




  

“All truths are easy to understand once they are discovered; 
the point is to discover them.” 
  
   Galileo Galilei 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Till Isabella och Oliver



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Granath, G., Strengbom, J., Breeuwer, A., Heijmans, MMPD., 

Berendse, F., Rydin, H. (2009) Photosynthetic performance in 
Sphagnum transplanted along a latitudinal nitrogen deposition 
gradient. Oecologia, 159(4):705–715 

II Granath, G., Wiedermann, MM., Strengbom, J. (2009) Physio-
logical responses to nitrogen and sulphur addition and raised 
temperature in Sphagnum balticum. Oecologia, 161(3):481–490 

III Granath, G., Strengbom, J., Rydin, H. (in press) Direct physio-
logical effects of nitrogen on Sphagnum: a greenhouse experi-
ment. Functional Ecology, 
DOI: 10.1111/j.1365-2435.2011.01948.x 

IV Granath, G., Strengbom, J., Rydin, H. (2010) Rapid ecosystem 
shifts in peatlands: linking plant physiology and succession. 
Ecology, 91(10): 3047-3056 

V Laing, C., Granath, G., Rydin, H., Allton, K., Belyea, L. Func-
tional traits in Sphagnum, allometry, and their impacts on car-
bon cycling in peatlands. (Manuscript) 

In paper V, LB designed the experiment, KA set up the litter bag experi-
ment, CL, GG and HR collected the data, GG and LB performed the statis-
tical analyses, and CL and GG wrote the paper with input from LB and HR. 

Reprints were made with permission from the respective publishers. 
  



 

 



 

Contents 

Introduction ..................................................................................................... 9 
The role of Sphagnum in mires ................................................................ 10 
A changing environment .......................................................................... 11 
Exploring ecophysiological traits ............................................................. 13 
Aims of this thesis .................................................................................... 15 

Material and methods .................................................................................... 16 
Study species ............................................................................................ 16 
Study sites and experiments ..................................................................... 16 

Transplantation along a nitrogen deposition gradient (I) ................... 16 
Global change experiment in northern Sweden (II) ............................ 17 
Greenhouse N application experiment (III) ......................................... 18 
Ecosystem shift in peatlands (IV) ........................................................ 19 
Functional traits and allometric scaling in Sphagnum (V) ................. 20 

Ecophysiological traits ............................................................................. 20 
CO2 exchange and chlorophyll fluorescence ....................................... 20 
Nutrient and pigment concentration .................................................... 21 
Production and litter decomposition ................................................... 21 

Statistical analyses .................................................................................... 21 

Results and discussion .................................................................................. 22 
The response in physiological traits to increased N deposition (I, II, III) 22 
Linking physiological traits to ecosystem shift and function (IV, V) ...... 24 
Concluding remarks ................................................................................. 28 

Acknowledgements ....................................................................................... 29 

Svensk sammanfattning ................................................................................ 30 
Myrens mossor i en föränderlig miljö ...................................................... 30 

Fysiologiska effekter i torvmossor av ökat kvävenedfall ..................... 30 
Torvmossors karaktärers koppling till ekosystemfunktion i myrar ...... 31 

References ..................................................................................................... 33 

 
  
  
 





 9

Introduction 

Mire ecosystems, or peatlands, are peat forming ecosystems in which not 
fully decomposed plant material builds up the soil. In the northern temperate, 
boreal and sub-arctic zones peatlands sometimes dominate the landscape and 
80-85% of the world's peat carbon pool is located here (Page et al. 2011). 
Peatlands are less common in other places around the world and comprise 
only ~3% of the terrestrial surface, but hold 10% of the soil carbon (C) in the 
world (Rydin & Jeglum 2006). A large part of the northern peatlands was 
formed after the last glaciation making peatlands an important component of 
the global biogeochemical C cycle and possibly climate control (Frolking & 
Roulet, 2007). The sequestration of C into peat can largely be ascribed to the 
bryophyte genus Sphagnum (peat mosses, Fig. 1), which dominate and liter-
ally form most peatlands. Peatlands are generally classified into two groups: 
fens and bogs. Fens, or minerotrophic mires, have a rather thin peat layer 
and the vegetation composition is strongly influenced by the properties of 
the in-flowing ground water (pH, nutrients). Fens are further divided into 
poor fens and rich fens. Poor fens are Sphagnum-dominated, species poor 
habitats, with low pH, while rich fens are calcareous mires that harbour a 
large number of species which depend on high pH. Thus, rich fens are bio-
logical hotspots in the landscape (Wassen et al. 2005). The strong depen-
dence on the hydrology and water chemistry makes this ecosystem sensitive 
to drainage and increased nitrogen (N) availability. Processes which may 
lead to the destruction of the habitat, which is in itself an almost irreversible 
process (Koijmann 1992; Mälson et al. 2008). In contrast to fens, bogs, or 
ombrotrophic mires, are peatlands where the accumulation of peat has sepa-
rated the vegetation layer from the influence of the groundwater and the 
biota therefore rely entirely on dry deposition and deposition through rain 
and mist. Thus, bogs are extremely nutrient poor ecosystems that are in di-
rect contact with atmospheric conditions and, consequently, especially vul-
nerable to environmental change such as increased nitrogen deposition and 
climate change (Dise 2009). Although researchers have explored the effects 
of environmental change on important functions and processes in peatlands, 
knowledge about the casual relationships and underlying mechanisms are 
still lacking. 
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Figure 1. Photograph illustrating one individual shoot of three Sphagnum species (a, 
Sphagnum fuscum; b, S. balticum; c, S. fallax). Photograph: G. Granath. 

The role of Sphagnum in mires 
Sphagnum mosses dominate the floor of most northern peatlands and are the 
main formers of peat. Hence, they are key species for C accumulation and a 
central study group for understanding the response of peatlands to environ-
mental change. In ecological terms, Sphagnum can be viewed as ecosystem 
engineers, forming a wet, acid, nutrient poor and anoxic habitat which they 
are adapted to (van Breemen 1995). Such an environment is hostile for vas-
cular plants and gives a competitive advantage to Sphagnum. There are a few 
key characteristics of Sphagnum species that are important for their peat-
forming ability and survival in peatlands. They have efficient capillary water 
transport and water storage (up to 20 times the dry weight) in prevailing wet, 
anoxic condition that slows down composition (Belyea 1996). Decomposi-
tion is even further hampered because of the recalcitrant litter, which con-
tains acidic compounds (phenolics, uronic acids; Verhoeven & Liefveld 
1997). These acidic compounds also facilitate the uptake of nutrients through 
cation exchange (Clymo 1963), and in addition, Sphagnum can re-translocate 
nutrients from senescing leaves to cope with the nutrient poor environment 
(Rydin & Clymo 1989; Aldous 2002). In bogs, Sphagnum can monopolize 
nutrient acquisition by their efficient nutrient uptake and their dense carpets 
of shoots, leaving little nutrients available for the vascular plant roots (Tu-
retsky 2003).  

