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Chapter I

1. Northern tundra ecosystems and climate change

Large anthropogenic emissions of  greenhouse gases such as carbon dioxide (CO2) and methane 
(CH4) are currently causing global climate change by changing the radiative forcing of  the planet 
(IPCC, 2007). There is extensive variation between geographic regions in the predicted magnitude 
and direction of  climatic changes (Christensen et al., 2007) and the strongest impacts are expected 
at higher latitudes (ACIA, 2004). Such changes in climate, including raising temperatures and 
changing precipitation patterns, are likely to affect primary productivity and decomposition rates 
(Fig. 1). If  the balance changes among the processes that take up and release carbon, feedbacks 
through enhanced or decreased carbon emissions may occur. Northern tundra ecosystems are 
important in climate-induced feedbacks since they contain a large part of  our global terrestrial 
soil carbon pool (Tarnocai et al., 2009). These large carbon pools exist because of  the low 
decomposition rates in tundra ecosystems compared to the amount of  carbon sequestered in net 
primary production (ACIA, 2004, Aerts, 2006). Therefore, despite their low primary productivity, 
tundra ecosystems have been acting as a carbon sink (net uptake of  carbon). If  climatic change 
does affect the balance between primary productivity and decomposition rates, this has the 
potential to change the tundra from a carbon sink into a carbon source (net release of  carbon). 
If  such a change in carbon emission or sequestration is large enough, this would affect the global 
carbon cycle and thus feedback to climate. Hence, one of  the key components in understanding 
and predicting the carbon cycle in northern tundra ecosystems is their plant productivity.

Within the range of  northern tundra ecosystems (Walker et al., 2005), northern peatlands are 

Figure 1. Schematic representation of  the interactions between climate and permafrost peatland plant 
communities. The dark boxes in particular are discussed in this thesis and the Chapter numbers indicate 
the position of  each chapter within the framework. The dashed arrow represents a (new) permafrost-thaw 
specific pathway which is presented in Chapter 4 of  this thesis.
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of  particular interest because they contain around one third of  the earth’s terrestrial carbon 
(Gorham, 1991, Limpens et al., 2008), more than half  the current atmospheric stock of  carbon 
dioxide (Rydin & Jeglum, 2006). 

Permafrost, soil that is at or below the freezing point of  water (0 °C) for two or more consecutive 
years (Brown et al., 1998), is a common feature in high latitude regions and affects 24 % of  all 
soil area in the northern hemisphere (16% of  the global soil area). Of  all permafrost area, 
approximately 19% is classified as peatland (adding up to approximately 3.6 x 106 km2) (Tarnocai 
et al., 2009). Particularly large stocks of  organic C (around 280 billion ton C) and N are receding 
in these organic frozen soils (Batjes, 1996, Frey et al., 2007, Kuhry et al., 2010, Schuur et al., 2008, 
Tarnocai et al., 2009, Uhlirova et al., 2007), which can be released when permafrost thaws as a 
result of  climatic changes. 

2. Factors determining plant productivity in permafrost peatlands

Plant productivity in northern tundra ecosystems in general is strongly constrained by the 
adverse physical environment. The main limiting factors include a short growing season, low 
temperature and low nutrient availability (Aerts et al., 2006a, Chapin et al., 1995, Elmendorf  et al., 
2012, Shaver et al., 2001), but water shortage is also frequently listed as a growth-limiting factor 
for tundra vegetation (Bliss et al., 1994, Hodkinson et al., 1999, Kade et al., 2005, Ostendorf  & 
Reynolds, 1998, Press et al., 1998b, Qian et al., 2010) (Fig. 1). The predominant limiting nutrient 
of  terrestrial arctic ecosystems is nitrogen, of  which the low availability in the soil severely 
limits plant growth at high-latitudes and in high-latitude peatlands in particular (Aerts et al., 
1992, Berendse & Jonasson, 1992, Chapin et al., 1995, Hobbie et al., 2002, Van Wijk et al., 2004). 
Although tundra soils contain large stocks of  nitrogen (Batjes, 1996, Limpens et al., 2006), 
these stocks are largely tied up in unavailable, complex organic forms (Rydin & Jeglum, 2006), 
immobilized in microbial biomass (Jonasson et al., 1996) or frozen in permafrost soils, and are 
therefore mostly unavailable to plants. 

