a specified height to control water table after 

watering. To adjust each sample to the given HWT, wooden “platforms” were 
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attached under the bottom of the cylinders. To even out the environmental condition 

(e.g. temperature and light), the boxes were re-allocated every second week, twelve 

times in total during the experiment.     

 

To investigate establishment, moss shoots were cut to 1 cm in length, including the 

capitulum, and randomly assigned to each treatment. According to the average shoot 

densities of each species in field, the number of shoots per cylinder for S. fuscum was 

three times that for S. warnstorfii and S. teres (i.e. ca. 450 shoots dm
-2 

for
 
S. fuscum, 

150 shoots dm
-2 

for
 
S. warnstorfii and S. teres in monoculture) (Gunnarsson and

 
Rydin 

2000, Sundberg 2002). Nitrogen was supplied as ammonium nitrate with the annual 

dose divided into eight doses during five-month experiment period. Water table was 

adjusted every day. Fen water was used during the first weeks for acclimation, and 

osmotic water was used thereafter.  

 

Response variables 

 

Mortality, biomass growth and pH  

 

Moss mortality (M) of each sample was graded at the end of experiment as follows: 

Grade 1, M = no dead shoots; Grade 2, 0 < M < 25% of the shoots appeared dead; 

Grade 3, 25% < M < 50%; Grade 4, 50% < M < 75%; Grade 5, 75% < M < 100%; 

Grade 6, M = all shoots dead.  

 

For calculation of biomass growth of each sample, the pre-experiment biomass was 

estimated by averaging the dry weight of 50 randomly picked shoots of each species 

(oven dried at 70ºC for 48 h). At the end of the experiment, total biomass of each 

sample was measured. Since material of some samples had partly disintegrated at the 

bases at the end of the experiment, it was impossible to separate different species for 

biomass production. Biomass production is expressed in percent of pre-experiment 

biomass.  

 

Peat samples were taken from peat surface of each sample and analyzed for pH after 

dissolving the peat in equal volume of distilled water. 

 

Chlorophyll fluorescence 

 

Chlorophyll fluorescence measurements were performed with a pulse-modulated 

fluorometer (Mini-PAM photosynthesis yield analyzer; Walz, Effeltrich, Germany) 

(Schreiber 1997). Fv was calculated as maximum fluorescence yield (Fm) subtracted 

with fluorescence origin (Fo) and maximum quantum yield of photosystem II (PSII) 

was calculated as the ratio of Fv/ Fm (Maxwell and Johnson 2000). Maximum quantum 

yield of PSII expresses the quality of the photosynthetic apparatus and estimate the 

photosynthetic performance (Granath et al. 2009). The measurements were performed 

under laboratory conditions on individual capitula. Five shoots of each species were 
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randomly picked from each sample, saturated with distilled water and dark-adapted 

for 15 min before measurement. The measurements were initiated by a 0.8 s 

saturating pulse of approximately 8,300 μmol m
-2

 s
-1 

flux density, and the distance 

between measured capitulum and the fiber optic cable was 11 mm at an angle of 90º. 

The mean value of the five shoots per replicate was used in the statistical analysis. 

 

Experiment II: Water transport capacity  

 

Study species 

 

Six species were included in this study: Sphagnum fuscum and S. warnstorfii (sect. 

Acutifolia); S. teres (sect. Squarrosa); Sphagnum papillosum Lindb. (sect. Sphagnum); 

Sphagnum subsecundum Nees. ex Sturm and Sphagnum contortum Schultz. (sect. 

Subsecunda). The six Sphagnum species chosen are common in boreal peatlands in 

Sweden, belong to four different sections and represent different water-level niches. 

