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Abstract 
The CO2 content in the atmosphere has increased by a third over the last century due to 
human activities, triggering a climate warming. A current concerns regarding 
permafrost regions is that the climate warming will, and likely already has, cause 
extensive thawing of permafrost making organic matter available for decomposition, 
during which more carbon is released to the atmosphere as greenhouse gases, acting as 
a positive feedback to the warming climate. The warming climate additionally alter the 
nature of these environments through expansion of shrub and forest stands, which 
entails an increase of carbon stored within the phytomass compared to present levels. 
These concerns are especially valid for subarctic environments, which are vulnerable to 
climate warming. However, potential alterations in carbon storage in subarctic areas are 
difficult to project due to limited knowledge regarding their size. Therefore were main 
objectives with this thesis to determine the carbon storages within the phytomass and 
the soil in two subarctic study areas, Abisko in northern Sweden and Utsjoki in northern 
Finland. The approach was to relate field site measurements to certain land cover 
classes and then upscale the measurements against land cover classification datasets to 
obtain study area estimates. The obtained results regarding study area means for 
ecosystem total organic carbon storages were 7.01±1.67kgC m-2 for the Abisko area and 
11.3±2.66kgC m-2 for the Utsjoki area. The difference between the areas are related to 
differences in extent of peatlands, which are the land cover classes with the highest 
carbon storages and constituted about 5.6% of the analysed part of the Abisko study 
area and 14.3% in Utsjoki. Permafrost was only encountered at five sampling sites in 
Abisko and at one site in Utsjoki, all located in peatlands. Thus permafrost soil organic 
carbon constitutes only a minor share (<4%) of the total storages.  
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Summary 
Carbon is stored in natural Earth system reservoirs such as the crust, the atmosphere, the 
soil, the ocean and the phytomass, and naturally fluctuates in between these pools at 
different time-scales. However, due to human activities such as burning of fossil fuel 
and deforestation has the organic carbon content in the atmosphere in the form of CO2 
increased by a third over the last century, triggering a climate warming. Increased air 
temperatures have the capability to further alter the carbon cycle, hence the size of and 
the fluctuations between reservoirs. Current concerns regarding permafrost regions is 
the thawing of permafrost making organic matter available for decomposition, during 
which carbon is released to the atmosphere as greenhouse gases, acting as a positive 
feedback to the warming climate. A warming climate additionally alter the nature of 
these environments through expansion of shrub and forest stands, which entails an 
increase of carbon stored within the phytomass compared to present levels. These 
concerns are especially valid for subarctic environments, which are vulnerable to 
climate warming. However, potential alterations in carbon storage in subarctic areas are 
difficult to project due to limited knowledge regarding their size. Hence, it is of interest 
to conduct more field sampling in these environments to obtain proper estimates. 

The main objectives with this thesis were to determine the carbon storages within the 
phytomass and the soil in two subarctic study areas, Abisko in northern Sweden and 
Utsjoki in northern Finland. The objectives were achieved through a stepwise process. 
First, field sampling was conducted at sites representing different land cover classes. 
The tree carbon was determined through allometric equations, i.e. relating physical 
properties of trees to biomass. The sampled field layer phytomass was dried and 
weighted. The carbon corresponds to half of the dry phytomass weight. The carbon in 
the soil samples was determined through dry bulk density, loss on ignition and 
elemental analyses, relating the weight loss of the soil samples after combustion to the 
organic carbon content. Site results corresponding to the same land cover were 
averaged, and the calculated mean used for upscaling against land cover classifications 
developed for of the two study areas. The obtained results regarding study area means 
for ecosystem total organic carbon storages were 7.01±1.67kgC m-2 for the Abisko area 
and 11.3±2.66kgC m-2 for the Utsjoki area. The difference between the areas are related 
to differences in extent of peatlands, which are the land cover classes with the highest 
carbon storages and constituted about 5.6% of the analysed part of the Abisko study 
area and 14.3% in Utsjoki. The partitioning of carbon storages reveals that most is 
stored within the soil, especially within the top organic layer. However, in Abisko more 
carbon is stored in the phytomass, especially within trees compared to Utsjoki, 
regulated by the greater areal extent and higher phytomass carbon content of forests in 
Abisko. Permafrost was only encountered at five sampling sites in Abisko and at one 
site in Utsjoki, all located in peatlands. Thus permafrost soil organic carbon constitutes 
only a minor share (<4%) of the total storages. The obtained results further reveal 
uncertainties and limitations, related to both natural variability, field and laboratory 
analysis and upscaling procedures, indicating more research should be conducted. 
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Nevertheless, the results of this thesis contribute to further understanding of the 
ecosystem carbon storages in subarctic environments. 
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1 Introduction  
Carbon is a natural component in the Earth System stored in reservoirs such as the 
oceans, soil, vegetation and the atmosphere. The amount of carbon in the different 
reservoirs is not fixed, but fluctuates in between the reservoirs at different time-scales. 
Over the last century the carbon storage within the atmosphere, in form of greenhouse 
gases, has risen by a third due to human activities, e.g. the extraction and burning of 
fossil fuels (Sundquist et al. 2009), with a climate warming as a consequence (Rudiman, 
2008, Sundquist et al., 2009 and Marshak, 2012). The warming climate further cause 
alterations in the carbon cycle due to responses from the other reservoirs, which could 
act both as positive feedbacks to the warming, i.e. contributing with more carbon to the 
atmosphere, or as negative feedbacks, i.e. sequestering carbon from the atmosphere. A 
current concern regarding the climate warming is alterations in the reservoirs situated 
within the permafrost regions of the northern hemisphere, especially the soil reservoir in 
which organic matter has been sequestered for thousands of years within the frozen soil 
with limited decomposition. The prevailing warming could, and might already have, 
entail extensive thawing of the permafrost making more organic matter available for 
decomposition, which can result in greenhouse gases being released to the atmosphere 
(Christensen et al., 2004; Limpens et al., 2008; Schuur et al., 2008; Sundquist et al., 
2009 and Harden et al., 2012), hence acting as a positive feedback on the climate.      

In the northern hemisphere, about 22% of the landmass is underlain by permafrost 
(Brown et al. 1998). However, the extent of permafrost, both regarding distribution and 
thickness, varies throughout the region, influenced by several parameters such as 
variations in climate, altitude and ground properties to mention some. Since permafrost 
implies ground temperatures below 0°C, the climate, especially the mean air 
temperature, is an important parameters, where low air temperatures are required for 
permafrost development (Woo, 2012). In areas situated at the southern margin of the 
permafrost region, the mean annual air temperature is close to the zero-boundary; hence 
permafrost there is more vulnerable to climate warming (Anisomov et al., 2007; 
Johansson et al., 2011). 

The soil organic carbon (SOC) stored within the northern permafrost region has been 
estimated in the Northern Circumpolar Soil Carbon Database to about 1307Pg 
(Hugelius et al. 2014), hence equivalent to more than the total carbon stored in the 
earth’s atmosphere and phytomass combined (Sundquist et al., 2009). However, this 
estimate is based on few and unevenly distributed pedons in relation to the size of the 
region, hence the uncertainties are vast (Hugelius et al. 2013a, 2013b and 2014). It is 
therefore of interest to investigate more sites to obtain reasonable estimates, to extent 
the database and decrease the uncertainties.  

Another carbon reservoir situated at the surface of the Earth is the phytomass; the 
carbon is stored within the vegetation. The amount of organic carbon is positively 
correlated with the phytomass, i.e. higher phytomass entails more carbon (Bolin et al., 
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1979; Kurz et al., 1992; Hugelius et al., 2011), thus a tree contains more carbon than a 
blade of grass.  

The subarctic nature is characterised by different types of vegetation, e.g. mixed boreal 
forests, birch forests, peatland and open tundra (Christopherson, 2009; Virtanen & Ek, 
2014), with a distribution regulated mainly by the local climate and secondly by the soil 
properties (Gosz, 1991). Thus forests are generally found at lower elevation where the 
climate is more favourable for trees, whereas the more wind and cold adapted tundra 
vegetation is found at higher elevations. The current climate warming is predicted to 
affect the vegetation distributions, with taller shrubs and trees moving upwards in 
altitude (ACIA, 2004). This will result in increased plant productivity, during which 
more carbon is removed from the atmosphere and sequestered in the phytomass (ACIA, 
2004; Virtanen & Ek, 2014), hence acting as a negative feedback on the climate.  

The main objective with this thesis was to estimate and compare the carbon storage in 
two reservoirs, the above ground phytomass and the first meter of soil for two subarctic 
study areas, one located in the Abisko region in northern Sweden and the other in 
Utsjoki in northern Finland.  Both of these areas are located at the southern limit of the 
permafrost occurrence in northern Fennoscandia and incorporate the arctic-alpine 
treeline ecotone. Hence, these areas are expected to be particularly sensitive to future 
global warming.   
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2 Background 
To understand the importance for regional carbon storage estimates, the following 
sections will give a brief background on the carbon cycle, permafrost distribution and 
SOC in general and the subarctic environment with consideration of the projected 
continued climate warming.   

2.1 The carbon cycle  
The carbon cycle regards the exchange of carbon between different reservoirs. The 
actual cycle comprises a complex network where exchanges, i.e. fluxes, occur in several 
directions and at different time scales, ranging from a few seconds to millions of years 
(Rudiman, 2008; Sundquist et al., 2009). According to Sundquist et al. (2009) the major 
carbon reservoirs and their natural estimated carbon storages are the atmosphere 
(590Pg), vegetation (680Pg), soils (3200Pg), fossil fuels (>6000Pg), oceans (37,000Pg) 
and bedrock (78 x 106Pg). Generally the time scale of exchange is negatively correlated 
to reservoir size, i.e. fast exchange between smaller reservoirs and vice versa (Rudiman, 
2008). Particularly quick fluxes occur in the biosphere, e.g. by fire and on a daily basis 
by animal metabolism and through processes as photosynthesis and respiration between 
the vegetation and atmosphere (Sundquist et al., 2009). The carbon cycle, and 
especially the exchange of carbon with the atmosphere, is of importance for the climate 
since carbon is a component of the greenhouse gases carbon dioxide, CO2, and methane, 
CH4. The carbon concentration in the atmosphere affects the thermal emission from 
Earth and hence the temperature, where high carbon concentration results in 
temperature increase and low concentration in decrease. All reservoirs stand in direct 
exchange with the atmosphere, i.e. all have the potential to influence the greenhouse gas 
concentration and hence the climate (Rudiman, 2008). According to Sundquist et al. 
(2009), the current atmospheric concentration of CO2 has risen by a third since the 18th 
century and is higher than it has been for several hundred thousand years. This increase 
has most likely been triggered by human activities, especially burning of fossil fuel 
during which vast amounts of deep bedrock carbon has been and still is being emitted to 
the atmosphere, but also due to land use change e.g. deforestation, which reduces the 
phytomass stock and hampers photosynthesis, i.e. the CO2 uptake by the vegetation. 
The ocean and vegetation reservoirs respond to the increased carbon concentration in 
the atmosphere by increasing their sequestration of carbon, hence the anthropogenic 
carbon fluxes to the atmosphere are significantly buffered. However, the atmospheric 
reservoir has increased and the climate is warming (Rudiman, 2008; Sundquist et al., 
2009; Marshak, 2012). The warming in turn is projected to alter the carbon cycle, i.e. 
change its dynamics through responses from the reservoirs, which could represent both 
a positive feedback to the warming by contributing with more carbon to the atmosphere, 
or as a negative feedback by carbon uptake. The extents of these feedbacks and thus the 
effects on the future climate are difficult to project. A plausible outcome, causing 
current concerns, is that the climate warming will trigger positive feedbacks from the 
vegetation and soil reservoirs in colder regions, through increased fire frequencies and 
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increased decomposition of thawed soil organic matter (Limpens et al., 2008; Schuur et 
al., 2008; Sundquist et al., 2009). 

2.2 Permafrost and SOC in the subarctic and climate concerns 
Permafrost is frozen ground; soil, boulders or bedrock that has been frozen for a 
minimum of two consecutive years. In the northern hemisphere, about 22% of the 
exposed landmass is affected by permafrost (Brown et al. 1998). 

Thickness and extent of permafrost varies from a few decimeters and minor percentage 
area coverage to several hundred meters and about 100-percentage coverage, where 
these permafrost attributes are correlated to increases in latitude and or altitude. A more 
continental climate has a positive influence on permafrost distribution compared to a 
more maritime climate, hence the latitudinal permafrost distribution changes with 
degree of continentality (Woo, 2012). Based on the percentage extent of permafrost, 
four main zones are recognized: continuous (90-100%), discontinuous (50-90%), 
sporadic (10-50%) and isolated (0-10%)(Brown et al. 1998). The two study areas in this 
thesis are situated in the more discontinuous zones close to the southern limit of 
permafrost in northern Fennoscandia. 

Above the permafrost table lays the active layer, which is the upper part of the ground 
that freezes and thaws on a seasonal basis. The thickness of the active layer depends on 
several parameters: e.g. air temperatures, precipitation, soil types, vegetation and water 
bodies (Johansson et al., 2006; Bonnaventure & Lamoureux, 2013). The thickness of 
the active layer is positively correlated to air temperatures and precipitation, e.g. a thick 
snow cover acts as an insulator of the ground from cold winter air temperatures outside 
(Seppälä, 2011; Woo, 2012). Soils have different thermal conductivities depending on 
the water content, which impact the ground temperature, hence the active layer and 
permafrost. The thermal conductivity of water is regulated by its physical state, i.e. ice 
has a higher thermal conductivity than liquid water. Generally, soils rich in organic 
carbon, e.g. peat, have thinner active layers and more permafrost due to seasonal 
variations in thermal conductivity related to the moisture content, i.e. higher thermal 
conductivity when wet and even higher when the water content freezes, which mostly 
occurs during the colder months of autumn and winter (Johansson et al., 2006; Woo, 
2012).  The vegetation cover, impacts the ground temperature in several ways, both 
positively and negatively. Taller shrubs and trees act as snow traps where snow blowing 
in from the surrounding accumulates. Vegetation cover has a negative influence on 
albedo, which transfer more heat to the surface. However, tree canopies, especially 
when dense, have a shadowing effect on the underlying surface resulting in less 
radiation reaching the ground, resulting in cooler surface temperatures (Johansson et al., 
2006; woo, 2012). As stated, liquid water has a lower thermal conductivity compared to 
ice, however, it has a higher heat capacity, thus water bodies that do not freeze entirely 
during winter act as a heat storage for the underlying ground, which according to 
Johansson et al. (2006) has an important impact on permafrost distribution. 