In permafrost soils, biotic processes are largely restricted to the shallow surface layer of  the 
soil which is unfrozen in summer only (the active layer). Permafrost affects soil moisture, either 
because the water is in frozen state and thus unavailable to plants, or because the underlying 
frozen soil layer causes water-logging in the seasonally thawed active layer (Callaghan et al., 2004). 
Additionally, permafrost affects microbial activity, plant rooting depth and plant-availability of  
nutrients in deeper soil layers (Camill et al., 2001, Christensen et al., 2004, Luoto et al., 2004, Rydin 
& Jeglum, 2006, Turetsky et al., 2000). 

Lastly, in peatlands in particular, vegetation is typically dominated by Sphagnum peatmosses, 
which are competent ecosystem engineers and modify temperature, pH, nitrogen and moisture 
conditions of  their surroundings. In general, these peatmoss interferences further restrict 
vascular plant productivity (Limpens et al., 2008, Rydin & Jeglum, 2006). 

I
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3. Climatic changes affecting plant growth in permafrost peatlands

3a. Climatic changes affecting northern tundra ecosystems in general

In a changing climate, one or more of  the above-mentioned limiting factors for plant productivity 
(and decomposition) are likely to change. The observed and predicted climatic changes in 
northern tundra ecosystems include rising air- and soil (permafrost) temperatures and changing 
precipitation regimes (ACIA, 2004, Akerman & Johansson, 2008, IPCC, 2007) can affect 
plant growth both directly and indirectly (Fig. 1). Higher air temperatures can directly affect 
plant growth in northern tundra ecosystems in general and can result in higher productivity 
(Elmendorf  et al., 2012, Myers-Smith et al., 2012). If  growth of  tundra vegetation is water-
limited, an increase in precipitation will also positively affect vegetation productivity (Hodkinson 
et al., 1999, Qian et al., 2010). An important indirect effect of  rising temperatures on tundra 
vegetation involves changes in nutrient availability (Hungate et al., 2003, Rustad et al., 2001). 
Such increases are observed and predicted to occur through warmer soil temperatures, because 
mineralization rates of  organic nitrogen can increase and concomitantly plant nutrient availability 
will become higher (Weedon et al., 2012). Moreover, some observations suggest that increases 
in nutrient availability may occur through thawing of  permafrost soil. These thawing soils may 
release nitrogen into tundra ecosystems, given that they contain large frozen organic N stocks 
(Mack et al., 2010, Schuur et al., 2007), although the fate and availability of  this nitrogen source 
when unfrozen is not fully understood. Overall, these direct and indirect climatic changes may 
affect growth of  different tundra species to different degrees, although the relative importance 
of  each effect is currently not known. Finally, if  growth differences occur, this can alter species 
interactions and thus potentially alter species composition, which in turn can cause important 
changes in C-sequestration through differences in intrinsic productivity and litter input of  the 
species involved (Chapin et al., 1996, Dorrepaal et al., 2005). 

3b. Carbon sink and source function of permafrost peatlands in particular

In the remainder of  this thesis, the focus is on permafrost peatlands, because of  their vast 
stores of  carbon and as they are considered to be particularly sensitive to ongoing climatic 
changes (Schuur et al., 2008, Tarnocai et al., 2009). Extensive research in recent years has 
shown that carbon dioxide emissions from permafrost peatlands may increase due to higher 
soil decomposition rates of  both shallow and deep organic matter in response to warming 
(Dorrepaal et al., 2009, Kuhry et al., 2010). Also, methane emissions can increase in response 
to thawing permafrost and changing hydrology (Christensen et al., 2004, Olefeldt et al., 2012). 
However, much less research effort has been spent on potential changes in carbon uptake (sink 
function) by permafrost peatlands than on their potential carbon emission changes (Olefeldt et 
al., 2012). A climate change mediated increase in carbon uptake can, however, be expected in 
permafrost peatlands via positive vegetation responses to warming and increased precipitation 
(direct effects), as well as in response to increased nutrient availability (indirect effect) (Fig. 1). 