As mentioned before, S. fuscum and S. warnstorfii are hummock species, while S. 

teres prefers more lawn/carpet habitats (Rydin et al. 1999). Sphagnum papillosum is 

widespread in open acid peatland (poor fens), occurs on distinct hummocks or 

lawns/carpets in mesotrophic mires (Rydin et al. 1999). Sphagnum subsecundum 

mostly occurs along stream-sides or wet habitats in peatlands (but not with prolonged 

inundation). While S. contortum sometimes can be found with S. subsecundum in 

mesotrophic mires, it prefers more base-rich habitats than S. subsecundum. S. 

contortum occurs mostly in wet habitats, and may even be found floating in open 

water (Daniels and Eddy 1990). These six species can be arranged by the gradient of 

position above water table from high to low in the order: S. fuscum < S. warnstorfii < 

S. teres < S. papillosum < S. subsecundum < S. contortum (Rydin et al. 1999). 

 

Experimental design 

 

Sphagnum papillosum was collected from the lagg fen in Ryggmossen mire, 25 km 

NW Uppsala, eastern central Sweden (60°00’N, 17°15’E). Detailed description of this 

site can be found in Rydin (1985) and Du Rietz (1950). Sphagnum contortum and S. 

subsecundum were collected at Lars-Olskärret. The other three species were collected 

from the same sites as in experiment I. In order to widen collection range of each 

species, most of species were collected from four different microhabitats (e.g. S. 

fuscum were collected from lawn to different height of hummock), except S. 

contortum and S. subsecundum which were collected from three different 

microhabitats (since they have more restricted ranges). 

 

The experiment was placed in a greenhouse for the whole experimental period (40 

days), testing three different HWT (shoot apex at 1 cm, 4 cm and 7 cm above water 

surface). Moss material was cut into 6 cm apical sections, randomly assigned to 

plastic tubes (diameter 3 cm; depth 11 cm) with the 5 cm lower part filled by peat as a 

basis for the Sphagnum shoots. In total, there were twelve tubes of S. fuscum, S. 
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warnstorfii, S. teres and S. papillosum representing three water levels for four 

different microhabitats as replication, and nine tubes of S. contortum and S. 

subsecundum from three different microhabitats. To keep the same density, different 

numbers of shoots of each species were assigned (i.e. S. fuscum 20 shoots/tube; S. 

warnstorfii, S. teres, S. contortum, and S. subsecundum 12 shoots/tube; S. papillosum 

8 shoots/tube). Water table was adjusted every day. The temperature in the greenhouse 

was between 10ºC and 15ºC with natural light.  

 

The capitulum water content was measured from the 12
th

 day and every week after, 

four times in total during experiment. From each tube one shoot was picked up 

randomly in each measurement. The capitulum (top cm) was cut off and weighed. 

Capitulum dry mass was measured after 48 hours 70 ºC oven-dried. Water content is 

expressed as percent of dry mass. Since the experiment period is relatively short, there 

was no observed growth in length of shoots, and hence there was no change in HWT. 

 

Statistical analyses 

 

In both experiments I examined the effects of different treatments on response 

variables using ANOVA. Data were tested for normality and homogeneity of residuals, 

and if distributions were not normal the variables were log-transformed. In 

experiment I, the differences between final biomass and initial biomass by different 

HWT treatments of each combination were tested by ANCOVA. All analyses of these 

two experiments in this study were carried out using the free software R, version 

2.10.1 (R Development Core Team 2009). 

 

Results 

 

Experiment I: growth and interactions 

 

In general, almost all mosses turned brownish after one month in greenhouse, only 

some shoots of S. teres had new green capitula at the end of the experiment. All 

samples had some degree of mortality. The range of maximum quantum yield of PSII 

(Fv/ Fm) for all tested samples were between 0.3 - 0.6 which is lower than the 

theoretical maximum Fv/ Fm value (0.78-0.89), and indicates an impairment of PSII 

efficiency (Adams and Demmig-Adams 2004). There was almost no growth in length, 

but biomass production was observed in all samples.  

 

There was a significant HWT × Combination interaction on mortality (F12, 87 = 2.63, P 

= 0.038). In monospecific samples, all shoots of S. teres appeared to be dead at all 

HWT. At 1 cm and 3 cm level S. warnstorfii had higher mortality than S. fuscum, the 

mortality of which decreased with increasing HWT (Fig. 1a). In the S. warnstorfii + S. 
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fuscum combination, S. warnstorfii had higher mortality at the –0.5 and 1 cm levels 

(almost all shoots were dead) than S. fuscum, but its mortality was the same as for S. 

fuscum at the 3 cm level (Fig. 1b). In the S. teres + S. fuscum combination, the 

mortality of S. teres at the -0.5 cm and 1 cm level were lower compared to S. fuscum, 

but higher at 3 cm (Fig. 1c). There were no species differences on mortality in the S. 

teres + S. warnstorfii combination (F1, 17 = 0.11, P = 0.745). At the -0.5 cm and 1 cm 

level both species showed lower mortality than at the 3 cm level (Fig. 1d). All three 

species showed the lowest mortality in the three-species combination in general, and 

especially S. teres survived well at all HWT (Fig. 1e).   