In permafrost regions, the active layer plays an essential role for ecosystem function, as 
the zone where most of the ecosystem- and hydrological processes take place 
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(Bonnaventure & Lamoureux, 2013). Changes in active layer thickness are an indicator 
of permafrost conditions, hence they have been monitored at several locations in the 
northern hemisphere for decades (Bonnaventure & Lamoureux, 2013), e.g. in Abisko 
since 1978 (Johansson et al., 2011). The general trend observed during the last decades 
is a thickening of the active layer, hence indicating permafrost degradation, especially 
in subarctic regions, i.e. in the discontinuous-, sporadic- and isolated permafrost zones 
in response to a warming climate (Christensen et al., 2004; Anisimov et al. 2007; 
Åkerman & Johansson, 2008). 

In more discontinuous permafrost zones of northern Fennoscandia, permafrost occurs at 
higher altitudes and on north-facing slopes and in lowlands, especially in peatlands due 
to the favourable conditions related to the insulating properties of peat (Johansson et al. 
2006; Oksanen, 2006; Woo, 2012). In peatlands, carbon from dead phytomass has 
accumulated for thousands of years due to the cold climate and anaerobic conditions 
hampering decomposition, hence acting as a carbon sink (Gorham, 1991). In alpine 
tundra environments with mineral soils, situated at higher altitudes, periglacial 
processes, like solifluction are active in transferring organic rich horizons to greater 
depth in the soil, hence hampering decomposition and increasing their carbon sink 
potential (Fuchs et al., 2015). 

The total SOC content in the northern permafrost region has been estimated to about 
1307Pg, of which 472Pg are found the upper 100cm of the soil (Hugelius et al. 2014). 
The estimate for the top meter of soil is based on 1778 unevenly distributed pedons; a 
small number in relation to the extent of the region, i.e. 18.7x106 km2, hence great 
uncertainties remains (Hugelius et al., 2013a, 2013b & 2014). However, the research 
interests regarding SOC storage in permafrost-affected soils have increased the last two 
decades, in correlation with documented climate warming and an enhanced 
understanding of potential climate feedbacks from thawing permafrost SOC. The 
concerns are that a warmer climate followed by active layer thickening and permafrost 
degradation will change present ecosystem- and hydrological processes, and enable 
accelerated decomposition of SOC. The resulting increased emissions of CO2, and CH4 
would have a positive feedback on the current climate warming (Gorham, 1991; 
Christensen et al., 2004; McGuire et al., 2006; Anisimov et al., 2007; Hugelius et al., 
2013b). These concerns are especially valid for subarctic regions close to the southern 
margin of permafrost where the mean annual temperature is close to 0°C, hence more 
vulnerable to climate warming (Anisomov et al., 2007; Johansson et al., 2011). 

2.3 The subarctic environment 
The subarctic represents the southern margin of the arctic, constituting a natural 
transition from boreal forest to arctic tundra. The transition between these vegetation 
zones is not latitudinally uniform (Christopherson, 2009), similar to the permafrost 
distribution. The factors regulating the distribution and physiognomy of different 
vegetation types are mainly the climate and secondly the soils (Gosz, 1991), i.e. the 
climate regulate the suitability for certain vegetation types and the influence from the 
soil regulates the local composition, health and density (Nielsen, 1991). In the subarctic, 
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the cold climate regulates soil temperature, permafrost distribution and length of 
growing season (Stow et al., 2004). In general are vegetation types adapted to colder 
regions characterised by decreased height, density and productivity compared to 
vegetation types found further south. In the subarctic of northern Fennoscandia, the 
distribution of vegetation types are also regulated by the elevation, with the amount of 
trees decreasing with altitude, and by wetness and available nutrients, with limited 
amounts of trees or low growing trees in fens and on bogs. A typical permafrost 
landform in the peatlands of these areas are palsas (Seppälä, 2006), frost-heaved peat 
hummocks with dry and wind exposed surfaces, which influence the type of vegetation 
they can sustain (Figure 1A). Further, the subarctic environment is fragmented, i.e. the 
distribution of different vegetation types and land covers can vary greatly on a local 
level due to differences in relief, even micro differences, regulating the wetness, 
temperature and wind exposure (Virtanen & Ek, 2014 Additionally the subarctic 
landscape is dynamic (Virtanen & Ek, 2014), i.e. changes over time due changes in 
processes active in the landscape which regulate the presence of different habitats 
(Virtanen & Ek, 2014), such as the formation and degradation of palsas (Seppälä, 2006) 
and changes in permafrost extent and distribution which influence the occurrence and 
extent of water ponds (Stow et al., 2004). The main vegetation types in the subarctic of 
northern Fennoscandia based on dominant plant types are: mixed boreal forests, birch 
dominated forests, peatlands and alpine tundra. The subarctic mixed boreal forest is 
dominated by needleleaf trees like pine and spruce (Christopherson, 2009). The birch 
dominated forests have species adapted to subarctic conditions, i.e. Betula pubescens 
Ehrh in a form referred to as B. tortuousa (Figure 1B). These birch stands are regarded 
as a part of the forest representing the altitudinal limit towards the alpine tundra areas 
(Sonesson et al., 1975). The mires are characterized by heterogeneous distributions of 
fens, bogs and water ponds, where willows, graminoids, sedges and Sphagnum mosses 
dominate the wetter fens (Figure 1C) and evergreen herbs, forbs and shrubs such as 
Empetrum Hermaphroditum, Rubus chamaemorus and dwarf birch (Betula nana) 
dominate the drier surfaces of bogs and elevated palsas (Figure 1D)(Zuidhoff & 
Kolstrup, 2005; Virtanten & Ek, 2014). The alpine tundra is located at higher elevations 
above the treeline, and are dominated by willow shrubs (Figure 1E), evergreen herbs, 
Betuala nana and lichens (Figure 1F)(Virtanen & Ek, 2014), where the dominating 
height of vegetation have an inverse relationship to elevation. 
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Figure 1. Subarctic landscape characteristics: A: palsa rising above the surrounding peatland surface, B:  
Mountain birch tree, C: Typical fen vegetation, D: Typical bog vegetation, E: Willow shrub not yet 
foliated, F: Typical tundra cover at higher elevation. 

According to the review by Stow et al. (2004) several research papers proclaim a 
documented increase in subarctic forest productivity and shrub and water pond extents 
related to the prevailing climate warming. However, ecosystem features respond to 
climate change at different time-scales: e.g. changes in phenology can occur on seasonal 
basis whereas changes in composition can take decades, i.e. northward migration of 
forest boundaries (Stow et al., 2004). According to the ACIA report (2004) the 
projections for the future are a northward or altitudinal shift of the forest biome, hence 
with a probable increase of forest extent in the subarctic, and with an introduction of 
invasive species from the south, which previously have been unable to cope with the 
subarctic conditions. Hence, the biodiversity is projected to increase, however, some 
genuine arctic species might (locally) get extinct due to changes of previously suitable 
habitats and due to competition from invasive species (ACIA, 2004).  

From a climate and carbon cycle perspective, increases in forest extent and productivity, 
i.e. photosynthesis, entail increased sequestration of CO2 from the atmosphere, hence a 
negative climate warming feedback (ACIA, 2004). However, increased forest extent 
could also represent a decrease in albedo due to the darker surfaces and greater texture 
of forests compared to open tundra, and more frequent disturbances e.g. forest fires that 
release CO2, and insect outbreaks that hamper tree productivity, which are projected to 
have a positive climate feedback. Further, in some present boreal forest regions, a 
current browning of the forest has been documented by several research teams, assumed 
to be caused by environmentally induced stress, e.g. drought due to increased 
evaporation demands in a warmer climate and insect outbreaks and disease (Verbyla, 
2011), hampering photosynthesis and hence CO2 uptake. Not to forget, due to the 
timelags before new climatically suitable regions are forested (ACIA, 2004), there will 
be a delay before the primary production could peak and vastly influence the CO2 
uptake. In summary, ACIA (2004) reports that the net-influence from the vegetation on 
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the climate, considering several potential feedbacks are projected to be positive, i.e. the 
positive feedbacks are believed to exceed the negative, resulting in enhanced warming. 
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3  Study areas 
3.1 Abisko, Sweden 

Geographic location 
The Abisko study area is located east of the Abisko community at approximately 68°N 
and 19°E, covering the Stordalen mire and the surrounding lowlands towards the North 
and the uplands in the South (Figure 2). The study area has an area of 26.3km2 and 
comprises of different vegetated landscape units; e.g. birch forest, alpine tundra and 
peatlands, characteristic for subarctic landscapes. The altitude ranges from about 340m 
apsl, above present sea level, in the lowland towards north and Torneträsk to 800m apsl 
in the mountains towards the south. The treeline in the study area has been documented 
at about 500m apsl (Sonesson et al., 1975).

 
Figure 2 Abisko study area on the southern shore of Lake Torneträsk, with a general location map (top, 
left) and an overview map showing the Stordalen mire extent and the sampling sites. Map produced in 
ArcGIS 10.2.2 with a DEM ©Lantmäteriet [00691]. According to Brown et al. (1998), the entire study 
area is situated in the discontinuous permafrost zone (not shown). 

Climate and permafrost conditions 
The mean annual air temperature in Abisko (observation station located 388m apsl) for 
the period 1961-1990, is -0.8°C, with a mean for January of -11.9°C and for July of 
11.0°C (SMHI, 2009a – Internet). The mean annual precipitation, for the same period, is 
303.7mm whereof most falls as rain during the summer months of June and July 
(SMHI, 2009b – Internet). According to Callaghan et al. 2010, the Abisko region has 
had a persisting warming trend since the mid-1970s, which since the beginning of the 
21th century exceeds the previous warming period that ended in the early 1940’s. The 
warming trend is a result of increased temperatures over all seasons. Observed 
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consequences of the warming are e.g. later ice-freeze up and earlier ice-break up of 
Torneträsk, increase extent of water ponds, hence an increase of wetland vegetation 
such as graminoids and tall shrubs. 

Snow depth increased with about 10% per decade from the 1930s-1940s to the year 
2000 according to the weather record at Abisko Research Station (Kohler et al., 2006). 
The snow depths have though decreased in the last decade (Callaghan et al., 2010). 

According to the Circum-Arctic Map of Permafrost and Ground-Ice conditions by 
Brown et al. (1998), the Abisko study area is located in the discontinuous permafrost 
zone defined by an areal coverage of permafrost ranging between 50-90%. Further, the 
study area is characterized by a low volume, 0-10%, of ground ice content in the upper 
10-20m of the ground and a thin overburden and with exposed bedrock (Brown et al., 
1998). According to Johansson et al. (2006) permafrost is present at higher altitudes, 
e.g. at fell summits and around glaciers, further at tundra sites situated above the 
treeline, and at lower elevations only in mires. Permafrost conditions have been 
monitored in the Abisko region for over three decades; active layer monitoring since 
1978 and ground temperature measurements since 1980 (Åkerman & Johansson, 2008; 
Johansson et al. 2011). The monitoring have revealed increased thickness in active layer 
in mires, assumingly correlated with higher summer temperatures and in some cases 
additionally to increased snow depths, resulting in permafrost degradation. According to 
Christensen et al. (2004) permafrost has entirely disappeared in some mires in the 
Abisko region. 

3.2 Utsjoki, Finland 

Geographic location 
The Utsjoki study area is located in the most northern tip of Finland, close to the 
Norwegian border at approximately 69°N and 27°E (Figure 3). The study area 
corresponds to the upper part of the Utsjoki River catchment including the large 
Kidisjoki River tributary. The study area has an area of 1543km2 and an elevation range 
between about 70 to about 630m apsl; the relief is undulating with fells and valleys, 
hence not alpine as at the Abisko area. The tundra heaths in Utsjoki are situated at lower 
elevations compared to Abisko, i.e. resembling more arctic than alpine tundra 
(Sonesson et al., 1975).  As for the Abisko area, Utsjoki comprises different vegetation 
units; e.g. alpine tundra heath at higher elevation, mountain birch dominated forests, 
peatlands, but also pine dominated forests, especially found in the valleys around the 
Utsjoki River (Sonesson et al., 1975; Virtanen et al., 1998; Kuhry et al., 2015), which 
flows through the study area. Birch dominated forests are the major landcover class, 
however vast areas of birch have been damaged by repeating insect outbreaks of 
Epirrita autumnata, a butterfly larvae, causing defoliation, hence hampering 
photosynthesis (Virtanen et al., 1998). A major outbreak took place in 1964-1965, from 
which the forests three decades later had not yet fully recovered (Virtanen et al., 1998). 
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Figure 3 Utsjoki study area with a general location map (top left) and an overview map showing the two 
permafrost zones and the sampling sites. Map produced in ArcGIS 10.2.2 with a DEM, obtained from the 
National Land Survey of Finland Topographic Database 09/2015, permafrost zonation according to the 
Circum-Arctic Map of Permafrost and Ground-Ice conditions (Brown et al. 1998). 

Climate and permafrost conditions  
The climate data for Utsjoki was obtained from the Finnish Meteorological Institute and 
represent interpolated values based on data collected from the closest observation 
stations (2015a – Internet). The observation stations, regarding both weather and 
precipitation, are found at elevations ranging between 22-110m apsl (Finnish 
Meteorological Institute 2015b – Internet). Based on the annual temperature data, the 
mean annual temperature for the period 1961-1990 was about -2.4°C, with a mean for 
January of -15.3°C and mean for July of 12.1°C. However, the Finnish Meteorological 
Institute have additionally registered the climate for a more recent period, i.e. 1981-
2010, with an annual mean of -1.7°C, a January mean of -13.8°C and July mean of 
12.5°C. As for most places, there are local differences in temperature related to 
elevation, however, in Utsjoki the fell summits are often warmer than the valleys in 
winter due to a meteorological effect called ground surface temperature inversion 
(Autio & Heikkinen, 2002). 

The annual mean precipitation for the 1961-1990 period was 426.4 mm, of which the 
majority occurs during the summer months. For the 1981-2010 period the precipitation 
has increased to 509.5 mm, however the seasonal patterns are remained. The climate is, 
as at the Abisko area, regulated by the closeness to the Atlantic, with maritime 
influences, and by the landmasses towards South and East, from which high-pressure 
systems bring in warm summer and cold winter air masses, with continental influences. 



 21 

However, due to the shadow effect of the Scandes from the Atlantic westerly winds the 
climate is in general more continental (Autio & Heikkinen, 2002). 