Sphagnum species exhibit a wide spectrum of habitat preferences, which 
is important for their success in dominating and forming peatlands. Sphag-
num species show distinct niche differentiation along several environmental 
variables. The most studied of these variables are height above the water 
table (HWT, often referred to as the hollow-hummock gradient), pH, shading 
and nutrient availability. Based on autoecological data from field observa-



 11

tion, Sphagnum species can be placed within a range of these variables (An-
drus 1986). However, it is worth remembering that this is based on realized 
niches, and the fundamental niches (i.e. the physiological tolerance to an 
environmental variable) may be wider (Rydin 1993). The diversity of habitat 
preferences is also related to differences in functional traits and trade-offs in 
growth strategies. For instance, there appear to be differences in production 
and decomposition along the water table gradient, with lower production and 
slower decomposition for species growing further away from the water table 
(Belyea 1996; Gunnarsson 2005; Waddington et al. 2003; Turetsky et al. 
2008). 

The ability of Sphagnum to accumulate peat has large implications for 
succession in peatlands. An important and frequently occurring shift in peat-
land ecosystems is the shift from fen to bog (Bellamy & Rieley 1967; Jans-
sens et al. 1992; Kuhry et al. 1993). This shift constitutes a switch from a 
species-rich ecosystem to a species-poor one with greater carbon storage. In 
this process, the invasion and expansion of peat accumulating and acidifying 
bog species of Sphagnum play a key role (Janssens et al. 1992). In general, 
the rich fen to bog transition has been viewed as a two step process where 
first Sphagnum species acidify the rich fen and form a poor fen, and second, 
peat accumulation by Sphagnum leads to the formation of a bog. This succe-
sional pattern is described as a unidirectional autogenic process (Zobel 1988) 
but there are several hypotheses as to how the rich fen to bog shift actually 
occurs (e.g. Hughes 2000). A puzzling fact for petland ecologist has been 
that the combination of high pH and high concentration of calcium (Ca) ions 
in rich fens seems to be detrimental to Sphagnum species growing in poor 
fens and bogs (Clymo 1973). If this is true, how can these Sphagnum species 
invade and expand in rich fens? 

A changing environment 
Peatlands are generally considered to be long-term stable ecosystems (Gun-
narsson et al. 2002), but peat archives illustrate how both peat accumulation 
and floristic composition have varied over time, sometimes with surprisingly 
rapid changes (Tallis 1964; Janssens et al. 1992; Belyea & Malmer 2004). 
Hence, it is of great interest to understand how various Sphagnum traits are 
influenced by environmetal changes. For such questions, historical data are 
often of little help and experimental approaches are needed. At present, peat-
lands are exposed to multiple environmental changes; increases in tempera-
ture and drought frequency, high sulphur (S) and N deposition rates and 
hydrological alterations by drainage and land use (Paavilainen & Päivänen 
1995; Dise 2009). In fact, most peatlands are situated at high latitudes where 
raised temperature and altered precipitation patterns are expected to be the 
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greatest (IPCC 2007), and future levels of N deposition will remain high 
over large areas (Holland et al. 2005; Galloway et al. 2008). 

Higher temperatures and summer droughts are predicted to favour vascu-
lar plants over Sphagnum by increased mineralization and drier conditions 
(Gunnarsson et al. 2004; Dorrepaal et al. 2009), even though Sphagnum 
growth can be stimulated as well by higher temperatures (Harley et al. 1989; 
Sonesson et al. 2002). Changes in drought frequencies and altered precipita-
tion patterns are also expected to have major consequences for Sphagnum 
growth and carbon accumulation, mainly as a consequence of plants drying 
out because of a lowered water table (Freeman et al. 2001; Hilbert et al. 
2001; Gerdol et al. 2007). However in fen ecosystems, increased distance to 
the water table due to climate change or drainage might augment peat (and 
C) accumulation. Such hydrological changes may trigger succession, turning 
fens into bogs through rapid ombrotrophication (Almquist-Jacobson & Fos-
ter 1995; Hughes & Barber 2004; Tahvanainen 2011). Although this is main-
ly a unidirectional process, restoring hydrological conditions may re-
establish the fen (Magyari et al. 2001). 

Deposition of sulphur (SOx, main source: fossil fuel combustion) was a 
hot topic in the 70s and 80s, and mire ecologist connected acid rain with the 
disappearance of Sphagnum in the U.K. (Tallis 1964; Ferguson et al. 1978). 
Although several publications found strong negative effects on the physiolo-
gy of Sphagnum (Ferguson & Lee 1979; Baxter et al. 1989), there was sub-
sequently a lower interest in this research area when S deposition rates 
started to decrease. However despite the drop in S deposition, extensive 
areas in Europe still receive considerable amounts of S (up to 2 g S m-2 year-

1, EMEP, http://webdab.emep.int/Unified_Model_Results/). Recent research 
has shown that gaseous C production in peatlands can decrease under high 
sulfur deposition, whilst the production of Sphagnum may be tolerant to S 
deposition (Wiedermann et al. 2007; Eriksson et al. 2010; Wieder et al. 
2010). 

Deposition of reactive N (Nr, reduced and oxidized forms of N) has in-
creased rapidly since the industrial revolution and consists of wet deposition 
(mainly NH4

+,NO3
-, primary source: fossil fuel combustion) and dry deposi-

tion (mainly NH3, primary source: livestock husbandry) (Galloway et al. 
2003). Because terrestrial ecosystems are mainly N limited, increased N 
input generally increases biomass production (LeBauer & Treseder 2008). 
However, in nutrient poor ecosystems, high N input can have severe nega-
tive effects on species diversity and ecosystem functions (e.g. microbial 
composition and C accumulation). Fast-growing plants are favoured over 
slow-growing nutrient efficient plants, resulting in fewer species and an al-
tered biochemical composition of litter (Wedin & Tilman 1996; Strengbom 
et al. 2001; Stevens et al. 2004). Many peatlands in the northern hemisphere 
are located in areas with high anthropogenic N deposition. A large part of 
these peatlands are Sphagnum-dominated, normally of ombrotrophic charac-
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ter, extremely nutrient poor and considered to be one of the most sensitive 
ecosystems to increased N deposition (Bobbink & Hettelingh 2011). Nor-
mally, deposited N is completely intercepted in the dense Sphagnum carpet 
and re-circulated within the Sphagnum layer, but at high N input, however, 
Sphagnum becomes N saturated and excessive N reaches vascular roots 
(Lamers et al. 2000). 

The last decades of research have reported negative effects of N input, 
such as decreased Sphagnum production (Limpens et al. 2011), increased 
decomposition rates (Bragazza et al. 2006; Bragazza & Freeman 2007), 
vegetation shifts towards vascular plants (Berendse et al. 2001), stoichomet-
ric alterations (shift to P-limitation; Aerts et al. 1992), and physiological 
changes such as N and amino acid accumulation (Malmer 1988; Baxter et al. 
1992; Jauhiainen et al. 1998; Nordin & Gunnarsson 2000). Despite extensive 
research, the underlying mechanisms causing changes in Sphagnum produc-
tion under high N input are still lacking experimental underpinning. The 
decline of Sphagnum may be attributed to: i) indirect effects (i.e. mediated 
by other organisms), such as increased vascular plant cover and sensitivity to 
pest and pathogens (Heijmans et al. 2002, Wiedermann et al. 2007), and, ii) 
direct effects on the physiology of Sphagnum, for example toxicity at high N 
concentrations (Limpens & Berendse 2003). Especially direct effects are 
poorly understood and interspecific differences in morphological and 
physiological characteristics, i.e. plant traits, in Sphagnum have rarely been 
addressed in studies exploring the response to N. For example, fast-growing 
Sphagnum species seems to benefit from increased N deposition in compari-
son to other Sphagnum species (Twenhöven 1992, Limpens et al. 2003, 
Gunnarsson et al. 2004), but the linkage to functional characteristics is 
poorly investigated (Twenhöven 1992).  