 

The physiological status, measured as maximum quantum yield of PSII (Fv/ Fm) 

showed similar patterns as the mortality, with significant HWT × combination 

interaction (F12, 87 = 11.24, P < 0.001). However, the value of S. fuscum in all 

combinations increased with increasing HWT, while S. teres decreased (Fig. 2). The 

value of S. warnstorfii slightly decreased with increasing HWT, but not when it was 

cultured with S. fuscum where the shoots were dead at -0.5 and 1 cm levels (Fig. 2b).  

 

As for biomass production, in monospecific samples, the three species showed similar 

response, with biomass production increasing with increasing HWT. The biomass 

production of the S. teres + S. warnstorfii combination was higher than the other 

two-species combinations at the -0.5 cm and 1 cm level. There was markedly low 

biomass production at -0.5 cm level (less than 10% growth) in the S. teres + S. fuscum 

combination, but comparatively high at the other two levels (Fig. 3). The 

three-species combination showed the highest biomass production, with no significant 

differences between different HWT (Fig. 3).  

 

For the effects of N supply on biomass production, there was a significant N supply 

level × combination interaction (F6, 28 = 27.71, P < 0.001; N levels are considered as 

continuous variables). The highest N level (5 g N m
-2

 year
-1

) had significant negative 

effects, except for in the three-species combination (Fig. 4). The three-species 

combination benefited from low and intermediate N supply with ca 20% biomass 

production (Fig. 4). The data also suggested that all monospecific samples suffered by 

high N concentrations supplied with distinct decrease in biomass production, while 

two-species combinations showed comparatively slight decreases (Fig. 4). In 

monospecific cultures, the biomass production of S. fuscum decreased with increasing 

of N supply, but there was no significant effect for S. teres and S. warnstorfii at low 

and medium N levels (Fig. 4). The S. teres + S. warnstorfii combination had almost 

20% increase of biomass production at the intermediate N level (Fig. 4). 

 

Peat surface pH did not differ significantly between the different combinations, and 

were somewhat lowered from 7.6 at the beginning to 7.4 ± 0.04 (mean ± SEM) at the 

end of the experiment. 

 

 



 

11 

 

 

 

Figure 1. Mortality (six-grade scale) in seven species combinations: three-species, S. teres, S. fuscum, 

S. warnstorfii, S. teres + S. fuscum, S. teres + S. warnstorfii, S. fuscum + S. warnstorfii, at different 

height above the water table (HWT): shoot apex at - 0.5 cm, 1 cm and 3 cm above water surface. 

Means, with error bars representing ± SEM (n=3). 
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Figure 2. Maximum quantum yield of PSII (Fv/ Fm) for seven species combinations: three-species, S. 

teres, S. fuscum, S. warnstorfii, S. teres + S. fuscum, S. teres + S. warnstorfii, S. fuscum + S. 

warnstorfii, at different height above the water table (HWT): shoot apex at - 0.5 cm, 1 cm and 3 cm 

above water surface. Means, with error bars representing ± SEM (n=3). 



 

13 

 

 

Figure 3. Biomass production (increase in biomass in percent) for seven species combinations: 

three-species, S. teres, S. fuscum, S. warnstorfii, S. teres + S. fuscum, S. teres + S. warnstorfii, S. 

fuscum + S. warnstorfii at three different height above the water table (HWT): shoot apex at - 0.5 cm, 1 

cm and 3 cm above water surface. Means, with error bars representing ± SEM (n=3). 