According to the Circum-Arctic Map of Permafrost and Ground-Ice conditions by 
Brown et al. (1998), the central parts of the Utsjoki study area are located in the 
sporadic permafrost zone and the more elevated eastern and western parts in the 
discontinuous permafrost zone (Figure 3), in both cases characterized by a low volume 
(0-10%) of ground ice content in the upper 10-20m. According to King & Seppälä 
(1987) and Seppälä (1997 and 2003), permafrost is present at barren fell summits and in 
peat mires as palsas. 

Monitoring of peat mires and palsas in northern Finland has revealed an increase in 
thermokarst lakes, hence an indicator of thawing palsas and degrading permafrost 
(Luoto & Seppälä, 2003). Their conclusion was that the present climate conditions are 
not favourable for palsa formation and development, hence the permafrost extent in 
Finnish peatlands is diminishing. 
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4 Land cover classification 
Within remote sensing, classification is an image interpretation process during which an 
image or images are divided and assigned to understandable categories based on their 
unique properties and differences (Campbell & Wynne, 2011). There are numerous 
ways in which classifications can be performed, thus certain approaches are better 
suited for certain tasks as dictated by the main aim of the classification, the quality of 
the data available, the study area, ancillary data availability, computer software’s and 
time-limits etc., i.e. there is no approach that is appropriate for all situations (Campbell 
& Wynne, 2011). The semi-automated classification approaches can though be divided 
in two main groups, per-pixel based and object based approaches. 

During a per-pixel classification each pixel in the image is evaluated and assigned into a 
class based solely on its spectral properties (Campbell & Wynne, 2011; Myint et al., 
2011). Within object based classifications, the pixels are grouped into segments based 
on their similarities as a group, representing an object which can be classified based on 
more features than spectral properties, i.e. spatial and textural aspects (Bruce, 2008; 
Blaschke, 2010; Campbell & Wynne, 2011), where the spatial relationship between 
pixels is evaluated as well (Meinild, 2014). The aim of an object-based approach is to 
simulate a human interpretation of an image, whom with ease can visually distinguish 
clusters (Bruce, 2008 and Meinild, 2014). 

Both pixel- and object-based approaches are based on algorithms that have been around 
for decades (Blaschke, 2010; Meinild, 2014), but the pixel-based approach has 
traditionally been the most applied within remote sensing because it was easier to 
implement (Meinild, 2014). The interest of object-based approaches has though 
increased over the last two decades, due to increased computer power and improved 
computer software, especially within personal computers, and due to availability of 
higher spectral and spatial resolution imagery (Meinild, 2014). According to Blaschke 
(2010), Myint et al. (2011) and Whiteside et al. (2011), present-time object-based 
approaches offer several advantages over pixel-based approaches, resulting in higher 
classification accuracies. One advantage is that it enables delineation of features with 
similar spectral, but different spatial and textural properties; e.g. roads from parking 
lots, swimming pools from lakes, and agricultural fields from natural fields etc., of 
interest for mapping urban and agricultural areas. A second advantage is that ancillary 
data can be incorporated in the analysis, e.g. DEMs or vegetation indices. A third 
advantage is that “salt and pepper” effects; i.e. a spreading out of pixels classified 
differently compared to their surroundings, common in pixel-based classifications, are 
reduced. A disadvantage with object-based classifications occurs during the 
segmentation process and entail potential over- or under segmentation, that is that 
segments are either too large and cover more than one feature or vice versa, which 
implies that the segmentation process is of great importance and should be conducted 
with meticulous care (Liu & Xia, 2010). 
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Based on the above comparison, object-based approaches seem more beneficial 
compared to pixel-based ones. Nevertheless, pixel-based approaches are still commonly 
applied, likely because they are easier to implement and require less computer power 
and less advanced and cheaper software. Considering some of the literature reviewed 
within the scope of this thesis, pixel-based approaches seem the most common for 
constructing the land cover maps upon which the soil organic carbon storage (Hugelius 
et al., 2010; Fuchs et al., 2015; Palmtag et al., 2015) and flux estimates (Christensen et 
al., 2004; Schneider et al. 2009) are upscaled against. 

Since this study contain two study areas, Abisko and Utsjoki, two land cover 
classifications are used for the upscaling. The classification dataset of Utsjoki was 
developed several years before this project begun, by Tarmo Virtanen and Kari Mikkola 
(T. Virtanen, personal communication, September 17, 2015). That classification is a 
pixel-based classification containing the more dominant land covers found in Utsjoki, 
which are further explained in section 4.2. The Abisko classification was produced 
within the scope of this thesis, by myself, and was constructed by an object-based 
approach further explained in the following section. 

4.1 Land cover classification of Abisko 
The current land cover dataset available by Swedish Lantmäteriet: Svenska CORINE 
Marktäckedata SCMD-0001, does not have the spatial or the thematic resolution 
desirable for a large-scale project, i.e. a local studies. Therefore, a land cover dataset 
was produced based on 10x10m pixels, compared to 30x30m pixels, and with a 
minimum mapping unit of 0.04ha compared to 1ha. The intention with the classification 
was to obtain a land cover with greater spatial details by applying datasets with higher 
spatial resolution as recommended by Virtanen & Ek (2014) for capturing the often, 
fragmented landscape of the subarctic. 

Description of dataset 
For the classification, three datasets were applied: a SPOT 5 HRG2 image 
(Lantmäteriet, 2015a), a DEM (Lantmäteriet, 2015b), and a GSD-orthophoto 
(Lantmäteriet, 2015c). The SPOT 5 image was used for spectral data, the DEM as 
ancillary data to improve delineation of land cover classes and the orthopohoto as an 
ocular support for extracting training samples and validation of classification. All 
datasets were obtained from Lantmäteriet with further description presented in the 
reference list. 

The SPOT5 HRG2 image was acquired 28th of July 2011 at 12:47. The image was cloud 
free and only minor areas were shadowed due to sun angle and topography (Appendix 
1). The acquisition date corresponds to the mid-summer season of northern Sweden, 
hence preferable for land cover analysis of high latitudes to secure snow free and 
spectrally clear images (Harris et al., 2014). Images acquired outside the summer 
season would likely contain remaining snowfields and/or the vegetation would not be in 
full blossom hence having different spectral properties. Images acquired during the late 
summer season, e.g. September, could also have different spectral properties due to the 
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lowering of the sun angle towards autumn (Harris et al., 2014), which is of great 
importance when comparing images and incorporating ancillary spectral data. 

The image contained spectral information from four bands; green, red, NIR and SWIR, 
delivered as digital numbers and had a spatial resolution of 10m. The fourth band, 
delivered with a 10m resolution, has a true resolution of 20m. The image was obtained 
pre-orthorectified towards a 50m gridded DEM and projected into Sweref 99TM. 
Additional image information, e.g. gain, bias etc. are presented in Appendix 2. 

The DEM had a 2m spatial resolution, also delivered in Sweref 99TM projection. The 
elevation ranged from 340m in the Stordalen lowlands to 1150m in the southern 
highlands. 

The orthophoto was acquired during the summer of 2008. It had a spatial resolution of 
1m and was obtained projected into Sweref 99TM. 

Computer software 
The classification, i.e. the image segmentation and feature extraction, was conducted in 
ENVI 5.2. Statistical evaluations of the spectral and texture properties of segments were 
conducted in both ENVI 5.2 and Microsoft Excel. Additional adjustment of the 
classified dataset was performed in ArcGIS 10.2.2 And QGIS 2.6. 

Classification procedure 
The initial step of the classification was to prepare the data for analysis, especially the 
SPOT5 image. When delivered, the SPOT5 header file lacked the projection 
information, required for the ENVI software to correctly display the image, implicating 
imperfect overlay with the other datasets. This problem was solved by manually adding 
a Sweref 99TM projection string to the header file. Additional information lacking from 
the header file was the sensor properties; solar irradiance and gain and offset (Appendix 
2) and acquisition properties; sun elevation and acquisition time, urgent for radiometric 
correction, were therefore added to the header file. Thereafter the SPOT image was 
radiometrically calibrated to top-of-atmosphere reflectance, i.e. transforming the pixel 
values from digital numbers to reflectance, correlative to reflected radiant energy from 
the pixel surface captured by the satellite sensor. 

Thereafter, the SPOT 5 image, the DEM and the orthophoto were resampled in size to 
the Stordalen mire and the closest surroundings. The DEM was simultaneously 
resampled to a 10m resolution, same as the SPOT5 pixels. The size of the study area 
was set to correspond to an even number of DEM 2m pixels, which when resampled 
would overlay the SPOT5 pixels perfectly. The spatial resolution of the orthophoto was 
kept through the resample process, as it was not to be included in any data analysis, thus 
only for ocular comparison and validation. 

Surfaces redundant for the land cover analysis were excluded from the scene by 
implementing a mask. The redundant surfaces were Torneträsk Lake and the road and 
railroad passing through the study area. The Torneträsk Lake was masked out by first 
building a mask in ENVI based on the low reflectance in NIR, which highlighted most 
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water bodies in the study area. The mask was converted to a vector file, which enabled a 
manual selection and extraction of the polygon corresponding to Torneträsk Lake. 
Regarding the road and railroad the first attempt was to include them in the land cover 
classification as a separate class, which was to be excluded from further analysis. 
However, the 10m resolution of the SPOT image attested inadequate to sufficiently 
separate the road and railroad from the surrounding. Anthropogenic surfaces are 
generally separated by their spectral properties in combination with spatial properties, 
i.e. roads are generally elongated surfaces with a high long-width ratio etc. (Blaschke, 
2010; Myint et al., 2011), hence suitable for object-based classifications thus the spatial 
resolution is high enough. In this case the segmentation process in ENVI was never able 
to appropriately separate the road and the railroad, they either incorporated vegetation, 
which influenced the spectral mean of the segment, and pure road/railroad segments had 
no distinguishable spatial properties, but were similar to bedrock and rocky ground 
surfaces. The decision was therefore to remove the road and railroad through a mask, 
which was done in ArcGIS by creating a vector file and drawing polygons following the 
road and railroad boundary with the help of the orthophoto and the SPOT image. The 
Torneträsk Lake polygon and road/railroad polygons were thereafter extracted from the 
vector file corresponding to the study area, implemented during the resampling, and 
thereafter included as a mask in subsequent feature extraction processes. 

For the development of a classification ruleset, i.e. the threshold ranges defining 
different land cover classes, the initial step was to analyse the spectral properties of 
different land covers in the SPOT image, i.e. reflectance ranges, band ratios and 
vegetation indices, to find the appropriate values to apply. This was accomplished by 
creating ROIs, Regions of Interest, for different land covers in ENVI, from which 
spectral data was extracted and further analysed in Microsoft Excel. After some 
consideration the decision was to use two vegetation indices; NDVI and SAVI and one 
band ratio, NIR/SWIR. NDVI appeared suitable for separating vegetated from non-
vegetated surfaces and to some extent separate different types of vegetation (Equation 
1). SAVI is similar to NDVI, but with a soil adjustment constant to correct for surfaces 
with low vegetation and exposed substrate (Equation 2), which influence the spectral 
properties and subsequent vegetation index of that surface (Huete, 1988). The soil 
constant was set to 0.5, thus the value suitable for most environments with a mix of 
vegetation and bare substrate (Huete, 1988). The SAVI index was observed to better 
separate segments of bare soil and segments with less dense vegetation compared to 
NDVI. The ratio of NIR/SWIR corresponding to band 3 divided with band 4 of the 
SPOT image, was observed to successfully separate bedrock and rocky grounds due to a 
lower ratio for these surfaces compared to other surfaces. 

 
𝑁𝐷𝑉𝐼 =

(𝑁𝐼𝑅 − 𝑅𝐸𝐷)
(𝑁𝐼𝑅 + 𝑅𝐸𝐷) [1] 

 

 𝑆𝐴𝑉𝐼 =  
𝑁𝐼𝑅 − 𝑅𝐸𝐷

(𝑁𝐼𝑅 + 𝑅𝐸𝐷 + 𝐿) ∗ (1+ 𝐿) [2] 
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The ROIs were further analysed against the DEM and a slope layer, originating from 
the DEM. The elevation properties were observed to improve separation of heathland, 
found at higher altitudes, to birch forest and sparse birch forest, with otherwise similar 
spectral properties. The slope properties were observed to improve separation of open 
water and lacustrine sediments, i.e. with low sloping surfaces, from other dark objects. 
Additionally it improved the separation of shadowed surfaces, generally located below 
steeper north-facing slopes, whether vegetated or not. The NDVI, SAVI, NIR/SWIR, 
DEM and slope layers were implemented as ancillary data in the segmentation process 
to refine the ruleset and improve the classification outcome. 

The second step was to create a segmentation dataset, a process during which a dataset 
of functional regions are created based on the similarities and dissimilarities of the 
pixels in the input dataset. Pixels grouped into the same region have, as a group, 
similarities regarding spectral and textural properties compared to adjacent regions. In 
ENVI the segmentation image is created through a semi-automated process during 
which the user decides on which dataset(s) and related bands the segmentation should 
be based. Thereafter the user decides on a suitable scale and merge level, which 
influence the shape and the size of the segments based on appropriate algorithms decied 
by the user (ITT Visual Information Solutions, 2008). The scale level regulates the 
number of segments, i.e. a lower scale level entails a larger number of segments and 
vice-versa. The merge level regulates how segments should be aggregated, i.e. high 
merge levels entail more small segments grouped together and vice-versa. The final 
segmentation outcome consists of a vector-dataset, whereas the segments are 
represented by polygons, and the associated attribute table contain spatial information; 
length, width, area etc., and spectral and textural properties; mean, variance, standard 
deviation etc., for every dataset included. For this study, the segmentation was based on 
the four bands in the Spot5 image; hence the additional datasets did not influence the 
segmentation outcome but were added as ancillary data from which spectral and textural 
information was determined. The mask of the study area was also implemented in the 
process before the segmentation procedure begun, thus the Torneträsk Lake and the 
road and railroad polygons were removed. The edge scale level was set to 22 and the 
full lambda merge level to 85, values that produced the best-fitted segmentation based 
on ocular evaluation of segmentation previews at different levels. 

The segmentation dataset was used to develop the final ruleset based on the segments 
spatial, spectral and textural means of each SPOT5 band and the ancillary attributes. 
The rules for different classes consist of mean intervals, whereas a segment is classified 
if it fulfils all the criteria of the rule. To avoid overlapping of rules for classes with 
similar properties, classes were divided in subclasses to make the rules narrower, i.e. 
several rules were formed for one main class for later merging. Occasionally, some 
rules overlapped nonetheless, which was solved by adding rules, which increased the 
threshold, or by increasing rule value, i.e. giving certain rules higher importance and 
forcing segments that fit two rules to choose one. 