There are several reasons why vegetation responses in permafrost peatlands to climatic 
changes may be significantly different from vegetation responses in other northern ecosystems, 
making direct extrapolation of  findings found elsewhere difficult. Firstly, these peatlands are 
characterized by the presence of  Sphagnum peatmosses which, because of  their dominant 
ground cover, act as a ‘living soil’. This ‘living soil’ is likely to respond to climatic changes, for 
example by increased vertical growth in response to warming, and thus potentially modifies the 
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impact of  these changes on the vegetation community (Dorrepaal et al., 2006). Hence, because 
responses to climatic change can be expected of  both the vascular community as well as of  
the dominant peatmoss (Dorrepaal et al., 2004), the net community responses, and ultimately 
carbon uptake, will depend both on interactions within the vascular community, as well as on 
interactions between the vascular community and the dominant peatmoss (Van Breemen, 1995). 
Secondly, the structure and function of  permafrost peatlands is to a large extent determined 
by the permanently frozen soil layer. Thawing of  this frozen soil will increase the thickness of  
the layer in which biotic processes can take place, and may alter soil structure, hydrology, and 
possibly nutrient availability. The latter is of  particular interest because growth of  the vegetation 
in these peatlands is strongly nitrogen-limited (Aerts et al., 1992, Berendse & Jonasson, 1992). 
In addition, thawing could release the above-mentioned frozen organic N stocks, which will 
have consequences for growth of  the N-limited peatland vegetation (Schuur et al., 2007) if  these 
stocks turn out to contain plant available N. Overall, permafrost peatlands are thus expected to 
respond strongly to climatic changes, and the effect of  permafrost thawing is one of  the biggest 
uncertainties for determining the magnitude and direction of  the effect of  climatic changes on 
their carbon sink function (Rydin & Jeglum, 2006, Turetsky, 2004, Wania et al., 2009). 

Yet, although increased temperature (Elmendorf  et al., 2012) and increased summer precipitation 
(Bengtsson et al., 2011, Blok et al., 2011, Dormann & Woodin, 2002) studies have been performed 
on many northern tundra ecosystems, none were so far performed on permafrost peatlands. 
Similarly, although many nutrient studies have been performed on northern tundra ecosystems 
in general (Aerts et al., 1992, Chapin et al., 1995, Hobbie et al., 2002, Van Wijk et al., 2004), little is 
known about the potential change in the amount of  plant-available N due to thawing permafrost 
in northern permafrost peatlands. 

4. General aim and specific research questions

The aim of  this thesis is therefore to evaluate northern permafrost peatland vegetation response 
to climate change induced increases in temperature, precipitation and N-availability (through 
permafrost thawing) both at the community and the plant level (for both vascular and bryophyte 
plants). I aim to answer how these climate factors affect vegetation productivity in northern 
permafrost peatlands through species-specific growth and changes in species composition. 

Specifically, answers are sought to the following research questions:

i. How do spring- and summer warming, and increased snow cover affect species-specific 
growth responses and species composition in northern permafrost peatlands?

ii. How does increased summer precipitation affect species-specific growth responses and 
species composition in northern permafrost peatlands?

iii. Can permafrost thawing affect species-specific growth responses and species composition in 
northern permafrost peatlands through a release of  plant-available N?

I
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5. Outline of the thesis

In Chapter 2, I show how permafrost peatland vegetation responds to manipulated changes in 
temperature and snow depth and duration over a period of  eight years. Both vascular as well as 
bryophyte responses were studied and we propose a mechanism of  how bryophyte responses 
to warming may modify the response of  the vascular plant community. In Chapter 3, vegetation 
responses to increased summer precipitation are presented, and the responses in two distinct 
permafrost affected tundra ecosystems (shrub-dominated tundra and Sphagnum-dominated 
peatland) are compared. In Chapter 4, we present our findings on the amount of  plant-available 
nitrogen that can be released from thawing permafrost peatlands. In Chapter 5 the actual in situ 
potential of  permafrost peatland plants to utilize additional nutrients as released at the thaw 
front is discussed. Finally, in Chapter 6, the main findings of  this thesis and their implications 
for the carbon balance are discussed. 

Most experimental work in this thesis was performed on permafrost peatlands in the Abisko 
area, northern Sweden, with the exception of  part of  the work presented in Chapter 3 which was 
partly performed in the Kytalyk Reserve in north-eastern Siberia. The study sites are described 
in more detail in the individual chapters. 
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