Exploring ecophysiological traits 
At present, there is a vast amount of literature on peatland dynamics and 
their responses to environmental change, and although much is known about 
the overall processes in peatlands, less is known about the casual mechan-
isms leading to the observed changes. Establishing and quantifying the 
pathway of events is not only of interest for the understanding of peatland 
ecology, but also essential for building models with high predictability when 
considering global change (atmospheric pollutants, climate change) (Suding 
et al. 2008). The approach using traits to predict responses to environmental 
change has lately received considerable attention (Chapin et al. 1993; Craine 
et al. 2002; Shipley 2009). In order to understand how ecosystem function 
may shift with environmental change we need to understand how the 
changes influence both response traits (traits determining how species re-
spond to environmental change) and effect traits (traits determining how 
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species affect ecosystem properties) (Suding et al. 2008). Such trait-based 
framework has just recently been adopted in bryophyte ecology (Cornelissen 
et al 2007; Lang et al. 2009) and peatland ecology (Rice et al. 2008; Tu-
retsky et al. 2008; Laine et al. 2011), although the connection between traits 
and ecosystem function in peatlands has been recognized before (e.g. Belyea 
1996). In fact, the prospect for a trait-based approach for Sphagnum looks 
promising. The important response traits in Sphagnum are largely known and 
have been investigated in relation to environmental variables such as water 
availability (e.g. Hayward & Clymo 1983; Schipperges & Rydin 1998). Ef-
fect traits may have been less studied on individual species but extensively 
for species groups (species grouped by the distance to the water table; hol-
low, lawn, hummock). So far, focus has been on litter decomposition rates 
and carbon balance because of the significant carbon pools in peatlands (e.g. 
Belyea 1996, Strack et al. 2006). The insufficient information about func-
tional traits in Sphagnum makes it hard to do general predictions about 
Sphagnum species composition in a changing environment (e.g. increasing N 
deposition), and its implications for ecosystem function (e.g. decomposition 
rates, and consequently, C accumulation). In my thesis I focus on ecophysio-
logical response traits in Sphagnum, such as photosynthetic rate (carbon 
gain), N accumulation and biomass production; the effect trait explored is 
rate of litter decomposition (study V). 
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Aims of this thesis 
The overarching aim with this thesis is to use ecophysiological traits in 
Sphagnum to aid the disentangling of underlying mechanisms in large scale 
processes and the responses to global change observed in mire ecosystems. 
By focusing on Sphagnum species that are representative for different micro-
habitats, my goal is to find generalisable mechanisms. This methodological 
approach was applied in two research areas: i) the response of Sphagnum to 
elevated N deposition, and, ii) processes regarding ecosystem shift and eco-
system function of mires. 
 
Specifically I address the following questions: 

 
 What are the physiological mechanisms behind the decreased 

Sphagnum production under increased N deposition? Do the phy-
siological responses differ among functional groups of Sphag-
num? (I, II, III) In addition, are there important interaction effects 
of increased N deposition with increased temperature and S depo-
sition? (I, II) 
 

 Under which conditions can an acidifying bog species invade a 
rich fen and initiate the succession that leads to a bog with high C 
accumulation? How is this process connected to the physiology of 
Sphagnum species? (IV) 
 

 How does investment in biomass (growth) correspond with de-
composition rates of litter in Sphagnum species? Do (allometric) 
scaling relationships of metabolic rate, N distribution, allocation 
of plant mass, plant density, growth and respiration correspond to 
those found in vascular plants? (V) 



 16 

Material and methods 

Study species 
Sphagnum species generally occupy narrow niches with respect to the height 
above the water table, pH and nutrient availability gradients (Rydin 1993). 
The species studied in this thesis are S. fallax (Klinggr.) Klinggr. (III, V), S. 
balticum (Russ.) C. Jens. (I, II, III, V), S. fuscum (Schimp.) Klinggr (I, III, 
IV, V), S. teres (Schimp.) Ångström (IV), S. warnstorfii Russow (IV), S. 
magellanicum Brid. (V), S. angustifolium (Warnst.) C.E.O. Jensen (V), and 
S. papillosum Lindb. (V). They differ with respect to both growth position 
above the water table and affinity to ombrotrophic conditions, and the spe-
cies can be crudely ranked according to these two variables as: S. fuscum > 
S. magellanicum > S. balticum > S. papillosum > S. angustifolium > S. fallax 
> S. warnstorfii > S. teres. Sphagnum fuscum is a hummock-dwelling spe-
cies growing high above the water table in bogs. Sphagnum magellanicum, 
S. balticum, S. papillosum grow closer to the water table (in lawns and hol-
lows) and the latter two can also be found in minerotrophic environments. 
Sphagnum angustifolium and Sphagnum fallax are generally restricted to 
minerotrophic environments and grow close the water table. Sphagnum an-
gustifolium is also frequently found in pine bogs. The two last species, S. 
warnstorfii and S. teres, are confined to minerotrophic environments with 
high pH (rich fens) where they form lawns or low hummocks. All species 
are widespread in the northern parts of Europe, northern Asia and North 
America (Daniels & Eddy 1990). 

Study sites and experiments 
Transplantation along a nitrogen deposition gradient (I) 
This experiment was set up to study the effect of increased N deposition 
using a human-induced gradient of N deposition, going from north to south. 
The N gradient stretched from northeast Sweden to northeast Germany, cov-
ering a N deposition gradient ranging from 0.28 g N m-2 year-1 in the north to 
1.49 g N m-2 year-1 in the south. There were four evenly distributed sites: 
North Sweden (N-S, Lappmyran), Central Sweden (C-S, Åkerlänna 
Römosse), South Sweden (S-S, Saxnäs Mosse), and Germany (Ger, 
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Barschpfuhl). All sites were open peatlands, relatively undisturbed with a 
vegetation characteristic of ombrotrophic mires. Five (n=5) intact peat cores 
(depth = 40 cm, diameter = 45 cm) were collected at N-S and C-S and trans-
planted southwards (i.e. not reciprocal because we were interested in how 
Sphagnum respond to increased N deposition). The cores consisted of a 1:1 
mix of S. fuscum and S. balticum. The transplantations were set up in May 
2003 and harvested in the fall of 2006. For the two Sphagnum species we 
measured production, photosynthetic performance (CO2 exchange and chlo-
rophyll fluorescence in the lab), and tissue N and chlorophyll concentration. 