The finalized ruleset was applied on the segmentation dataset with the rule-based 
feature extraction procedure available in ENVI, and the final outcome was obtained as a 
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classification dataset, similar to the segmentation dataset, and consisted of nine land 
cover classes; water, bare ground, birch forest, sparse birch forest, bog, fen, willow fen, 
alpine heath tundra and willow shrub. The classification dataset was post-processed in 
ArcGIS 10 and QGIS 2.6, where the few occurring unclassified segments (35 out of 
3608) were managed by either merging them with the adjacent polygon with which it 
shared the longest border, an approach based on ocular assessment of the segments 
verifying their belonging to the adjacent polygon, or by manually assigning them to the 
correct class. Further post-processing consisted of redrawing some segments were the 
boundaries, produced during the segmentation process, were not as satisfying, i.e. 
under-segmentation where some segments stretch over more than one class. 

After the post-processing the classification accuracy was estimated against 78 ground 
truth points collected in Abisko during the field trip of summer 2015. The ground truth 
points include the sites from which phytomass were sampled. A confusion matrix was 
applied to compare the land cover documented at the ground truths sites to their location 
in the classification. Occasionally, ground truth points were located just on the outside 
of the boundary for the correct class. In such cases were the points assumed correct if 
the distance to the border was reasonable, i.e. within the margin of error of the handhold 
GPS used to register the points, which was about ±10m.   

4.2 Land cover classification of Utsjoki 
Tarmo Virtanen and Kari Mikkola developed the Utsjoki land cover classification 
around 2002-2003 (T. Virtanen, personal communication, September 17, 2015). The 
classification is based on a Landsat ETM+ image of path 193 and row 11, captured 29 
of June year 2000, in combination with a topographic dataset of Finland (NLS, 2015 – 
Internet), and a vegetation map of northern Finland by Seppälä & Rastas (1980). The 
NLS topographic dataset contains updated data regarding the main land use and land 
cover, the traffic route network, administrative borders and buildings of Finland, hence 
frequently maintained (NLS, 2015- Internet). The vegetation map by Sepäälä & Rastas 
(1980) focuses on the subarctic forest ecosystems and their spatial distribution and 
limits, with emphasis of mapping the vast areas damaged by insect outbreaks. 

The classification was performed in Erdas Imagine, through a supervised maximum 
likelihood classification scheme. Any statistical accuracy cannot be provided because of 
only a limited number of ground truths plots in consideration to the size of the study 
area were available (T. Virtanen, personal communication, September 17, 2015). 

The classified dataset obtained contained the extent of nine land cover classes: water, 
bare ground, undamaged birch forest, damaged birch forest, mixed forest, pine forest, 
peatland, shrub-lichen tundra and shrub-moss tundra. However, since the conducted 
field sampling had not distinguished between the two tundra classes, these two classes 
were combined to one class, entitled tundra heath to prepare the dataset for the 
succeeding upscaling procedure. 
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5 Field sampling 
For Abisko, the soil and phytomass samples originate from fieldwork conducted in 
2013 for soil, and in 2015 for phytomass inventories (Figure 2). For Utsjoki, sampling 
was conducted during fieldwork in 2000, 2001, 2002 and 2015 (Figure 3). The field 
sampling was conducted by a stratified random approach, during which samples were 
collected along transects, extending over the main land cover types of the study areas. 
The sampling was performed at predetermined distances of 50m, 100m or 250m, based 
on the homogeneity of the landscape, i.e. shorter distances for heterogeneous landscapes 
and vice-versa. To exclude bias, the sampling was conducted at the exact spot when the 
interval distance was reached based on GPS measurements. An exception was if the 
sampling site happened to fall on an anthropogenic surface, e.g. hiking trails. In such 
cases, the sampling site was set 5m to the right of the spot in the walking direction. The 
main advantage of this approach is the potential to include the different landscape 
elements of interest, hence obtaining a better representation of the study area, with less 
sampling points compared to a simple random approach making it less time consuming 
to perform (Engelke et al., 2009). The transect approach was adopted from previous 
work conducted in different parts of the world, e.g. in northern Canada (Hugelius et al., 
2010), in the Usa Basin, Russia (Hugelius et al., 2011), and in Tarfala valley, Sweden 
(Fuchs et al., 2015). 

5.1 Soil 
Soil sampling was performed at the exact spot of reached predetermined interval 
distance. Four sampling techniques, based on different instruments, were applied 
depending on the soil environment. Often different instruments were used at the same 
sites, for different depths. The instruments were a Russian peat corer, a steel pipe, a 
small fixed-volume metal cylinder and a small saw. The Russian peat corer was used 
for wet or moist organic soils (Figure 4A). The steel pipe was used at greater depths in 
most mineral soils, dry organic soils or frozen soils (Figure 4B). The fixed-volume 
cylinder was used for the same soils as the pipe, but further up in the pit closer to the 
surface. The small saw was used for the top organic layer where roots from the surface 
vegetation needed to be cut. The dimensions of the Russian peat corer, the steel pipe 
and fixed-volume cylinder are known and required for estimating the field volume and 
later the dry bulk density (BD) of the collected samples. Samples taken with the saw 
were cut to the shape of a block and all the sides were measured to 0.5cm precision to 
establish the field volume. 

The sampling procedure generally began with digging a soil pit, except for wet 
environments were the Russian peat corer was applied from the start, followed by 
sampling the top organic layer. The most suitable instrument depending on soil 
conditions, e.g. moist saturation was applied for subsequent sampling. The top organic 
surface and discarded soil of the pit were gently moved to the side and afterwards 
placed back, hence limiting the impact on the environment, urgent since most of these 
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areas are protected nature reserves. The samples were put in separate plastic bags for 
transport to soil laboratories for BD and Loss-on-Ignition (LOI) analysis. 

 
Figure 4. Field sampling techniques and instruments: A displays field sampling with the Russian peat 
corer; B displays field sampling with the steel pipe. 

All together, 235 samples representing 32 pedons were collected from the Abisko study 
area, and 454 samples representing 50 pedons from the Utsjoki study area. In Utsjoki 
were four out of the 50 pedons collected south of the study area boundary (see Figure 
3). These pedons were sampled in a peatland located close to the study area, therefore, 
were these sites assumed to be representative of the Utsjoki study area. 

5.2 Phytomass 
For phytomass sampling, the phytomass was divided in two categories: 1) field layer 
phytomass, corresponding to vegetation lower than two meters and 2) trees 
corresponding to vegetation higher than two meters. Field layer phytomass samples 
were collected, but trees for understandable reasons not, but still considered through 
field documentation. 

At phytomass sampling sites, a 1x1 meter square plot was marked up on the ground. In 
Abisko, the vegetation was sampled from the left corner of the side pointing towards the 
South. The sampling size corresponded to either a 20cm square or a 10cm square 
depending on the heterogeneity of the vegetation cover, thus larger sampling size for 
more heterogeneous patches and vice-versa for more homogenous patches. In Utsjoki, 
all vegetation within a square had been cleared and sampled (T. Virtanen, personal 
communication, September 2, 2015). In Abisko, two additional 1x1m plots had been 
marked East and West of the main plot. In these plots, the areal proportion of different 
plant functional types was documented, and later used for site upscaling (section 6.2.1). 

At sampling sites with trees, larger plots were marked up and all trees within the plot 
were documented for height, diameter at breast height (DBH), the amount of individual 

B A 
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trunks and the amount of stands, i.e. cluster of trunks. At Abisko, these plots generally 
comprised of 5x5m squares and occasionally 10x10m squares depending on tree 
density, i.e. smaller plots for higher tree density and vice-versa. In Utsjoki, trees were 
documented in three circular plots within a five-meter radius placed about 15m from 
each other. The estimated mean from the three replicates was the reported value 
documented for that site. 

In Abisko, field layer phytomass was only sampled during the fieldwork of 2015, 
however, the field layer composition, i.e. the areal proportion of different plant 
functional types, and the surrounding trees had been documented at all sites during the 
2013 fieldwork. The documentation of trees was considered a sample point used for 
analysis. The field layer sites only documented were added to the sampled field layer 
sites to increase the dataset representing the plant functional type composition of the 
different land cover classes. All together, from Abisko 33 sites of trees were 
documented, 25 samples of field layer phytomass were collected and at an additional 83 
sites had the plant functional type proportion been documented. In Utsjoki, phytomass 
had been sampled from 49 sites, however no further description regarding the amount of 
sites with trees is available. 

5.3 Ground truth points 
During the 2015 fieldwork in Abisko, ground truth points were collected and later used 
for validating the land cover classification of Abisko. The majority of ground truth 
points were, similar to the phytomass and soil sampling, collected along transects with 
stops at every 50m or 100m depending on heterogeneity of the landscape. Impassable 
terrain did occasionally cause ground truth points to be collected along hiking trails, e.g. 
trough fens or along valleys, e.g. in mountainous areas, resulting in deviations from the 
straight transects. Ground truth sites were approached the same way as phytomass sites, 
except only one replicate of the field layer plots were described and no phytomass 
samples were collected. The surrounding 20x20m, corresponding to four pixels in the 
SPOT5 image used for the classification, were described and photographed. All 
phytomass samples sites were also used as ground truth points. In total, 78 points were 
collected and later used for validation of the classification. 
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6 Laboratory analysis  
For the Abisko study area, the soil samples have been analysed at Stockholm University 
during 2013 and the phytomass samples during 2015, the soil samples by Matthias 
Siewert and the phytomass samples by myself. For the Utsjoki study area, both soil and 
phytomass samples have been analysed earlier, by Finnish colleagues during 2002-
2003. The additional soil samples collected during last the fieldtrip were analysed at 
Stockholm University during 2015 by myself. The previously analysed samples were 
obtained as notes, which subsequently I had to further analyse and summarize within 
the scope of this thesis. From the Utsjoki peatland class have three of the sampling sites 
previously been described from a mire development perspective by Oksanen (2006). 
The laboratory procedures are described in greater details in the following sections. 

6.1 SOC in sampled soils 
SOC in soils is presented as the mass of organic carbon per unit area, which is the value 
used for upscaling. The SOC is estimated by the equation: 

 
𝑆𝑂𝐶 

𝑘𝑔
𝑚! = 𝐵𝐷 ∗%𝐶 ∗ 1− 𝐶𝐹 ∗ 𝑑𝑒𝑝𝑡ℎ ∗ 10 [3] 

Where BD is the dry bulk density of the samples in g/cm3, %C is the percentage organic 
carbon content in the samples, CF is the proportion of coarse fraction >2mm, and depth 
the length of the samples in cm, and 10 is for unit conversion. Before the SOC equation 
could be applied, the samples had to be analysed for the BD, organic carbon content and 
coarse fraction content.  

BD is a function of the soil samples dry weight and its field volume, hence a commonly 
used characteristic of soils describing its principal constituents and compactness (Hao et 
al., 2007). The BD varies for soils with different constituents, with organic soils 
generally having lower BDs compared to mineral soils, and soil materials at greater 
depths generally having higher BDs due to compaction by the weight of overlying 
material. Soil samples were dried in a ventilated oven at 75°C for 5 days and thereafter 
weighted. The field volume of the samples was calculated by using the known 
dimensions of the instruments applied in the field, i.e. the Russian peat corer, the fixed-
volume cylinder and the pipe and the length of the sample collected. For the samples 
collected in blocks, the dimensions, i.e. length, width and depth, were known from the 
field notes. By incorporating the BD in the SOC equation, the carbon content is 
estimated for purely soil matter, i.e. air and water components are disregarded. The bulk 
density was calculated for each soil sample by dividing the dry weight of the sample by 
its field volume according to the equation: 

 
𝐵𝐷 = 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 𝐹𝑖𝑒𝑙𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 [4] 

For measuring the organic carbon content in soil samples, several approaches are 
available, varying in complexity, costs and operation time (Ravindranath & Ostwald, 
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2007). The main approach applied in this study is called Loss-on-Ignition (LOI) a 
measure of organic matter from which the organic carbon content can be estimated. The 
procedure aims to burn off the organic matter in a subsample of soil, represented by the 
weight loss of the subsample after the procedure in accordance to following equation:  

 
𝑆𝑂𝑀 % =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛
𝑊𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛  [5] 

According to De Vos et al. (2005), LOI is a convenient approach recommended by 
several authors due to its time efficiency and low laboratory costs. However, Ball 
(1964), Howard & Howard (1989), Vereş (2002) and De Vos et al. (2005) underline 
that the LOI results of organic matter is likely overestimated, because the weight 
difference is influenced by various losses, e.g. of volatile particles, structural water and 
as CO2 from inorganic carbon. These errors are partly influenced by procedure 
parameters such as ignition temperature, exposure time sample size and position in 
furnace (Heiri, 2001 and Vereş, 2002). These parameters and their influence on weight 
loss have been examined by Heiri et al. (2001), whom recommends an ignition 
temperature of 550°C and an exposure time of 4h. Thus, at 5h a median weight loss of 
98,3% was recorded and the deviations among the samples were the smallest (Heiri et 
al., 2001). With considerations to the results of Heiri’s et al. (2001) in combination with 
various exposure times from the literature, i.e. 3h (Howard & Howard, 1989; De Vos, 
2005), 6h (Hugelius et al., 2011; Fuchs et al., 2015), 5h (Palmtag et al., 2015), the 
exposure time decided upon was 5 hours. 

Before the soil samples could be ignited they had to be homogenized by grinding with a 
mortar or rotor mill. Thereafter sieved through a 2mm mesh, removing coarse fractions 
from the samples, which were weighed separately. Subsamples were then placed in 
crucibles of known weight, which had been dried at 105°C over night to remove moist 
before weighing them. The sample sizes varied between 1-4.4g, with higher amounts 
for mineral soils. The subsamples were thereafter placed in a ventilated oven at 105°C 
for about 12h to reach a constant dry weight, then placed in a desiccator to cool down 
before weighing them. The weight after LOI105 is the starting weight for the SOM 
equation [5]. The samples were then placed in a muffle furnace ignited to 550°C for 5h, 
then carefully placed in a desiccator and subsequently weighed after room temperature 
had been reached. All the samples were weighed with an accuracy of 0.001g. Last the 
percentage weight loss was calculated, which should correspond to the percentage soil 
organic matter. 