 

 

Figure 4. Biomass production (increase in biomass in percent) for seven species combinations: 

three-species, S. teres, S. fuscum, S. warnstorfii, S. teres + S. fuscum, S. teres + S. warnstorfii, S. 

fuscum + S. warnstorfii at different levels of nitrogen concentration: 0 (control), 1.25, 2.5 and 5 g N 

m
-2

 year
-1

. Control and N supplied samples were cultured at high HWT (3 cm). Means and SEM are 

shown for the control (n = 3), the different N-additions were not replicated.  
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Experiment II: Water transport capacity  

 

For all species, the water content decreased with increasing HWT, and the water 

content differed among species after 40 days of the experiment (Fig. 5, Table 1). The 

maximum water content of S. papillosum and S. contortum (ca. 2500%) are the 

highest of these six species. S. papillosum reached the peak already at the first 

measurement, while S. contortum peaked after 7 days (the second measurement). The 

maximum water content of the other four species did not change much over time (ca. 

1500%) (Fig. 5). More importantly, the water content of S. papillosum and S. 

warnstorfii showed distinct differences between different HWT, while there was 

almost no effect of HWT in S. subsecundum or S. fuscum (Fig. 5; significant Species x 

HWT interaction in Table 5).   

 

 

Figure 5. Changes in water content in Sphagnum capitula over 40 days at three different height above 

the water table (HWT): shoot apex at 1 cm, 4 cm and 7 cm above water surface. Points are mean values 

± SEM. For S. fuscum, S. warnstorfii S. teres and S. papillosum, n = 4; for S. contortum and S. 

subsecundum, n = 3. 
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Table 1. ANOVA results for capitulum water content after 40 days, testing effects of species, water 

level (HWT) and the interaction between species and water levels.  

 

 

Discussion  

 

Previous studies have indicated flooding or low HWT as the crucial allogenic events 

that can prevent bog species from establishing and initiate a transition from calcareous 

rich fen to bog (Granath et al. 2010). My project focused on how constant HWT 

treatment and another abiotic factor, N supply, can affect the establishment ability of 

bog species in calcareous fens, and how bog species and fen species can react 

differently.    

 

HWT 

 

The constant HWT treatment in this experiment differs from a natural water table 

which fluctuate with desiccation and inundation periods with a range of ca 30 cm 

during the growing season (Rydin 1986). In this greenhouse experiment, the effect of 

long period of desiccation and inundation on fragment establishment ability of 

Sphagnum species was tested at constant HWT. 

 

Earlier studies did not show any negative effects on S. fuscum of growing at low 

HWT in bogs (Rydin and McDonald 1985) or in calcareous rich fen water (in this 

case probably facilitated by its acidification ability; Granath et al. 2010). However, in 

my study, S. fuscum showed lower biomass production and Fv/ Fm value at lower 

HWT level (1 cm) than at high HWT level (3 cm) in monoculture, which suggested 

that contact with water with high pH and Ca
2+

 concentration has negative effects on 

fragment establishment of S. fuscum. This indicates a weaker acidification ability or 

Source  SS df F P 

Species 

HWT 

Species x HWT 

Residuals  

  6439411 5  15.08 <0.001 

  7457275 2  43.67 <0.001 

  1925273 10  2.25  0.03 

  4098670  48 
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higher sensitive to calcareous water during establishment. Moreover, experiment I 

showed distinct high mortality, low Fv/ Fm value and nearly no biomass production of 

S. fuscum when (HWT = -0.5 cm) in monoculture, which supports the notion that the 

bog species (S. fuscum) has poor tolerance to long period of flooding (Granath et al. 

2010). Compared to the lower HWT level, S. fuscum had much better establishment 

performance at high HWT level (3 cm), where the fen species were weaker 

competitors. This suggests that the hummock-forming ability that lifts the plants 

above the influence of the calcareous high pH water might play the key role in 

establishment of bog species (S. fuscum) in calcareous rich fens.  

 

The three species which were used in experiment I had different establishment 

performance along the HWT gradient, in line with the observation that Sphagnum 

species have well-defined niches along the HWT gradient (Rydin and Jeglum 2006). 

One of the most important reasons of this niche differentiation is the different water 

transport capacity of the species. Theoretically, the species which were hardly affected 

by HWT should have better water transport capacity than the ones that were 

vulnerable to the HWT effects. Moreover, the maximum water content indicates the 

water-holding capacity. Experiment II showed there was no marked difference of 

water-holding ability among S. fuscum, S. teres and S. warnstorfii, but, more 

importantly, they showed different water transport capacity (i.e. similar water content 

at the different levels of HWT investigated), in accordance with their different 

water-level niches. Surprisingly, S. subsecundum had similar water transport capacity 

as S. fuscum, which is in contradiction with the fact that S. subsecundum is found in 

wet habitats. The mechanism behind this is hard to elucidate, but might be a 

consequence of competition between species.     