Global change experiment in northern Sweden (II) 
To study the effect of N deposition and other environmental changes under 
more controlled conditions, and to better understand long-term effects, we 
used a long-term experiment at a low-deposition site, Degerö Stormyr, lo-
cated in the mid-boreal zone at Kulbäcksliden Research Park of the Vindeln 
Experimental Forests (64°11  N, 19°33  E; 270 m a.s.l.), Northern Sweden. 
The experiment started in 1995 (see Granberg et al. 2001 for further infor-
mation) making it possible not only to study the long-term effects of N on S. 
balticum, but also the effects of sulphur (S), and temperature and their inte-
ractions with N. The site has a low ambient N deposition which is of impor-
tance if we want to investigate the actual response at lower N levels (Lim-
pens et al. 2011), especially when comparisons between species are being 
made, since responses to N deposition may be species-specific. The experi-
ment is a full factorial set-up with two levels of temperature (ambient and 
+3.6°C), and two levels of N (ambient and 3.0 g N m 2 yr 1) and S (ambient 
and 2.0 g S m 2 yr 1). Treatments were randomly assigned to 2 m × 2 m plots 
and each treatment combination was duplicated. In addition to the factorial 
design, four replicates of a N and S midpoint treatment were incorporated in 
the set-up, receiving half of the total N and S load of the original N and S 
treatments. N and S were applied by diluting NH4NO3 and Na2SO4 in mire 
water and applied monthly during the growing season. Temperature was 
increased by using transparent polycarbonate side plates and a plastic film 
cover, perforated with holes, which gave an average temperature increase of 
3.6°C during the snow free period. Sphagnum shoots were randomly sam-
pled (30-50 shoots) in late August 2007 and brought to the laboratory for 
analyses. We measured photosynthetic performance (CO2 exchange and 
chlorophyll fluorescence), and tissue N, caroteniod and chlorophyll concen-
tration. 
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Greenhouse N application experiment (III) 
To reduce the potentially large environmental effects associated with a field 
experiments (e.g. heterogeneity in water table depth and vascular plant 
cover, and interactions with the local weather) we set up a greenhouse ex-
periment in which we investigated the effects of N application. Samples of 
the three species (S. fallax, S. balticum, S. fuscum) were collected in June 
2008 from Degerö Stormyr (see above). After collection at the field site, the 
samples were taken to Uppsala, Sweden (59°54´N, 17°38´E), and kept moist 
with de-ionized water in a greenhouse under natural light conditions and at a 
temperature between 15-25°C, until the start of the experiment in June 2008. 

Sphagnum shoots were cut to a length of 30 mm and randomly selected 
shoots were used to estimate pre-experimental dry mass for capitula (top 0.5 
- 1 cm) and stems, and the pre-experimental mass per unit area. The capitu-
lum area ratio for the species, S. fuscum: S. balticum: S. fallax, was 1 : 1.6 : 
2.0. These estimates were used to calculate how much N to add per shoot in 
order to give each species the same amount per unit area. Individual Sphag-
num shoots were grown in a plug-tray, which was then placed in a larger, 
water-filled tray. The water level in the trays was kept constant, circa 2 cm 
below the capitula, so that the short distance to the water prevented desicca-
tion of the mosses. To avoid N accumulation in the water, the water in each 
tray was slowly replaced with de-ionised water. Each N level (8) and species 
(3) was represented by three shoots, amounting to 72 shoots per tray. Each 
tray was considered a complete block within the experiment and replicated 
five times (n=5). A block design was chosen to control for the environmental 
heterogeneity in the greenhouse. Possible systematic environmental effects 
within each block (e.g. light conditions) were avoided by rotating the blocks 
during the experimental period. 

The experiment was performed in a greenhouse in Uppsala, using natural 
light conditions during the summer and supplementary light during the au-
tumn. It lasted 153 days (ca. one growing season at the collection site) and 
the three species were exposed to eight levels of N concentrations (0, 33, 66, 
99, 131, 164, 197, 230 mg N L-1, added as NH4NO3), corresponding to a 
range of N applications between 0 and 5.6 g N m-2 yr-1. N solutions were 
applied to the capitula on each shoot 1-2 times per week and after each N 
application the trays were sprayed with an additional N-free nutrient solution 
(artificial rain) based on Salemaa et al. (2008). The solution contained very 
little P, corresponding to <0.001 g m-2 over the experimental period. In this 
experiment we measured production, photosynthetic performance (CO2 and 
chlorophyll fluorescence), and tissue N and P concentration. 
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Ecosystem shift in peatlands (IV) 
To explore the mechanisms behind fen to bog ecosystem shifts we employed 
two field and one common garden experiment to investigate tolerance in 
Sphagnum species to growing close to the rich fen water table, both under 
controlled and natural conditions. The field experiments were conducted at 
Hällefjärd, a rich fen close to the Baltic Sea, 100 km north of Uppsala in 
East Central Sweden (60°30´N, 17°57´E). Rich fens in this area are hetero-
geneous with carpets dominated by brown mosses, lawns and low hum-
mocks of S. teres and S. warnstorfii, and parts of higher hummock islands of 
ombrotrophic characteristics (miniature bogs) dominated by S. fuscum.  

In the first experiment, we used a factorial experiment in which we grew 
the three species (S. fuscum, S.teres, S. warnstorfii) at different heights 
above the water table (HWT; shoot apex at 2 cm, 7 cm and 14 cm above the 
water surface) in a rich fen pool (pH 7.2). The experiment was conducted 
between June and October in 2006. Monospecific cores containing a mini-
mum of vascular plants were cut out and placed intact into PVC pipes (di-
ameter=16 cm), summing up to: 3 species × 3 HWT × 4 replicates = 36 
cores. To investigate competition, we transplanted four shoots of each spe-
cies into cores of the other species. To examine how the species affected the 
environment in the core at the lowest HWT (2 cm), we measured pH in the 
water collected at the centre of the core.  

In the second, we transplanted the three species to different microhabitats 
(natural conditions) in the rich fen and analysed the response after one year 
(June 2006 – June 2007). Thereby exposing them to a wider range of HWT 
with natural water level variability, and different competitors. Four micro-
habitats were used: brown moss carpet (low HWT), S. warnstorfii low hum-
mock (medium HWT), S. teres low hummock (medium HWT), and S. fus-
cum hummock (high HWT). All species were transplanted to the brown 
moss carpet and back into their original microhabitat, and S. fuscum was also 
transplanted to S. warnstorfii hummocks. Two transplant patch sizes were 
used; a larger (d=50 mm, length=50 mm) and a smaller (d=30 mm, 
length=30 mm). The small transplants simulated an earlier stage of estab-
lishment that would lack the possible benefits of a conspecific surrounding, 
such as acidifying and water retaining capacity. In the first two experiments 
we measured height growth, production and photosynthetic performance 
(CO2 exchange and chlorophyll fluorescence). 