Historically, the carbon content of organic matter has been estimated by applying a 
conversion factor (normally 0.58), assuming the organic matter contains 58% organic 
carbon (Howard & Howard, 1990; Pribyl, 2010). However, Pribyl (2010) emphasizes, 
based on error estimates recorded in the literature, that such an universal conversion 
factor applicable for all soils does not exist, hence should be avoided. A more 
appropriate approach is to compare LOI results with measurements of organic carbon 
received from more precise procedures. Therefore, subsamples were sent off for 
elemental analysis (EA), an expensive but more precise procedure for estimating carbon 
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and applied within this research field previously (Kuhry et al., 2002; Hugelius & Kuhry, 
2009; Horwath Burnham & Sletten, 2010; Palmtag et al., 2015; Fuchs et al., 2015). The 
samples, analysed for both LOI and EA, were plotted in graphs and third order 
polynomial regression models were applied after removing outliers for estimating 
correlation. From Abisko were 72 randomly selected samples out of 235 analysed with 
EA. Out of the 72 samples were four outliers removed which corresponded to the two 
highest and the two lowest values. The graph (Figure 5) resulted in a regression model 
(Equation [6]), with an r2 of 0.992. From Utsjoki 367 out of 454 samples were analysed 
with EA. However, for the regression analyses were 47 samples corresponding to moss 
samples collected in 2000-2003 removed for consistency with the samples from the 
2015 fieldwork during which moss and lichen were sampled as phytomass. 
Additionally, 50 outliers were rejected from the regression analysis, which 
corresponded to samples with LOI/EA quota-values that deviated with more than one 
standard deviation (StD) from the mean. In the end, 270 samples remained for 
regression analysis. The Utsjoki regression dataset exhibited more variations compared 
to the Abisko dataset; thereof the different approaches for outlier rejection. The graph 
(Figure 5) resulted in a regression model (Equation [7]), with an r2 of 0.940.  

 
Figure 5 Third order polynomial regression models: The left graph displays the Abisko samples used to 
obtain the regression model, later applied on samples with only LOI measurements to derive their fraction 
organic carbon. The right graph displays the sample and model for the Utsjoki samples.  

 𝐶 % =  −0.000357 ∗ 𝐿𝑂𝐼550 3 + 0.004091 ∗ 𝐿𝑂𝐼550 2 + 0.045282
∗ 𝐿𝑂𝐼550 

[6] 

 

 𝐶 % =  −0.000045 ∗ 𝐿𝑂𝐼550 3 + 0.004647 ∗ 𝐿𝑂𝐼550 2 + 0.442173
∗ 𝐿𝑂𝐼550  

[7] 

The regression models were applied on remaining LOI550 results to estimate the 
proportion organic carbon, subsequently applied as input for the SOC estimations. 

The proportion of coarse fractions from the soil samples, separated during the 
homogenising process, are assumed to contain no organic carbon, and added to the SOC 
equation to adjust the estimation based solely on the fine fraction of the sample. 
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However, the coarse fractions retrieved in some of the soil samples only represent a 
minor percentage of the coarse fractions, e.g. stones and boulders, present in the soil  
(especially in till soils). These fractions were not sampled; still they affect the 
proportion of fine fractions and in turn the SOC in the soils, and are of importance for 
the estimations. Therefore, the proportions of un-sampled fractions were visually 
estimated out in the field and added to the SOC equation.  

The SOC was calculated for each soil sample. Frequently for the Abisko peat pedons, 
peat was not collected at depths in between samples if deposits were homogeneous, to 
reduce the workload. Instead the SOC for these gaps was interpolated from the SOC 
content of the sample directly above and below taking into account the length of the 
gap. The SOC estimates for each sample were then summarized for each site to the 
depth of 30cm and 100cm; subsequently a mean SOC was estimated for each land cover 
class and used for upscaling. 

6.2 C in sampled phytomass 
The carbon in phytomass was estimated based on two assumptions; 1) a proportional 
relationship between phytomass dry weight and carbon content, implemented on low 
growing <2m high, easy to collect, phytomass like grasses and shrubs, and 2) an 
allometric relationship between carbon content and size, implemented on larger plant 
types, e.g. trees, that could not be collected. The separate approaches are described in 
the following sections. 

Ground layer analysis 
For Abisko samples, the workflow for the sampled phytomass was divided in six steps. 
First, the phytomass from each sample site was separated into the correct plant 
functional type and placed in heat-resistant containers. Second, the samples were dried 
in an oven at 75°C for 48h, during which all moisture was removed the phytomass. 
Third, the dried phytomass was weighed shortly after exiting the oven to avoid moisture 
uptake by the dried phytomass. Fourth, the C content was estimated based on the 
proportional relationship previously mentioned. Fifth, the C estimates for each plant 
functional type within the same land cover class was averaged and applied for a first 
upscaling against all 1x1m plots with documented field cover. Last, based on the C 
estimations from all 1x1m plots average kg C m-2 were estimated. 

The division of phytomass into plant functional types was based on a scheme developed 
by Chapin et al. (2013), and presented in Figure 6. According to Chapin et al. (2013), 
species within the same plant functional type have similarities regarding environmental 
niches, growth rates and resistance to disturbance, which are a useful division for 
ecosystem comparison over time or in response to changes in the environment, e.g. 
climate change. 
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Figure 6. The division of subarctic vegetation into plant functional types (after Chapin et al., 2013). 

The main purpose of dividing the phytomass into corresponding plant functional type in 
this study is that it enables a more precise upscaling against the plots where no 
phytomass was sampled, i.e. more accurate estimations can be made with fewer 
samples. An additional advantage is that the variations of phytomass distributions, even 
within the same land covers class (Figure 7), are better captured, which might explain 
variability in the obtained estimations, and hence enables a better understanding of the 
results. 

 
Figure 7. Field cover variances: Photos demonstrating the field cover variances in phytomass plant 
functional type distribution in two separate plots in Abisko, both belonging to the main class birch forest. 
(©Jannike Andersson, 2015). 

Regarding the proportional relationship between phytomass dry weight and C content, 
the C varies slightly for different plant types and for different parts of the plants, e.g. 
roots, trunks and foliage etc. (Bolin et al., 1979). However, generally accepted and 
implemented in scientific research is a C content corresponding to 50% of the dry 
weight (Kurz et al., 1992; Hugelius et al., 2011). Hence, the same conversion factor was 
implemented in this study according to the following equation: 
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 𝑃ℎ𝑦𝑡𝑜𝑚𝑎𝑠𝑠 𝐶 = 𝑃𝐷𝑊 ∗  0.5 [8] 

The C values obtained per plant functional type for the 10 and 20cm2 sample plots were 
calibrated to correspond to 1% coverage in the 1m2 plots. The calibration was 
performed based on the assumption that the same percentage division documented for 
the 1m2 were true for the sampled 10 or 20cm2 square, i.e. if evergreen shrubs were 
documented to cover 50% of the 1m2 plot, the obtained C were assumed to correspond 
to 50% in the smaller sampling plot. A calibration to 1% coverage enabled comparisons 
and further analysis of samples with different percentage coverage of the different plant 
functional types. Since the field layer composition was documented in percentages it 
was easier for subsequent calculations performed in Excel to have the values in kg C 
0.01m-2, i.e. kgC dm-2. The resulting mean kgC dm-2 per plant functional type was used 
to estimate the total phytomass C storage for each site where the field layer composition 
had been documented, which for Abisko was done at 108 sites. Occasionally some plant 
functional types were not represented in the phytomass samples for certain land cover 
classes, hence no data was available for estimating the totals in those plots where these 
functional types had been recorded. In those cases, I decided to apply a default value 
obtained from another land cover class, based on similarities regarding field layer 
species, heights, and plant distribution (Appendix 4). The totals for each site were then 
averaged for per land cover class and later used for upscaling against the land cover 
classification. 

According to T. Virtanen (personal communication, September 17, 2015), the 
phytomass collected from Utsjoki did not follow the same procedure as for the Abisko 
study area. First the phytomass was divided per species and not plant functional types. 
Sphagnum, other mosses and lichens were not analyzed as phytomass but as soil. The 
phytomass was handled similar as for the Abisko study area, i.e. the phytomass was 
dried and the conversion factor of 0.5 was applied to estimate the C content. The C 
content for each sample site was summed followed by estimating the mean kgC m-2 for 
each land cover class, by averaging the samples sites corresponding to the same land 
cover class. 

Tree analysis 
The phytomass C in trees was estimated through a series of procedures, first relating 
features measured in the field, i.e. DBH, height, number of trees and amount of stands, 
to dry biomass by an allometric function, which was done on each individual tree or 
stand. Thereafter, the estimated the C content was obtained by multiplying the biomass 
with the conversion factor 0.5, same as applied for sampled field layer phytomass. The 
total C and the mean kgC m-2 for each sample site were thereafter computed. 
Subsequently, the mean C for each land cover class was computed and applied for 
upscaling. 

Allometry is a well-established research field, examining the relationship between size 
and shape of objects (Niklas, 1994). Within biology, allometric relationships have been 
documented for centuries, but were mathematically explained by Huxley in the 1920s 
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and have continued developing since (Niklas, 1994 & 2004). Today, relating tree 
features to dry biomass by allometric equations is a common applied approach for 
estimating biomass and C stocks of large amounts of trees, e.g. in forests (Ketterings et 
al. 2001; Dahlberg et al., 2004) and is of both commercial and scientific interest 
(Ketterings et al. 2001). The allometric functions are generally regression models 
obtained by plotting size measurements to known estimates of biomass, derived from 
fieldwork, were some trees have been cleared, measured and oven dried (Starr et al., 
1998; Dahlberg et al. 2004; Wang, 2006; Smith et al., 2014). The applicability of 
available models varies due to the type of species and the geographic location the 
models are based upon, i.e. components that influence the size, shape and biomass of 
trees (Ketterings et al. 2001; Dahlberg et al. 2004; Wang, 2006). Hence, the model 
applied for the Abisko study area was developed by Dahlberg et al. (2004) and is based 
on mountain birch from the Abisko region (Equation [9]). The constants: 𝑎 (-8.488), 
𝑏!(0.6423) and 𝑏! (1.1916), are the unique values that must be customized for different 
species and geographic locations, i.e. the values would differ for other species or for 
birch located further South. Dahlberg et al. (2004) received a R2 of 0.962 with this 
model, which comprise two tree features: DBH and height. However, they had received 
a slightly higher R2 (0.982) when adding two more features to the model: crown 
diameter and stump diameter. A model taking into account more than two parameters 
was dismissed in this study based on two arguments: 1) these measurements would have 
entailed more fieldwork and 2) most literature encountered regarding estimations of tree 
biomass seems to apply a two parameter model, usually the same parameters as in this 
study (Starr et al., 1998; Ketterings et al., 2001; Wang et al., 2006; Smith et al., 2014). 

 ln 𝑇𝐷𝑊 = ln 𝑎 + 𝑏! ∗ ln 𝑇𝐵𝐴 + 𝑏! ∗ ln (ℎ) [9] 

The equation was applied by first converting DBH to total basal area (TBA), i.e. 
estimate the area of the trunk at breast height assuming a perfect circular shape. In case 
of several trunks standing together in a cluster, i.e. a stand of trees, the TBA was 
estimated by summing the area of each individual trunk in accordance to Dahlberg et al. 
(2004). By applying TBA in the unit mm2 and the height in dm, the equation estimated 
the biomass in kg. The biomass was estimated for each tree in each site and summed up. 
Subsequently, the C content was estimated from the biomass by the conversion factor 
0.5, i.e. same as for field layer phytomass. The C estimation was thereafter divided by 
the size of the sampling plot, which was 5x5m at homogenous sites and occasionally 
10x10m at sites with a sparse amount of trees, resulting in a mean estimate of above 
ground organic carbon in trees per m2. The sites different means per land cover class 
was further statistically analysed and prepared for upscaling.  

At the Utsjoki study area, phytomass had been collected and analysed prior to this 
study. According to T. Virtanen (personal communication, September 17, 2015) two 
types of trees had been documented in Utsjoki, pine and birch. These had first been 
analysed for tree volume based on a large dataset by Nyyssönen (1954), whom 
developed tables for correlating tree height and TBA to volume. Subsequently, the 
volume was transformed to biomass by averaging estimates from two allometric 
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equations by Alexeyev et al. (1995) and Shvidenko et al. (1998) with species-specific 
equation coefficients for boreal forests. However these estimates include the root 
system, which were removed from the results since in this study solely above ground 
phytomass is of interest. The biomass was converted to C by same conversion factor as 
for all phytomass, i.e. 0.5. The phytomass C for trees was then summarized for each site 
and a mean estimated for the specific land cover classes. 

Phytomass combined 
The estimated field layer tree phytomass C values were summed at each site to derive 
the total combined phytomass C storage. The combined phytomass C at each site was 
allocated to the corresponding land cover class for further statistical analysis. 

6.3 Statistical analysis of data 
For each land cover class, means, standard deviations and min and max values were 
calculated for both phytomass C and SOC. The phytomass C was analysed combined 
and partitioned into ground vegetation and tree. The SOC was analysed down to the 
first meter of soil and further partitioned into 0-30cm and into organic layer and mineral 
layer. 

At the Abisko study area, land cover classes dominated by peaty soils, i.e. bogs, fens 
and willow fens were additionally combined to one land cover class referred to as 
peatland, for comparison to the Utsjoki data, were no separation of peatlands have been 
made. The Abisko peatlands are based on all phytomass and soil samples from the 
included classes with no consideration to differences in coverage and the number of 
sampling plots, the same was as analysed for the Utsjoki peatland samples. 

Regarding the Utsjoki phytomass data, the individual sample estimates are unknown, 
hence the standard deviation cannot be calculated. However, the min and max sample 
estimates for each land cover class were known. The decided approach was therefore to 
calculate standard deviations based on solely those two samples, hence assuming only 
two samples had been collected from those land cover classes. An exception is the pine 
forest class were three samples had been collected altogether, hence the third sample 
could be retrieved since min and max and mean were known. This approach inevitably 
results in overall higher standard deviations compared to if the “true” standard deviation 
could have been calculated. 

Confidence interval were calculated for the study area means, to provide quantitative 
ranges of uncertainties. The uncertainty ranges are influenced by data variability, i.e. the 
variation among the samples belonging the same land cover class, where higher 
variability results in higher uncertainty, and the number of sampling sites, where a 
higher amount of sampling sites result in decreased uncertainty. To estimate a 
confidence interval, several variables are needed: i.e. the standard deviations and 
number of samples. However, for the Utsjoki phytomass samples, the standard 
deviations based on min and max was applied. The confidence interval equation applied 
considers both the standard deviation and the sample size, as common confidence 
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interval equations do. However, a third variable, the proportion of the study area for the 
class of interest is taken into account as well, hence the equation is as follows:  

 
𝐶𝐼 = 𝑡 ∗ √

(𝑎!
! ∗ 𝑆𝑡𝐷!!)
𝑛!