 

Nitrogen supply 

 

Earlier studies have suggested that high N deposition had negative effects on growth 

of Sphagnum species (e.g. Gunnarsson et al 2004; Bragazza et al. 2006). This could 

be explained by both direct physiological effects of N on growth of Sphagnum species, 

and indirect effects of increased shading by vascular plants or increased internal light 

competition from algae living in hyaline cells (Granath 2009). The results of 

experiment I showed that high level of N supply (5 g m
-2

 year
-1

) had significant 

negative effect on establishment of both bog species (S. fuscum) and fen species (S. 

teres and S. warnstorfii), which suggests that high concentration of N might lead to 

physiological damage of Sphagnum species. Interestingly, S. fuscum seemed to be 

negatively affected at low N levels, compared to the rich fen species. The explanation 

may be that bog species and fen species have different physiological tolerance to N 

content, and that bog species are more sensitive to elevated N (Limpens et al. 2003). 

Although the N treatment did suffer from low replication and should be interpreted 

with caution, these results should inspire experimenters to include multiple species in 

N supply experiment. 
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Interaction between bog species and fen species 

 

The results of experiment I showed that all S. teres were dead at the end of the 

experiment in monospecific samples at all HWT treatments, but survived well when 

growing with the other species. However, S. teres still had some biomass growth in 

monoculture, which could have occurred during the earliest phase of the experiment. 

The appearance of some samples could indicate some unexpected external impact 

such as fungal disease (cf. Limpens et al. 2003) striking particularly on S. teres in 

monospecific samples. It appear that facilitation from the other species might reduce 

the impact of external factor on establishment of S. teres, fitting with the observation 

that S. teres often grow associated with other Sphagnum species in field (Daniels and 

Eddy 1990). One might speculate that the spread of fungi could be slower when the 

contact between individual shoots of S. teres was reduced in the interspecific samples. 

 

Not only S. teres, but also S. fuscum and S. warnstorfii showed the best performance 

when they were cultured together with the others. Moreover, all of these three species 

benefited most from N supply when they were cultured together. It is difficult to 

understand the mechanisms behind such "mutual facilitation". But it may help bog 

and fen species to endure variation in flooding, desiccation and levels of pH, Ca and 

N and make it possible for bog species coexisting with fen species in calcareous rich 

fen with relatively high pH and moderate HWT condition. Moreover, S. teres and S. 

warnstorfii showed poorer establishment success at high HWT (3 cm) in most cases, 

but not in the three-species combination. This supports the observation that species 

adapted to wet condition (lawn/hollow species) can survive in dry condition with the 

help of species adapted to dry condition (hummock species) by lateral transport of 

water (Rydin 1985).   

 

However, there are also indications of competition. When the species were cultured 

together (all mixed or paired), the better performance of S. teres and S. warnstorfii at 

lower HWT level (-0.5 cm and 1 cm) and better performance of S. fuscum at high 

HWT level (3 cm), indicates that competition did exist along the HWT gradient, but 

the species still seemed able to coexist. As mentioned before, S. fuscum can create a 

microhabitat favoring bog species over fen species and vascular plants by its superior 

acidification ability and hummock-forming ability. According to the results, S. fuscum 

showed better establishment performance and water transport capacity with higher 

HWT level, and Granath et al. (2010) suggested that S. fuscum will become a superior 

competitor at HWT around 15-20 cm. Altogether, these results indicate that low 

hummocks formed by fen species in calcareous rich fen can provide relatively suitable 

environments for bog species establishment. Thus, bog species can invade calcareous 

rich fens by changing the environment, favoring itself over fen species by its superior 

acidification ability and hummock-forming ability.                           

 

To summarize, this study indicates that bog and fen species have physiological 

differences in tolerating submergence, low HWT and elevated N in calcareous rich 
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fen during their establishment. This adds to the previous literature dealing with the 

established plants. Moreover, this study also shows the positive interspecific effects 

on the performance of the species, indicating facilitation and offering an explanation 

for the coexistence of species in the field. 
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