Because the second experiment suggested that desiccation or flooding 
could be important factors impeding the establishment of S. fuscum in the 
rich fens, we designed a third experiment, testing the direct effects of desic-
cation and flooding. Experiment three was performed in the Botanical Gar-
den of Uppsala University in 2007, Sweden (59°54´N, 17°38´E). Mono-
specific cores of S. fuscum and S. teres were placed in PVC pipes (height=10 
cm, diameter=7 cm) and used in a full-factorial design that included four 
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factors: desiccation (desiccated vs. kept moist), flooding (submerged vs. 3-4 
cm above the water surface), water type (rich fen water vs. de-ionized water) 
and species (bog species: S. fuscum and rich fen species: S. teres). To simu-
late summer drought followed by flooding in the fall, the desiccation and 
flooding treatments were applied sequentially. Cores assigned to desiccation 
were left to dry out for 22 days and cores assigned to flooding were sub-
merged down to 2-3 cm below the surface for 25 days. After the experiment, 
we measured photosynthetic performance (CO2 exchange and chlorophyll 
fluorescence). 

Functional traits and allometric scaling in Sphagnum (V) 
Our chosen study site was Ryggmossen bog complex in the boreo-nemoral 
zone in south-eastern Sweden (60°3’ N, 17°20’ E). Within each of four con-
trasting habitats we selected dominant Sphagnum species growing on either 
hollow or hummock microforms (Table 1). Samples to measure ecophysio-
logical traits and litter bags for mass loss measurements were collected in 
August-September 2010 and brought to the lab for analyses. 

Table 1. Location and Sphagnum species used in paper V. For sampling and litter 
bag incubations, n = 3 at each microform. 

Habitat Microform Species collected 

Swamp Forest Low Hummock S. angustifolium 
Lagg Fen Hollow 1 S. papillosum 

(Poorly minerotrophic) Hollow 2 S. fallax 
 Hummock S. fuscum 

Bog Margin Low Hummock S. angustifolium 
(Ombrotrophic) Hummock 1 S. fuscum 

 Hummock 2 S. magellanicum 
Bog Plateau Hollow S. balticum 

(Ombrotrophic) Hummock S. fuscum 

Ecophysiological traits 
CO2 exchange and chlorophyll fluorescence 
At the end of the experiments, we evaluated photosynthetic capacity in 
Sphagnum, measuring maximum photosynthetic rate, NPmax (I, II, III, IV, V), 
and the light-kinetics of the photosynthetic apparatus, Fv/Fm (maximum 
quantum efficiency of photo system II [PSII], paper I, II, III, IV). Whilst 
NPmax evaluates the potential maximum performance of the whole photosyn-
thetic apparatus (i.e. growth potential of the plant), Fv/Fm measurements are 
restricted to changes in PSII, and can be used as a stress indicator and as-
sesses the plants health and vigour (Adams & Demmig-Adams 2004).  
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Chlorophyll fluorescence was measured using a pulse-modulated fluoro-
meter (Mini-PAM photosynthesis yield analyser; Walz, Effeltrich, Germany) 
and individual capitula were saturated with distilled water and dark adapted 
for 15 min prior to measurement. 

NPmax was measured by an infrared gas analyser (IRGA using the ambient 
CO2 concentration (365-395 ppm) in an open system. The capitula were 
placed in an air-tight chamber connected to the IRGA via inlet and outlet 
tubes. The maximum photosynthetic rate of mosses occurs within a narrow 
water content range (Schipperges & Rydin 1998). Hence, the capitula were 
first wetted and then CO2 exchange was measured as the capitula slowly 
dried out. The highest CO2 uptake was defined as NPmax and expressed as the 
rate of CO2 uptake per unit dry mass or area. 

Nutrient and pigment concentration 
The capitula (top 1-1.5 cm) were freeze-dried and ground to a homogeneous 
powder prior to analyses of N (I, II, III, V), P (III), chlorophyll a/b (I, II) and 
caroteniod (II) concentration. Pigments were extracted in MgCO3-saturated 
dimethyl sulphoxide (DMSO) following Palmqvist and Sundberg (2001). 

Production and litter decomposition 
Sphagnum height growth and production were measured by crank wires 
(Clymo 1970) (I, IV, V), or by using individual shoots where pre-experiment 
mass was determined (III, IV). In situ litter decomposition of Sphagnum 
species was measured using litter bags containing dried Sphagnum stem 
sections (V). Litter bags were buried circa 5 cm below the peat surface and 
replicated three times per microform (hummock and hollow) and species at 
each location (Table 1). Litter bags were collected after 3 years in September 
2010, and thereafter freeze-dried and weighed. 

Statistical analyses 
Standard statistical procedures, like analyses of variance (ANOVA) and 
linear models, were used to analyze treatment effects on the response va-
riables and examine relationships between variables. In paper V we used a 
principle component analysis (PCA) to explore the correlations among plant 
traits and the separation of species in space, and standardised major axis 
regressions (after log10-transformation) to test hypotheses of allometric scal-
ing (smatr package in R, Warton et al. 2011). All statistical anlyses were 
performed in R (R Development Core Team 2010). 
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Results and discussion 

The response in physiological traits to increased N 
deposition (I, II, III) 
There was a close match between N input and capitulum tissue N concentra-
tion, independently of using a N deposition gradient or an N application 
experiment. In line with other studies, the results showed that Sphagnum 
reach N saturation at high N input where the linear relationship between N 
input and N concentration breaks down (Lamers et al. 2000). The response 
of N accumulation rate, a trait quantifying N loss, retention and N uptake, 
was rather independent of species (I, III). This suggests that species-specific 
uptake mechanisms (Jauhiainen et al. 1998) play a minor role in Sphagnum 
responses to N deposition. A large proportion of the accumulated N is in-
vested in the photosynthetic apparatus as shown by an increased chlorophyll 
content (I, II). Other potential storages of N are amino acids (Nordin & Gun-
narsson 2000) or possibly in cell wall structure of the hyaline cells (Manni-
nen et al. 2011).  

The tight correlation between N concentration and investment in the pho-
tosynthetic apparatus (chlorophyll, Rubisco) is probably the reason why 
maximum photosynthetic rate, a trait evaluating photosynthetic capacity, 
was mainly explained by capitulum tissue N concentration. In paper I, the 
increase in N concentration was confounded by climatic factors, but paper II 
and III supported the explanation that changes in photosynthetic rate are 
indeed determined by N concentration. In general photosynthetic rate in-
creased with increasing N concentration for S. fuscum and S. fallax, while a 
unimodal relationship was observed for S. balticum. A linear, or slightly 
curvilinear relationship (monotonically increasing) between foliar N concen-
tration and photosynthetic rate has been established for vascular plants (Hi-
kosaka 2004) and has previously been suggested for bryophytes (Skre & 
Oechel 1979). The different pattern found for S. balticum is intriguing but at 
the moment there is no, to my knowledge, mechanistic explanation as to why 
this species would exhibit a species-specific photosynthetic response to N. 
The results could have been explained if S. balticum was more sensitive to N 
compared to the other species; however, paper III indicated the opposite. 