  [10] 

Where 𝑡 ≈1.96, which corresponds to the upper α/2 of a normal distribution, i.e. a 
confidence of 95%, 𝑎! = the percentage of the study area for class 𝑖, 𝑆𝑡𝐷!= the standard 
deviation for class 𝑖 and 𝑛!= the number of replicates for sample 𝑖 (Thomspon, 1992 in 
Hugelius, 2012; Palmtag et al., 2015). 

6.4 Upscaling using land cover classifications 
During the upscaling procedure the estimated arithmetic means of aboveground 
phytomass C and SOC for each land cover class was analysed against their percentage 
share of the study areas, to obtain estimates of the total C storages, the study area means 
and the related confidence intervals. The procedural details are explained more 
thoroughly in following sections. 

SOC upscaling 
For the classification of Abisko, ten land cover classes were defined: water, bare 
ground, birch forest, sparse birch forest, peatbogs, fen, willow fen, alpine heath tundra, 
and willow shrub and anthropogenic surfaces in the form of a road and railway passing 
through the study area. No samples had been collected from terrestrial water bodies, 
hence this class was not considered to calculate the mean phytomass C and SOC storage 
of the study area, similar as for the Northern Circumpolar Soil Carbon Dataset, 
(NCSCD; Hugelius et al., 2013a). The anthropogenic surfaces were also excluded from 
the calculations. For the other classes the estimated arithmetic mean was applied, with 
the exception of two classes, sparse birch forest and willow shrub from which one soil 
sample and no soil sample had been collected, respectively. Willow shrub has a 
different phytomass composition compared to alpine heath tundra, but is regarded as 
having more or less similar soil properties and therefore the two classes were combined 
for the SOC upscaling. Regarding the sparse birch forest, the SOC in the sample 
collected contained a surprisingly high SOC for a region consisting mainly of boulders 
with a thin soil layer, and hence it was assumed insufficient to represent the entire class. 
Presumed during the classification process and later confirmed in the field was that 
sparse birch forest is mixture of birch forest and bare ground, with a division of one 
third birch forest and two thirds bare ground. Therefore, the decided approach was to 
add two bare ground samples to the one birch forest sample, in order to derive a more 
representative value for the sparse birch forest class. 

For the entire study area of Abisko, two estimates of means, and confidence intervals 
were calculated, one which represented the study areas when regarding the peatland 
classes bogs, fens and willow fens, separately and one which represent them combined, 
the latter for better comparison to the Utsjoki study area. 
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At the Utsjoki study area, nine land cover classes had been identified: pine forest, mixed 
forest, undamaged birch forest, damaged birch forest, peatland, bare ground, alpine 
heath tundra and water. Soil samples had been collected from all classes, except the 
water class, therefore excluded from further calculations, same as for the Abisko area. 
Besides that, no other adjustments had to be done. 

To estimate the study areas means, the estimated SOC means for each land cover class 
was weighted against their separate percentage share of study area according to the 
following equation:  

 

𝑆𝑂𝐶! = Σ[ 𝑎! ∗ 𝑆𝑂𝐶! ] [11] 

Where 𝑆𝑂𝐶!= study site SOC mean, 𝑎!= the percentage share of study area for land 
cover class 𝑖 and 𝑆𝑂𝐶! = the mean SOC for that land cover class. By summarizing the 
land cover means times their percentage share of study area, the study area mean is 
obtained. Study area SOC means were estimated for the depth 0-30cm, 0-100cm and 
within the first meter of soil further divided into the top organic layer and underlying 
mineral soil. 

Phytomass C upscaling 
For the phytomass upscaling, representative samples had been collected in each land 
cover class in both Abisko and Utsjoki, hence no classes had to be combined due to lack 
of data. However, the land cover classes bog, fen and willow fen in Abisko was, same 
as for the SOC estimations, evaluated both as separate classes and combined to a 
peatland class. No phytomass samples had been collected from the water classes, 
therefore excluded from further calculations, same as for the SOC-upscaling. 

The study areas means were estimated with the same approach as for the SOC 
according to equation [11], estimated both for trees and field layer vegetation separately 
and combined. 
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7 Results 
7.1 Land cover classifications 

Abisko land cover classification 
The final land cover classification of Abisko identified ten main land cover classes 
present in the study area (Figure 10). The overall accuracy of the classification was 
89.74% and the kappa index 0.87. 

The different classes are water, bare ground, birch forest, sparse birch forest, alpine 
heath tundra, willow shrub, bog, fen, willow fen and road/railway, from which the 
anthropogenic surfaces and terrestrial water bodies are excluded from the analysis. The 
different land covers are further described below: 

Water: water bodies, i.e. lakes and ponds, with a minimum size of 20x20m, 
corresponding to four pixels. Water bodies were separated from the other classes due to 
low reflectance values, i.e. low NDVI and SAVI values, in combination with low slope 
values. 

Bare ground: surfaces of bedrock outcrops, blockfields or bare soils, with no or limited 
vegetation cover. If present, the main plant functional type is lichens and mosses’. The 
class was delineated from the others based on low NDVI and SAVI values and on high 
reflectance in all the SPOT5 bands. 

Birch forest: forest dominated by mountain birch trees (Betula tortuousa), characterized 
by three heights ranging between 2-15m, mostly found in the lower end of the 
altitudinal range of the study area (below 625m), and often with trunks that separate 
close to the ground (Figure 8A). Other species documented during the 2015 field trip 
included alder (Alnus), though in minor numbers growing intermixed with birch and not 
distinguishable during the classification. The birch forest segments were characterized 
by dense coverage of tree crowns, which limits the reflectance from the ground floor, 
with high NDVI and SAVI values. 

Sparse birch forest: boulder fields with spread-out minor clusters of birch trees, hence a 
mix of about two-thirds bare ground and one-third birch forest found at elevations 
below 460m (Figure 8B). From a reflectance perspective, the land cover class is 
heterogeneous due to a mixture of vegetated and bare parts and mixed pixels, 
characterized by lower NDVI and SAVI values compared to the birch forest class, 
found at lower elevations compared to the heath classes willow shrub and alpine heath 
tundra. 

Alpine heath tundra: found close or above the treeline at greater elevations, i.e. above 
about 480m. The dominating plant functional types are low growing evergreen and 
deciduous shrubs: e.g. Empetrum and Betula nana, and mosses and lichens (Figure 1F). 
The class was separated from the others mainly by the elevation, thereafter by having 
higher NDVI and SAVI estimates in comparison to bare ground segments and lower in 
comparison to willow shrub segments. 
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Figure 8. Birch forest and sparse birch forest in Abisko: A) represent birch forest and B) represent sparse 
birch forest. The author took both photos on July 13th 2015 in Abisko 

Willow shrub: found at higher elevations above or at the treeline similar as for the 
alpine heath tundra class. The dominant plant functional type is a deciduous shrub: i.e. 
willow (Salix X; Figure 1E). Willow shrub is especially found in valleys between 
hilltops along creeks, hence the segments had elongated shapes (see also Figure 10). 
The segments was separated from the other classes by the elevation and by the higher 
NDVI and SAVI values related to the willow shrub compared to the alpine heath tundra 
and bare ground class. 

Bog: found at lower elevations in the Abisko study area. It is characterized by a gently 
elevated dry surface with low growing shrubs, i.e. evergreen and deciduous shrubs, and 
mosses and lichens (Figure 1D), similar in appearance to the tundra heath class. The 
bog class was separated from the other classes due to the type and dryness of the 
vegetation in combination with the gentle slope. 

Fen: found at lower elevations or local depressions, in the Abisko study area often 
adjacent to bogs. It is characterised by a water table at or above the surface with grasses 
and sedges, i.e. graminoids, and Sphagnum moss as the dominant plant functional types 
(Figure 9A).  

Willow fen: similar to the fen class, except for the presence of deciduous shrubs (Figure 
9B). Willows constitute a substantial proportion of the vegetation, which makes the 
class identifiable in the satellite image. In comparison to the fen class the willow fen 
class is generally found closer to streaming water, e.g. creeks and rivers.  

A B 
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Figure 9 Fen and willow fen in Abisko: A) fen with sedges and grasses and B) willow fen with deciduous 
shrubs reaching above the grasses and sedges in Abisko. Photo 10A was taken by the author on July 13th 
2015; photo 10B was taken by Matthias Siewert on October 3rd 2013 in Abisko. 

The distribution and percentage coverage of the different land cover classes in the 
Abisko study area are shown in (Figure 10). Birch forest, sparse birch forest and alpine 
heath tundra cover together c. 77% of the study area, whereas the peatland classes 
combined only c. 5%. The remaining classes have also minor areal coverage’s. Since 
the water and anthropogenic land cover classes were excluded from further analysis, the 
C storage estimates are based on the remaining 90.7% of study area, i.e. 23.9km2. 

 

Figure 10 The Abisko land cover classification is presented to the left and displays the spatial distribution 
of the different land cover classes in the study area. Torneträsk Lake is masked out from the study area.  
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Utsjoki land cover classification 
The final classification comprised eight land cover classes represented in the Utsjoki 
study area (Figure 11) from which water bodies were excluded from the analysis. 
Accuracy assessment estimations are as previously stressed, not available. 

The different land covers are further described below: 

Water: water bodies, e.g. lakes, water ponds and streams. 

Bare ground: stony and mainly barren areas with limited vegetation cover. 

Birch forest (undamaged): forested areas, with birch (Betula) as the dominant species. 

Birch forest (damaged): birch forest areas, which have been damaged due to insect 
outbreaks and have not yet recovered. 

Mixed forest: forested areas with a mixture of birch and pine (Pinus sylvestris) trees. 

Pine forest: pine trees are dominant. A further characteristic is a minor vegetated field 
layer. In Utsjoki, the pine forest is found in valleys along the main streams. 
Peatland: areas dominated by peaty soils, i.e. fens and bogs. In Utsjoki widespread 
peatlands are found throughout at low elevations and in local depressions. 

Alpine heath tundra: areas at higher elevations above the treeline dominated by low 
growing vegetation like mosses and lichens and shrubs, both evergreen and deciduous. 

The distribution and percentage coverage of the different land cover classes in the 
Utsjoki study area are shown in (Figure 11). Dominant classes are birch forest and 
alpine tundra heath, occupying about 55% of the study area. Peatlands cover 13.9%, 
whereas the remaining classes occupy smaller proportions of the study area. However, 
as for the Abisko study area, the water class was excluded from further analysis, 
therefore the C estimates for the Utsjoki study area as a whole is based on the remaining 
97.3% of the study area, i.e. 1501km2. 
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Figure 11. The Utsjoki land cover classification displayed to the left was developed by Tarmo Virtanen 
and Kari Mikkola (T. Virtanen, personal communication, September 17, 2015). The pie chart to the right 
displays the percentage coverage of the land cover classes in the study area. 

7.2 Phytomass C estimates 

Abisko phytomass carbon 
In total 25 ground vegetation phytomass samples were collected and analysed, and an 
additional 83 plots with documented ground vegetation covers were used for upscaling. 
The presence of trees were documented at 51 sites out of the total of 108, with 38 sites 
in the birch forest class, 6 sites in the sparse birch forest class, 6 sites in the willow fen 
class and 1 site in the willow shrub class, with none present in the remaining sites. 

The phytomass C estimates, regarding means, standard deviations and min and max 
values are presented for each land cover class in Table 1. Regarding the weighted mean 
for the entire study area, the standard deviation has been replaced by an estimated 
confidence interval at 95%, additionally presented in Table 1. 

The results indicate differences in phytomass C per land cover class, with the highest 
combined mean belonging to the birch forest class with 1.99 kgC m-2 and the lowest 
mean belonging to the bare ground class with 0.042 kgC m-2. In general, the higher 
means are encountered for the classes where trees are present, i.e. birch forest, willow 
fen and sparse birch forest. 
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Regarding the entire study area, none or a minor difference of estimated means and 
confidence intervals was encountered by separating or combining the peatland classes, 
with study area [1] having an estimate of 1.30 ±0.23 kgC m-2 and study area [2] having 
an estimate of 1.29 ±0.23 kgC m-2. However, by combining the peatland classes, a 
slight increase in mean field layer phytomass C was encountered, i.e. 0.003 kgC m-2, 
and by separating the peatland class a slight increase in Tree C mean was encountered, 
i.e. 0.01 kgC m-2, thus insignificant for the whole. 

Table 1. Abisko phytomass C presented in kgC m-2.  

	 	 	 		
		
		
		
		
		
		
		
		
		

Abisko	 Area	 	 Field	layer	

	

Trees	

	

Phytomass	combined	

	

Km2	 %1	 n2		
Mean	±StD	
(±95%	CI)3	

Min-Max		
	

Mean	±StD	
(±95%	CI)3	

Min-Max		

	

Mean	±StD	
(±95%	CI)3	

Min-Max		

Bare	ground	 1.49	 	6.2	 5	 0.042	±	0.043		 0.018-0.119	 		 0	±	0	 0	-	0	 		 0.042	±	0.043		 0.018-0.119	

Birch	forest	 13.0	 54.3	 38	 0.222	±	0.072	 0.037-0.327	
	

1.77	±	1.26	 0.16-5.53	

	

1.99	±	1.25	 0.27-5.71	

Sparse	birch	
forest	

3.06	 12.8	 7	 0.159	±	0.047	 0.092-0.231	 		 0.607	±	0.803	 0-1.87	 		 0.766	±	0.809	 0.181-2.10	

Alpine	heath	
tundra	

4.13	 17.3	 16	 0.418	±	0.063	 0.258-0.522	
	

0	±	0	 0	-	0	

	

0.418	±	0.063	 0.258-0.522	

Subalpine	willow	
shrub	

0.92	 3.8	 5	 0.079	±	0.032	 0.050-0.128	 		 0.208	±	0.465	 0-1.04	 		 0.287	±	0.453	 0.050-1.10	

Bog	 0.26	 1.1	 17	 0.303	±	0.160	 0.005-0.564	
	

0	±	0	 0	-	0	

	

0.303	±	0.160	 0.005-0.564	

Fen	 0.49	 2.0	 11	 0.110	±	0.057	 0.018-0.199	 		 0	±	0	 0	-	0	 		 0.110	±	0.057	 0.018-0.199	

Willow	fen	 0.59	 2.5	 9	 0.474	±	0.276	 0.176-1.12	
	

0.521	±	0.764	 0-2.27	

	

0.994	±	0.847	 0.328-2.55	

	 	 	 	 	 	 	 	 	 	 	 	
Study	area	[1]	4	 26.3	 100	 108	 0.236	(±	0.015)	 -	

	
1.06	(±	0.23)	 -	

	

1.30	(±	0.23)	 -	

	 	 	 	 	 	 	 	 	 	 	 	Peatland		 1.34	 5.6	 37	 0.349	±	0.178	 0.005-1.12	 		 0.127	±	0.426	 0-2.27	 		 0.475	±	0.461	 0.047-2.54	

Study	area	[2]	5	 26.3	 100	 108	 0.239	(±	0.015)	 -	
	

1.	05	(±	0.23)	 -	

	

1.29	(±	0.23)	 -	

1	The	percentage	share	of	the	analysed	part	of	the	study	area,	i.e.	the	23.9km2	with	water	and	anthropogenic	surfaces	excluded.	
2	The	number	of	sampling	sites.		
3	For	the	study	area	estimates	the	weighed	means	are	presented	with	the	95%	CI.		
4	Total	for	study	area	regarding	peatland	classes	as	separated.	
5	Total	for	study	area	regarded	peatland	classes	as	combined.	