Greenhouse experiments conducted with raised temperatures have shown 
positive or neutral effects of raised temperature on S. balticum growth 
(Breeuwer et al. 2008; 2009). We did not observe that the photosynthetic 
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machinery is physiologically adjusted to the higher temperature (3.6°C) (II); 
at least, no long-lasting effects were detected (II). Furthermore, the positive 
response on photosynthesis in paper I is better explained by N deposition 
than temperature. Studies have suggested that the combination of increased 
temperature and increased N availability can aggravate the negative effect of 
N enrichment, probably because of the additional water stress associated 
with higher evaporation in temperature treatments (Carfrae et al. 2007; Lim-
pens et al. 2011; Manninen et al. 2011). However, this is most likely to hap-
pen in hummocks (Limpens et al. 2011), which may explain why we found 
no such interaction our studies (I, II). Study II detected an interaction effect 
of S with N, suggesting that the negative effect of S on the photosynthetic 
capacity is alleviated with N addition. A similar pattern was found for pro-
duction in an earlier study (Gunnarsson et al. 2004) suggesting that a com-
bined deposition of S and N may be less detrimental for Sphagnum vigor 
than each nutrient separate. 

 
Figure 2. Graphs illustrating the mismatch of relationship between production and 
maximum photosynthetic rate under increasing N addition conditions. (a) and (b) 
show data for S. balticum from the Degerö N application experiment. These describe 
a negative effect of N application on production (a; taken from Gunnarsson et al. 
2004 with permission from the publisher), but a unimodal response for maximum 
photosynthetic rate (b; from paper II). Lines have been added to emphasize the 
shape of the relationship. (c) shows results from the controlled greenhouse study 
(III) and the production values have been centralised (by subtracting with the mean 
for each species) to better visualise all species in one figure. Max. photosynthetic 
rate is rate of uptake of CO2 on a dry mass basis. (a) and (b) show mean ± s.e. 

Another intriguing result is the lack of correlation between the two traits 
maximum photosynthetic rate and production in all N addition studies (I, II, 
III; Fig. 2). In field experiments such a mismatch between Sphagnum res-
ponses to N, may be attributed to the many environmental variables affecting 
production (e.g. water availability, light; Gunnarsson 2005), but our results 
even hold for a controlled greenhouse experiment (III). Clearly the studies in 
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this thesis show that the reported negative effects on Sphagnum productivity 
under high N deposition are not related to negative effects on the photosyn-
thetic apparatus. Thus, toxic effects of N concentration are likely of minor 
importance in nature, and consequently, other mechanisms are driving the 
decline in Sphagnum production under enhanced N conditions. Even though 
increased photosynthetic rate could explain the increase in Sphagnum pro-
duction at low N input (Limpens et al. 2011), N-induced effects may thereaf-
ter be mediated through biotic interactions such as increased vascular plant 
cover, fungal pathogens or microalgae (Gilbert et al. 1998; Heijmans et al. 
2002; Wiedermann et al. 2007), or possibly be a direct effect of nutrient 
imbalance (Bragazza et al. 2004). Indeed in paper III, we found that P limi-
tation could explain decreased production in Sphagnum to N addition. Sur-
prisingly, the fast-growing species S. fallax, a species considered to benefit 
from increased N deposition, showed a negative physiological response to N 
(III). This suggests that stoichiometric constraints may be more important in 
fast-growing species. Thus, when predicting responses to N deposition using 
physiological traits related to growth rate, local environmental factors need 
to be considered. 

Linking physiological traits to ecosystem shift and 
function (IV, V) 
Paper IV investigated the processes that control the fen to bog ecosystem 
shift in three experiments. In the first experiment we used fixed water levels 
of rich fen water to test the abiotic effect of high pH and high Ca2+ concen-
tration on Sphagnum performance. We found no evidence that S. fuscum (a 
typical bog species of Sphagnum) was physiologically negatively affected 
when placed close to the water table (i.e. exposed to high pH and high Ca2+), 
but S. fuscum was a weaker competitor when grown close to the water table. 
In other words, close to the water table, traits related to growth rate separated 
the species while plant vigor traits did not. This is opposite to the idea that 
such conditions are toxic for bog Sphagna and prevent them from invading 
rich fens (Clymo 1973). The results support, however, the idea that species 
growing high up on hummocks also can grow close to the water table but 
may be weak competitors under such conditions (Rydin & McDonald 1985).  

In our second field experiment we transplanted the species into the rich 
fen, exposing them to a wider range of HWT with natural water level vari-
ability, and in contact with different potential competitors. In contrast to 
experiment one, here S. fuscum nearly ceased to photosynthesize when 
growing close to the water table (i.e. transplanted down to the brown moss 
carpet). At the intermediate HWT (S. warnstorfii hummocks), it performed 
similarly to the two rich fen species. The rich fen sphagna (S. warnstorfii, S. 
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teres), however, performed equally well in both habitats. A key difference 
between the experiments was the seasonal flooding and drought that oc-
curred in the second experiment. Therefore experiment number three ex-
amined the effect of flooding and drought and showed that S. fuscum (bog 
species) responded negatively to flooding by rich fen water while S. teres 
(rich fen species) did not (Fig. 3). No major difference between the species 
was observed in their response to drought or flooding by de-ionized water. 
Thus, flooding by calcareous water will prevent S. fuscum from invading 
rich fens and suggest that there is an underlying physiological difference in 
tolerance to submergence in rich fen water among Sphagnum species. This 
also suggests that tolerance to submergence at different pH is an important 
trait for Sphagnum establishment. These results also highlight the impor-
tance of disturbance by flooding in sustaining the rich fen ecosystem, which 
needs to be considered by nature conservation practitioners when restoring 
drained rich fens. 

 
Figure 3. The effect of drought (desiccated or moist), flooding (flooded or not 
flooded), and water type (flooding by deionized water or rich fen water) on maxi-
mum photosynthetic rate (NPmax, rate of uptake of CO2, dry mass basis) in Sphag-
num fuscum and S. teres (mean ± SE; n=3-4). 

We propose the idea that there are two thresholds with respect to distance to 
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occur: one that is related to the risk of being submerged and another one 
where bog sphagna are not out-competed by rich fen species (Fig. 4). The 
first threshold involves allogenic processes and explains how changes in 
precipitation or the hydrology in the mire surroundings can trigger the rich 
fen to bog transition (Barber 1981; Svensson 1988). The second threshold is 
reached through the initiation of hummock formation, lifting the vegetation 
layer sufficiently above the water table to escape submergence even at un-
usually high water levels. The latter process is considered the main driver 
behind bog formation in classic autogenic mire succession theory (e.g. Zobel 
1988) and is the result of positive feedback processes on decomposition rates 
and acidification of the environment that facilitate the survival and growth of 
bog sphagna (van Breemen 1995). 

 
Figure 4. Conceptual model describing under what conditions an ecosystem shift to 
a bog ecosystem can occur in rich fens. Flooding level refers to the highest water 
level reached and both flooding level and vegetation level are in relation to the an-
nual mean water table. Bog Sphagna cannot establish when the flooding level ex-
ceeds the moss vegetation layer, i.e. flooding submerges the vegetation (upper trian-
gle), or if they experience strong competition when growing close to the water table, 
although it is not submerged by rich fen water (lower triangle to the left, labeled 
competition). 

In study five (V) we explored an array of traits in Sphagnum stretching over 
several environmental gradients (light-shade, minerotrophic-ombrotrophic, 
hollow-hummock). We found that high shoot density resulted in low invest-
ment in the capitulum (low capitulum mass and low Capitulum Investment 
Index, CII = capitulum to stem ratio), and consequently, lower production 
and height growth per shoot. Further allometric analyses showed that capitu-
lum mass remained higher than expected when shoot density increased. In 
other words, they do not scale isometrically. This suggests that photosynthet-
ic efficiency decreases because specific leaf area (SLA) decreases, meaning 
that a larger portion of the biomass in the capitulum is not directly exposed 
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to light. In support, an earlier study found that S. fuscum has a lower SLA 
compared to other Sphagnum species (Bond-Lamberty & Gower 2007). 
However, on an area basis, the theory of constant final yield predicts that the 
trade-off between production per shoot and density should even out and re-
sult in a total production that is independent of density (Weiner & Freckleton 
2010). Our calculated allometric relationship suggested that Sphagnum 
capitulum mass scales as the -¾ power of density. This scaling coefficient 
indicates a weaker intraspecific competition than predicted by the law of 
constant final yield so that increased density leads to increased total yield 
(i.e. standing mass). Indeed, bryophyte growth architecture is different from 
that of vascular plants. For example, because of the architecture of Sphag-
num canopy and the high degree of size plasticity in Sphagnum, the mini-
mum size of a shoot is not as restricted by mechanical reasons as for vascu-
lar plants (Rydin 1995), In line with our study, an earlier study on bryo-
phytes (Polytrichum alpestre) reported similar figures for the log mass - log 
density relationship (-0.66 to -0.82; Collins 1976).  

Variation in shoot density is related to desiccation avoidance. From an 
evolutionary point of view, a successful strategy would be to achieve near-
optimal water content in the capitula frequently. This can be achieved either 
by a large capitula that dries out slowly, or by densely packed small capitula 
with good capillary properties that reduce surface area and thus water loss. 
Hence, if competition for light is strong, but the risk of water loss is low, 
Sphagnum density will decrease because more resources are allocated to 
fewer shoots so light interception and height growth can be maximized. Si-
milarly, close to the water table Sphagnum can have lower density compared 
to high above the water table where desiccation is avoided by height density 
(Rydin 1995). Note, however, that the effect of competition and the envi-
ronment are acting together in our study, but we assume that the environ-
mental conditions were the driving factors. Our results support earlier studies 
suggesting a trade-off between species that tolerate environmental stress and 
those that maximize carbon assimilation at a per shoot basis (Rice et al. 
2008; Hajek et al. 2009; Laine et al. 2011). Interestingly, this trade-off may 
be related to carbon loss. Photosynthetic rate was correlated with litter mass 
loss which suggests a trade-off between metabolic processes (carbon gain) 
and production of decay resistant tissue (carbon storage). This is in line with 
an earlier study which suggested a trade-off between metabolic and structur-
al allocation of carbon (Turetsky et al. 2008). A somewhat puzzling and 
contrasting result was that litter mass loss was not correlated with field pro-
duction. The reason is probably that production is integrated over the season 
and may vary largely among species and between years due to different 
weather conditions. Production over one year might, therefore, be mislead-
ing and should be studied over a longer time to accurately test the trade-off 
between production and mass loss in the field. 
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Concluding remarks 
In this thesis I have showed that ecophysiological traits can be used to un-
derstand responses to environmental change and elucidate causal mechan-
isms. By investigating physiological traits related to photosynthesis and 
growth I found that responses of Sphagnum to N deposition are often posi-
tive and I found no evidence of toxic effects. Hence, decreased Sphagnum 
production under increased N deposition may instead be caused by stoichi-
metric constraints, other physiological alterations (e.g. increased drought 
sensitivity) or indirect effects (e.g. increased vascular plant cover). In con-
trast to current view, I found that fast-growing Sphagnum cannot be assumed 
to benefit from high N availability.  

Regarding the ecosystem shift from fen to bog and ecosystem function of 
mires (e.g. C accumulation), I show that differences in two physiological 
traits (growth rate and tolerance to flooding) among species, can explain 
when an ecosystem shift from a species-rich ecosystem to a species-poor one 
with greater carbon storage may occur. In addition, my investigations of 
trade-offs between traits in Sphagnum suggested that growth strategies are 
determined by the distribution of Sphagnum relative to the water table in 
order to minimize periods with suboptimal hydration. Allometric scaling 
analyses stressed the importance of resource allocation also in mosses, al-
though the allocation patterns in Sphagnum were not always consistent with 
those of vascular plants. In addition, there appears to be a trade-off between 
photosynthetic rate and decomposition rate among Sphagnum species. 

To predict how Sphagnum communities vary in a changing world, both 
with respect to species composition and to ecosystem function, we need em-
pirical data on many species and many traits. My thesis shows that a combi-
nation of field and common garden experiments evaluated by growth res-
ponses and physiological responses are successful in answering different 
questions and teasing out possible mechanisms in Ecology. 
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Svensk sammanfattning 

Myrens mossor i en föränderlig miljö 
Cirka en tiondel av Sverige täcks av myrar som är våtmarker med där torv 
ackumuleras över tid. Torven består till stor del av kol och uppskattningsvis 
en tredjedel av allt kol i atmosfären finns lagrat i myrmarker på norra halv-
klotet. Inlagringen av kol i torv har således direkt koppling till det globala 
klimatet. Dessa ekosystem byggs upp av torvmossor (mossläktet Sphagnum, 
även kallat vitmossor) som ofta täcker marken med sina små, tätt intilliggan-
de skott. Torvmossan är en så kallade ekosystemingenjör, den formar sin 
egen miljö vilken är sur, näringsfattig, blöt och ogästvänlig för andra växter 
och som saktar ned nedbrytningsprocessen vilket leder till torvbildningen. 
Även om de flesta myrmarker är artfattiga så finns det ett myrhabitat som 
kallas rikkärr vilket innehar en hög artrikedom, men ofta liten torvinlagring 
då få torvmossor påträffas här. Detta habitat förekommer där marken inne-
håller mycket kalk vilket ger högt pH i det grundvatten som strömmar ge-
nom rikkärret.  

Miljön i myrmarker kan ändras vid till exempel förändrat nederbörds-
mönster, mänsklig påverkan (till exempel ökat kvävenedfall, dikning av 
våtmarker) eller genom biotiska processer som beskuggning av växter och 
ökad torvtillväxt i myrar. Olika arter är anpassade till olika miljöförhållan-
den och arter som växter tillsammans har ofta liknande karaktärsdrag. Ex-
empel på sådana karaktärer kan vara förmåga att hålla vatten, tillväxthastig-
het, nedbrytningshastighet och upptag av näring. Därför kan studier av ka-
raktärer hjälpa oss att förutspå vilka arter som gynnas vid miljöförändringar 
och hur dessa artförändringar påverkar de ekosystemfunktioner som finns i 
myrmarker (till exempel kolinlagringshastigheten). I min avhandling har jag 
utgått från studier av karaktärer för att undersöka hur olika arter svarar på 
miljöförändringar, och hur studier av karaktärer kan användas för att förstå 
mekanismerna bakom några av de storskaliga processer, såsom succession 
och kolutbyte, som observeras inom myrmarker. 