	

Since the coverage of the different plant functional types were known for the Abisko 
study area, the total storage of phytomass C could be partitioned per land cover class 
and plant functional type, as presented Figure 12. The graph demonstrates that trees 
constitute a major share in the classes where they are present, i.e. birch forest, sparse 
birch forest, subalpine willow shrub and willow fen, hence in the combined class 
peatland, and for the two study area estimates. The plant functional types in the field 
layer phytomass, constituting the greatest share, are evergreen shrubs and moss, 
whereas the storages in lichens and forbs are negligible. The graph further demonstrates 
that the classes that occupy the largest areas; i.e. birch forest, alpine heath tundra and 
sparse birch forest most greatly influence the study area estimates of phytomass C. 
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Figure 12 Phytomass C partitioning per plant functional type and land cover class. 

Utsjoki phytomass carbon 
In Utsjoki, phytomass was sampled at 49 sites. The results regarding means and 
standard deviations per land cover class and the means and confidence intervals for the 
study site totals are presented in Table 2. As previously mentioned, the standard 
deviations are based on the min and max sample site estimate known for the combined 
phytomass, i.e. not for the trees and field layer separate, thus the standard deviations for 
the two phytomass categories were unknown and not presented in the table. 

The results demonstrate both differences and similarities regarding mean phytomass C 
for the land cover classes, with the largest differences encountered for the mean trees C 
(and thus the combined means), and the most similarities for the mean field layer C. 
The highest combined means were encountered for the forest classes; i.e. pine forest 
with 1.75 kgC m-2, mixed forest with 1.20 kgC m-2 and the undamaged birch forest with 
1.03 kgC m-2, with the exception of damaged birch forest, which has a combined mean 
of 0.171kgC m-2, due to the low mean tree C of 0.021 kgC m-2. The lower combined 
means were encountered for the classes peatland with 0.125kgC m-2, alpine tundra with 
0.132kgC m-2 and bare ground with 0.114 kgC m-2, hence the classes with no or 
sparsely distributed trees. 

Regarding the field layer means, the estimates range from the lowest of 0.059 kgC m-2 
for pine forest to the highest 0.151 kgC m-2 for damaged birch forest, thus a difference 
of 0.092 kgm-2, indicating a minor difference between the land cover classes. 

For the study area total, the combined mean was estimated to 0.477 kgC m-2 with a 95% 
confidence interval of ±	0.244 kgC m-2, whereas 0.348 kgC m-2, i.e. about 73%, was 
tree C and the rest of 0.130 kgC m-2, i.e. 27%, was of field layer C. These results 
indicate that trees are the main store of phytomass C. 

The standard deviations suggest, for most land cover classes, high uncertainties, i.e. a 
high spread in sample estimates, which is partly inevitable since the “true” standard 
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deviations or the individual sample estimates were unknown for all classes except pine 
forest. Since the standard deviations are variables influencing the confidence intervals, 
the confidence interval estimated for the Utsjoki study area is high, i.e. deviates from 
the mean by about 51%. 

Table 2. Utsjoki phytomass C presented in kgC m-2, StD is not available for the individual tree and field 
layers.  

	 		
Utsjoki	 Area	 	 Field	layer	

	

Trees	

	

Phytomass	combined	

	

	Km2	 %1	 n2		 Mean		 		 Mean		 		 Mean	±StD	(±95%	CI)3	 Min-Max		

Bare	ground	 159	 10.6	 6	 0.111	 	 0.003	 	 0.114	±	0.052	 0.090-0.164	

Birch	forest	
(undamaged)	

443	 29.5	 10	 0.132	 		 0.902		 		 1.03	±	1.27	 0.36-2.15	

Birch	forest	
(damaged)	

183	 12.2	 7	 0.151	 	 0.021	 	 0.171	±	0.082	 0.12-0.31	

Mixed	forest	 74.7	 5.0	 5	 0.130		 	 1.07		 	 1.20	±	1.69	 0.39-2.78	

Pine	forest	 22.8	 1.5	 3	 0.059		 		 1.69		 		 1.75	±	0.48	 1.21-2.12	

Alpine	tundra	 214	 26.9	 8	 0.132		
	

0		
	

0.132	±	0.063	 0.103-0.192	

Peatland	 405	 14.3	 10	 0.125	 		 0		 		 0.125	±	0.077	 0.079-0.189	

	 	 	 		 		 		 		 		 		 		Study	area	 1542	 100	 49	 0.130	 		 0.348	 		 0.477	(±	0.244)	 -	

1	The	percentage	share	of	the	analysed	part	of	the	study	area,	i.e.	the	1501km2	with	the	water	class	excluded.	
2	The	number	of	sampling	sites.		
3	For	the	study	area	estimates	the	means	are	presented	with	the	95%	CI.		
	

		
		
		
		
		
		
		

 

7.3 SOC estimates 
The SOC was estimated for the first meter of soil, and further partitioned into the first 
30cm and the top organic layer and, if present within the first meter of soil, the 
underlying mineral layer. SOC means and standard deviations were estimated for each 
land cover class, and presented together with the min and max sample site values for 
Abisko in Table 3 for Utsjoki in Table 4. For the entire study area estimates the 
standard deviations were replaced by 95% confidence intervals as presented in the same 
tables. 

Abisko SOC 
The results demonstrate differences between the classes regarding SOC means, with the 
classes dominated by peat soils; i.e. bog, fen and willow fens, having vastly higher 
means compared to the other classes for all partitioning categories. However, the 
peatland classes occupy only c. 5.6% of the analysed part of the study area. The lowest 
means were encountered for the bare ground class followed by the sparse birch forest 
class, alpine heath tundra and subalpine willow shrub and birch forest. For the depth 0-
100cm, the means for the different land cover classes’ range between 0.25kgC m-2 for 
bare ground to 42.7kgC m-2 for the bog class. 
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For the Abisko study area as a whole, the means differ marginally when considering the 
peatland classes separately (5.71±1.44 kgC m-2) or combined (5.84±1.32kgC m-2). 
About 70% of the total SOC in the first meter of soil is stored in the top 30cm, with 
about 72% stored in the top organic layer and about 28% in the underlying mineral 
layer. 

The 95% confidence intervals estimated for the study area means were slightly narrower 
when considering the peatland classes combined. The narrowest CI was encountered for 
the combined peatland class 0-100cm where the CI deviates with 23% from the mean. 
The widest CI was encountered for the mineral layer where the CI deviates with 54% 
and 55% from the means. 

Table 3 Abisko SOC means and standard deviations in kgC m-2 for the depth 0-30cm and 0-100cm and 
separated into the organic layer and the mineral layer.  For the study area totals, the means are presented 
with the estimated 95% confidence interval. Further, min and max sample site values are presented for 
each land cover class.  

		 		 	 		 		 		 		 		 		 		 		 		 		 		 		

Abisko	
	

	
0-30cm	 0-100cm	 Top	Organic	Layer	 Mineral	Layer	

	

No.1	
Pedon	

depth	(cm	
±StD)	

Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		

Bare	ground	 4	 0.54	±	0.88	 0.25	±	0.50		0.0002-1.01	 0.25	±	0.50		0.0002-1.01	 0.25	±	0.50		 0.0002-1.01	 0	±	0	 0	-	0	

Birch	forest	 9	 43.5	±	33.4	 4.51	±	2.20	 1.97-8.87	 4.70	±	2.37	 1.97-9.53	 2.83	±	0.83	 1.97-4.43	 1.87	±	2.08	 0-6.75	

Sparse	birch	
forest	

1(4)3 2.89	±	4.06	 1.24	±	1.87	 0.0002-4.22	 1.24	±	1.87	 0.0002-4.22	 1.24	±	1.87	 0.0002-4.22	 0	±	0	 0	-	0	

Alpine	heath	
tundra	

4	 20.1	±	21.0	 3.86	±	3.16	 1.44-8.17	 4.17	±	3.27	 1.44-8.17	 2.52	±	2.30	 1.11.5.96	 1.65	±	2.11	 0	-	4.40	

Subalpine		
willow	shrub	

04	 	 3.86	±	3.16	 1.44-8.17	 4.17	±	3.27	 1.44-8.17	 2.52	±	2.30	 1.11.5.96	 1.65	±	2.11	 0	-	4.40	

Bog	 8	 93.1	±	22.2	 11.7	±	3.80	 7.68-18.57	 42.7	±	21.4	 12.5-78.7	 37.8	±	24.0	 8.05-78-7	 4.86	±	3.55	 0-10.9	

Fens	 3	 158	±	6.08	 6.92	±	6.14	 1.84-13.74	 32.6	±	26.4	 15.3-63.0	 32.6	±	26.4	 15.3-63.0	 0	±	0	 0	-	0	

Willow	fen	 3	 84.7	±	18.6	 12.9	±	4.71	 8.04-17.44	 39.7	±	19.3	 19.1-57.3	 33.5	±	20.7	 11.7-53.0	 6.15	±	1.63	 4.30-7.37	

	 	 	 	 	 	 	 	 	 	 	
SA	[1]5 32	 -	 4.02	(±	1.14)	 -	 5.71	(±	1.44)	 -	 4.14	(±1.13)	 -	 1.57	(±	0.86)	 -	

	 	 	 		 		 		 		 		 		 		 		
Peatland		 14	 105	±	34.0	 10.9	±	4.68	 1.84-18.57	 39.9	±	20.7	 12.5-78-7	 35.8	±	22.1	 8.05-78.7	 4.10	±	3.52	 0-10.9	

SA	[2]6 32	 -	 4.04	(±	1.13)	 -	 5.84	(±	1.32)	 -	 4.24	(±0.98)	 -	 1.60	(±	0.86)	 -	

1	The	number	of	sampling	sites.		
2	For	the	study	area	estimates	the	means	are	presented	with	the	95%	CI.		
3	Based	on	one	original	sample	and	then	three	samples	from	the	bare	ground	class	and	one	from	the	birch	forest	class.			
4	No	soil	samples	were	collected	from	the	subalpine	willow	shrub	class,	defaults	from	the	tundra	heath	class.	
5	Total	for	study	area	considering	separate	peatland	classes.	
6	Total	for	study	area	regarding	the	peatland	classes	combined.	
	

Utsjoki SOC 
The results regarding the Utsjoki SOC estimates are presented in Table 4. They 
demonstrate variability in the SOC storages among the different classes with similar 
trends as for the Abisko study area. The higher means are encountered for the peatland 
class and the lowest means for the bare ground class. The SOC means for the first meter 
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of soil ranges from 2.90kgC m-2 for the bare ground and alpine tundra classes to 
50.8kgC m-2 for the peatland class. The forest class means ranged from 3.62kgC m-2 for 
the damaged birch forest, 3.68kgC m-2 for the pine forest, 5.64kgC m-2 for undamaged 
birch forest to 7.22kgC m-2 for the mixed forest. 

The mean and CI for the Utsjoki study area was estimated to 10.9±2.42kgC m-2 for the 
first meter of soil, of which 4.81kgC m-2, i.e. about 44% of the total was stored in the 
top 30cm. A comparison of the partitioning between the classes revealed that the largest 
share of SOC was stored in the top 30cm for most classes, except for the peatland class 
where only about 26% stored in the top 30cm. Since all the other classes had average 
pedon depths that were either shallower or only slightly exceeding 30cm of depths, this 
partitioning seemed reasonable.  

The partitioning between the top organic layer and the mineral layer for each land cover 
class revealed that the classes bare ground, undamaged birch forest, damaged birch 
forest, pine forest and alpine tundra had the greatest share of SOC stored in the mineral 
layer, whilst the classes peatland and mixed forest had the greatest share in the top 
organic layer. Regarding the study area total, 8.38kgC m-2 out of 10.9kgC m-2 was 
estimated for the top organic layer, corresponding to 77% of the total, whilst only 
2.48kgC m-2, i.e. 23%, was estimated for the mineral layer.  

The 95% confidence interval estimated for the study area means differ between the 
categories, with the narrowest confidence interval encountered for the SOC stored in the 
top 30cm, where the CI deviates from the mean with 18%, and the highest CI 
encountered for the SOC in the mineral layer, where the CI deviates 39% from the mean 
(see Table 4). 

Table 4 Utsjoki SOC results: The SOC estimates in kgC m-2 for the depth 0-30cm and 0-100cm and for 
the top organic layer and the underlying mineral layer.   