Fysiologiska effekter i torvmossor av ökat kvävenedfall 
Många myrmarker är i direkt kontakt med atmosfären och därför starkt på-
verkade av till exempel nederbördens kemi och hur frekvent nederbörden är. 
Därmed är de potentiellt känsliga för luftföroreningar och förändringar i 
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klimatet. Då myrmarker är naturligt näringsfattiga (näringsämnet kväve be-
gränsar tillväxten) har det forskats mycket om effekten av kvävenedfall på 
myrar. Kvävenedfallet har sitt ursprung från förbränning och djurgårdar och 
har ökat drastiskt globalt sedan den industriella revolutionen. Tidigare studi-
er har påvisat negativa effekter av ökad kvävetillföresel på torvmossor till-
växt, vilket kan ha konsekvenser för habitatets ekosystemfunktion som kol-
lager och kolsänka. Dock vet vi mycket lite om varför torvmossor påverkas 
negativt, det vill säga de bakomliggande mekanismer, och om dess respons 
skiljer sig mellan arter. I tillägg vet vi inte i vilken utsträckning kvävenedfal-
let samverkar med andra miljöförändringar så som svavelnedfall och tempe-
raturökning. För att kunna förstå myrekosystems respons samt förutspå art-
förändringar under miljöförändringar behövas sådan detaljinformation. Min 
första del av avhandlingen fokuserar på fysiologiska responser i torvmossor 
vid ökad kvävetillförsel. 

Tre experiment utfördes för att studera effekten av kväve på torvmossor: 
i) ett tranplanteringsexperiment där mossor flyttades söderut till områden 
med högre kvävenedfall, ii) ett långtidsexperiment på Degerö stormyr utan-
för Umeå där även svaveltillförsel och temperaturökning ingick i experimen-
tet, samt iii) ett växthusexperiment med tre torvmossearter där åtta olika 
kvävedoser applicerades under 5 månader. Dessa studier visade att kväve-
koncentrationen ökade i mossorna med ökad kvävetillsats och att växten då 
kunde inneha en högre klorofyllhalt. Mossorna påverkades inte negativt fy-
siologiskt av de realistiska mängder kväve som tillfördes, i alla fall inte deras 
fotosyntesfunktion som är grunden för växters tillväxt. Jag fann inte heller 
några starka samverkareffekter med svavel eller temperatur. Däremot påver-
kades tillväxten av den fosforbegränsning som kan uppstå när kvävekoncent-
rationen ökar i växten. Detta hade en stor negativ effekt på tillväxten för 
snabbväxande torvmossearter vilket talar för att sådana arter inte skulle ha 
gynnats jämfört med andra torvmossearter av det förhöjda kvävenedfallet. I 
områden med högre fosforhalter skulle dock snabbväxande arter gynnas av 
ökad kvävetillgång. Sammantaget visar dessa studier att torvmossor svarar 
fysiologiskt ganska lika på ökat kvävenedfall med att samverkan med den 
omgivande miljön kan leda till negativa effekter. För att förstå effekten av 
miljöförändringar är det därför viktigt att studera dessa förändringar i olika 
miljöer och i samspel med andra samtida miljöförändringar. 

Torvmossors karaktärers koppling till ekosystemfunktion i myrar 
Torvtillväxt är en viktig process som kan innebära stora förändringar för 
myrekosystemet och dess funktion. Det mest dramatiska är när rikkärr inva-
deras av snabbt torvbildande torvmossor vilket leder till utslagningen av den 
rika floran och ett skifte i ekosystemfunktion till ett kolinlagrande system 
med väldigt få arter (en mosse). Paleoekologisk data har visat att detta skifte 
(rikkärr till mosse) kan gå väldigt snabbt, inom årtionden, men varför dessa 
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skiften sker vid ett visst tillfälle har fram tills nu varit relativt okänt. I min 
fjärde studie undersökte jag de underliggande mekanismerna bakom detta 
ekosystemskifte och hur det kunde härledas till fysiologiska skillnader mel-
lan torvmossearter. Jag jämförde en snabbt torvbildande art (rostvitmossa) 
som växer i mossar med två arter som bara påträffas i rikkärr. Först jämför-
des dess fysiologiska respons till rikkärrvatten, sedan tranplanterades dessa 
arter till olika mikrohabitat för att simulera en naturlig spridning av rostvit-
mossa till ett rikkärr, och till sist undersöktes effekten av översvämning och 
torka, två vanliga fenomen i detta habitat, i ett växthusexperiment.  

Jag identifierade två processer som bestämmer om ett ekosystemskifte 
kan ske, det vill säga när snabbt torvbildande arter kan ta över rikkärret: i) 
typiska mossearter (till exempel rostvitmossa) kan inte konkurrera med mer 
snabbväxande rikkärrsarter innan torvlagret växt till sig så att avståndet till 
grundvattennivån uppnått ett visst avstånd, troligtvis mer än 20 cm, ii) mos-
searter är mycket känsliga för översvämning (vara under vatten) och kan 
bara etablera sig när den kan växa tillräckligt högt upp (till exempel på tu-
vor) för att undgå översvämning, eller under år med lågvatten under höst-
vinter. Rent praktiskt innebär dessa resultat att bevarande-, och restaure-
ringsåtgärder i rikkärr måste inkludera bevarandet och återställandet av över-
svämningsnivån för att hindra etablering av torvmossearter som annars kan 
förändra rikkärrsmiljön negativt ur ett biologiskt mångfaldsperspektiv. 

I min sista studie undersökte jag karaktärer i flertalet torvmossearter från 
fyra olika habitat inom en mosse för att undersöka tillväxtstrategier hos 
Sphagnum och om de kunde kopplas till nedbrytning. Vissa karaktärer un-
dersöktes i labb (till exempel fotosynteshastighet) och en del undersöktes i 
fält (till exempel nedbrytning, produktion och skott-täthet). Jag fann att när 
mossorna växer tätare blir toppdelen inte bara mindre, mossorna investerade 
även mindre biomassa i toppdelen jämfört med stammen. Detta resulterade i 
lägre fotosynteshastighet och höjdtillväxt. Vidare skiljde sig sambandet mel-
lan skottäthet och biomassa från det för kärlväxter vilket indikerar att mos-
sors fysiska och biologiska begränsningar av resursfördelning skiljer sig från 
kärlväxter. Det fanns också indikationer på att arter som hade hög fotosyn-
teskapacitet även hade hög nedbrytningshastighet. Studien stödjer hypotesen 
om två generella strategier hos torvmossor; stresståliga arter med små skott 
som växer tätt och har en låg inneboende tillväxt och låg nedbrytningshas-
tighet, samt snabbväxandearter med stora skott som har hög tillväxt och hög 
nedbrytningshastighet. Med stress avses här begränsad vattentillgång och 
starkt solljus. 
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