		 	 		 	 	 	 	 	 	 	 	
Utsjoki	 	 	 0-30cm	 0-100cm	 Top	Organic	Layer	 Mineral	Layer	

	

No.1		
Pedon	

depth	(cm	
±StD)	

Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		
Mean	±StD	
(±95%	CI)2	

Min-Max		

Bare	ground	 2	 13	±	1	 2.90	±	2.00	 1.48-4.31	 2.90	±	2.00	 1.48-4.31	 1.01	±	0.27	 0.81-1.20	 1.89	±	1.72	 0.67-3.11	

Birch	forest	
(undamaged)	

10	 36	±	18	 4.11	±	2.43	 1.26-10.4	 5.64	±	5.84	 1.26-21.8	 2.58	±	2.69	 0.76-9.83	 3.06	±	3.43	 0.50-12.0	

Birch	forest	
(damaged)	

4	 23	±	12	 3.51	±	1.68	 1.33-5.29	 3.62	±	1.75	 1.33-5.29	 1.51	±	1.29	 0.36-3.35	 2.11	±	1.66	 0.24-4.28	

Mixed	forest	 7	 40	±	10	 5.21	±	1.86	 3.64-8.58	 7.22	±	5.25	 3.64-18.3	 4.42	±	6.02	 0.84-17.9	 2.80	±	2.67	 0.44-8.38	

Pine	forest	 2	 44	±	11	 3.01	±	0.21	 2.86-3.16	 3.68	±	0.51	 3.32-4.04	 1.65	±	0.37	 1.39-1.92	 2.02	±	0.88	 1.40-2.65	

Alpine	heath	
tundra	

9	 24	±	15	 2.60	±	1.08	 1.21-4.22	 2.90	±	1.58	 1.21-5.84	 1.27	±	0.50	 0.68-2.27	 1.63	±	1.68	 0.19-4.75	

Peatland	 16	 136	±	100	 13.0	±	9.11	 0.26-40.4	 50.8	±	30.2	 6.95-102	 47.2	±	33.9	 2.00-102	 3.55	±	8.30	 0-31.8	

	 		 	 		 		 		 		 		 		 		 		
Study	area	 50	 -	 4.81	(±	0.88)	 -	 10.9	(±2.42)	 -	 8.38	(±	2.44)	 -	 2.48	(±	0.96)	 -	

1	The	number	of	sampling	sites.		
2	For	the	study	area	estimates	the	means	are	presented	with	the	95%	CI.	
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7.4 Ecosystem total organic C storage 
The ecosystem total organic C storage (ETOC), estimated by combining the phytomass 
and the soil (0-100cm) estimates are presented for Abisko in Table 5 and for Utsjoki in 
Table 6. 

Abisko ETOC 
The ecosystem total organic carbon means for the study area were estimated to 
7.01±1.67kgC	m-2	considering	the	peatland	classes	separately,	and	to	7.13±1.55kgC	
m-2	for	the	peatland	classes	combined.	The ETOC mass at the Abisko study area was 
estimated between 168±42-170±37Gg, considering the peatland classes individually or 
combined. The peatland classes represent 30-32% of the ETOC even though they only 
occupy 5.6% of the examined part of the Abisko study area (see Table 1). This does not 
consider deeper C-rich stocks in some sites that exceed 1m peat depth. The	individual	
class	with	the	highest	storage	was	the	birch	forest	class,	which	had	the	greatest	
extent	within	the	study	area,	i.e.	54.3%	of	the	examined	part	of	the	study	area	(see	
Table 1). 
Table 5: Abisko ecosystem total storage of organic carbon, i.e. the combined storage of phytomass C and 
SOC 0-100cm. Presented are the combined means in kgC m-2, the standard deviations or confidence 
interval and the percentages the standard deviation or confidence interval deviate from the mean per land 
cover class and for the entire study area. Further presented are the organic carbon storage in GgC and the 
percentage share of the total storage.  

		 		 		 		 	 		
Abisko	 Ecosystem	total	organic	carbon	

	

Mean	kgC	m-2	 ±StD	(±95%	CI)1	
%StD	(%CI)	

deviation	of	mean	
Total	storage	

(GgC)2 %	of	total		

Bare	ground	 0.30		 ±	0.55	 185	 0.4	 0.3	

Birch	forest	 6.69	 ±	3.61	 54.0	 86.8	 51.8	

Sparse	birch	forest	 2.01	 ±	2.68	 133	 6.1	 3.7	

Alpine	heath	
tundra	

4.59	 ±	3.33	 72.7	 18.9	 11.3	

Subalpine	willow	
shrub	

4.46	 ±	3.72	 83.6	 4.1	 2.4	

Bog	 43.0	 ±	21.6	 50.1	 11.1	 6.6	

Fens	 32.7	 ±	26.5	 81.1	 16.0	 9.5	

Willow	fen	 40.7	 ±	20.1	 49.5		 24.1	 14.4	

	 	 	 	 	 	
Study	area	[1]	 7.01	 (±	1.67)	 23.8	 168	 100	

	 		 		 		 		 	
Peatland		 40.4	 ±	21.2	 52.4	 54.0	 31.7	

Study	area	[2]	 7.13	 (±	1.55)	 21.8	 170	 100	

1	For	the	study	area	estimated	the	means	are	presented	with	the	95%	CI.	
2	Gigagram	=	109	g	
	

Utsjoki ETOC 
The mean ecosystem total organic carbon for the entire Utsjoki study area was 
estimated to 11.3±2.66kgC m-2. The highest mean was encountered for the peatland 
class with 50.9kgC m-2 and the lowest for the bare ground class with 3.01 kgC m-2, 
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hence similar to for the SOC estimates. The estimated ETOC mass for the entire study 
area was estimated to 17018GgC with a confidence interval of 13023-21012Gg, i.e. 
±23.5%	from	the	mean.	The individual class with the greatest storage was the peatland 
class with 10906GgC, which correspond to 64.1% of the study area total storage, while 
only occupying 14.3% of its surface (see Table 2). This does not consider deeper C-rich 
stocks in sites that exceed 1m peat depth. The least share in ETOC mass was 
encountered for the pine forest class with 123GgC, i.e. 0.7% of total, which also 
correspond to the land cover class with least extent in the study area (Table 2). 

Table 6 Utsjoki ecosystem total storage of organic carbon, i.e. the combined storage of phytomass C and 
SOC 0-100cm. Presented are the combined means in kgC m-2, the related standard deviations or 
confidence interval and the percentages the standard deviation or confidence interval deviate from the 
mean per land cover class and for the entire study area. Further presented are the organic carbon storage 
in GgC and the percentage share of the total storage. 

 

7.5 Partitioning of ETOC 
This partitioning demonstrates the percentage division of the total storage, i.e. the share 
of field layer phytomass C, trees phytomass C, SOC for the first 30cm and SOC for the 
remaining 70cm. The SOC was further partitioned between the top organic layer and the 
mineral layer. The partitioning graphs are presented for Abisko in Figure 13 and for 
Utsjoki in Figure 14. The results demonstrate that for the study areas as a whole, the 
largest share of organic carbon is stored within the soil. However, at Abisko the largest 
share is located in the first 30cm of the soil, whereas in Utsjoki the largest share is 
located in the range between 30-100cm. 

Abisko TOC partitioning 
In the Abisko study area (Figure 13), the ETOC division over the land cover classes 
differs, with most carbon mass stored in birch forests, which also constitute the largest 

		 	 		 		 		 		 	 	 	
Utsjoki	 Ecosystem	total	organic	carbon	

	

Mean	kgC	m-2	 ±StD	(±95%	CI)1 %StD	(%CI)	
deviation	of	mean	

Total	storage	Gg2 %C	of	total	

Bare	ground	 3.01	 ±	2.05	 68.1	 479	 2.8	

Birch	forest	
(undamaged)	

6.68	 ±	7.09	 106	 2961	 17.4	

Birch	forest	
(damaged)	

3.79	 ±	1.84	 48.4	 692	 4.1	

Mixed	forest	 8.42	 	±	6.94	 82.4	 629	 3.7	

Pine	forest	 5.42	 ±	0.99	 18.2	 123	 0.7	

Alpine	heath	
tundra	

3.03	 ±	1.64	 54.0	 1227	 7.2	

Peatland	 50.9	 ±	30.3	 59.5	 10906	 64.1	

	 		 		 		 		 	
Study	area	 11.3	 (±	2.66)	 23.5%		 17018	 100	

1	For	the	study	area	estimated	the	means	are	presented	with	the	95%	CI.	
2	Gigagram	=	109	g	
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share of the study area. Within the birch forest class, most ETOC is encountered in the 
first 30cm of the soil and the second largest storage is encountered in the trees. The 
peatland classes peatbog, fen and willow fen, have a different ETOC partitioning 
compared to the other classes. There the largest shares are stored within the soils, both 
in the upper 30cm and below, whilst limited amounts are stored in the phytomass. 
Figure 13 further reveals that the land cover classes with noticeable SOC storages, i.e. 
birch forest, alpine heath tundra, bog, fen and willow fen, have the largest share of SOC 
stored in the top organic layer, and only minor share stored in the mineral layer. For the 
study area totals, 56-57% of the ETOC is stored in the top organic layer. The 
differences in the partitioning for the entire study area between study area [1], i.e. 
regarding all classes individually, and study area [2], i.e. with the combined peatland 
class, are very limited. 

 
Figure 13. Abisko partitioning of ETOC storage per land covers class and per analysed parameter. The 
land cover classes to the left and Study area [1], with separate peatland classes, are based on an ETOC 
mass of 168GgC, whereas the study are [2] with combined peatland class is based on an ETOC mass of 
170GgC. Further presented is the percentage area of the study area.  

Utsjoki ETOC partitioning 
At the Utsjoki study area (Figure 14), most of the ETOC mass for the entire study area, 
i.e. 95.7% is stored in the soil, and the rest divided over the field layer vegetation with 
1.2% and trees with 3.1%. Further, of the total storage, 73.9% is stored in the top 
organic layer and 21.9% in the underlying mineral layer. The largest share of ETOC is 
encountered in the peatland class, containing 65.1% of the total ETOC. The second 
largest storage is encountered in the undamaged birch forest class, with a share of 
16.0%. The least of the ETOC is encountered in the pine forest class, hence the smallest 
land cover class from an areal perspective. 

The Utsjoki partitioning graph (Figure 14), demonstrates that several classes contain a 
lower percentage share of ETOC compared to the percentage share of study area, e.g. 
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bare ground, both birch forest classes and alpine heath tundra. The class containing the 
largest share of ETOC in comparison to the share of study area is peatland. The same 
trends are observed for the Abisko study area as well, but not as distinct as in Utsjoki. 

 
Figure 14. Utsjoki partitioning of the ETOC storage per land covers class and per analysed parameter. 
The partitioning is based on the total ETOC mass for Utsjoki, which was estimated to 17018GgC. Birch 
forest 1represents undamaged birch forest and birch forest 2 represents damaged birch forest. Further 
presented is the percentage area of the study area.  

Permafrost SOC 
At the Abisko study area, permafrost conditions were documented at five sampling 
sites, each located in the Stordalen mire within the bog land cover class. At four sites 
the sampling took place in palsas and the last site in a regular bog surface. The recorded 
permafrost table was reached at about 60cm depth, except at two sites where it was 
reached at 20 respectively 73cm. By regarding all samples from the bog class, i.e. eight 
in total, the mean SOC for permafrost soil within the bog class was estimated to 
9.19±9.85kgC	m-2,	which	correspond	to	21.4%	of	the	ETOC	mean	for	the	bog	class	
and	1.4%	of	the	ETOC	mean	for	the	entire	study	area.	For	the	combined	peatland	
class	five	out	of	fourteen	samples	had	permafrost,	which	resulted	in	a	mean	SOC	
for	permafrost	soil	for	the	peatland	class	to	5.25±8.63kgC	m-2,	which	correspond	to	
13.0%	of	the	ETOC	mean	for	the	peatland	class	and	4.1%	of	the	ETOC	mean	for	the	
entire	study	area.	

At	the	Utsjoki	study	area,	permafrost	was	documented	at	two	peatland	sampling	
sites,	both	palsas	located	in	the	Vaisejeäggi	mire	situated	in	the	north-eastern	part	
of	the	study	area.	At	one	site	the	permafrost	table	was	reached	at	130cm,	hence	
below	the	soil	depth	examined	within	the	scope	of	this	thesis.	At	the	other	site,	the	
permafrost	table	was	reached	at	68cm.	Based	on	SOC	stored	within	the	permafrost	
at	the	one	palsa	site,	the	peatland	mean	for	permafrost	SOC	was	estimated	to	
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2.57kgC	m-2,	which	corresponds	to	5.0%	of	the	peatland	ETOC	mean	and	3.2%	of	
the	entire	study	area	ETOC.	
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8 Discussion 
8.1 Abisko land cover classification 

Comparison to currently available land cover datasets 
The Abisko land cover classification dataset produced in this study has compared to the 
Svenska CORINE Marktäckedata SCMD-0001, a higher spatial resolution (10x10m 
instead of 30x30m). It can therefore capture smaller elements in the landscape, 
especially the many small block fields present in the lowlands and the barren hilltops in 
the highlands. Further, the CORINE dataset has a class called heath, which in the 
produced classification has been separated into alpine heath tundra and sparse birch 
forest. This is of importance for the upscaling, since the classes have different 
vegetation cover, e.g. sparse birch forest has sparsely growing birch trees which the 
alpine heath tundra does not have, and likely different soil properties. The produced 
classification seems, in comparison to other available dataset, more precise for studies 
at this local scale. 

Accuracy and land cover classes 
Based on the ground truth points collected in the field, the overall accuracy was 89.74% 
and the kappa index of agreement was 0.87. the latter takes into account agreements 
occurring by chance, which the overall accuracy does not. For land cover 
classifications, the kappa index of agreement ranges between 0-1, where 0 represent no 
agreement at all and 1 represent perfect agreement (Cohen, 1960). For the values in 
between Landis & Koch (1977) developed a qualitative scale for the kappa index where 
0.00-0.20 represents slight 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 substantial and 
>0.81 almost perfect agreement. This scale has commonly been applied since for 
interpreting kappa indices (Viera & Garrett, 2005). Therefore a kappa index of 0.87, 
obtained for this classification, indicates a good classification result, which hopefully 
limits upscaling errors based on wrongly classified regions. However, the lower 
producer accuracies of sparse birch forest, with some misclassified birch forest 
segments, and fen with some misclassified peatbog segments  (Appendix 3) indicate the 
sometimes-difficult separation of classes with similar elements, e.g. birch forest 
occasionally has similar properties as sparse birch forest. Regarding wrongly classified 
peatbog segments, one of the wrongly classified segments is found close the classified 
peatbog boundary indicating classification difficulties in separating boundaries. The 
other pixel corresponds to a linear palsa remnant classified as peatbog in the field since 
the minimum mapping unit was achieved i.e. about 20x20m corresponding to four 
pixels in the SPOT 5 image. However, these features are likely difficult to separate in 
datasets built up on squares due to their linear shapes if they are not wide enough. The 
potential causes for misclassified fens are several: e.g. mixed pixels, i.e. these peatbogs 
did not fall perfectly within four SPOT5 pixels of which the largest fraction of the 
pixels better corresponded to fens, which could indicate that the spatial resolution of the 
dataset was not high enough to illustrate the fragmented landscape associated with 
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subarctic mires. Other potential causes of error are the scale and merge level applied 
during the segmentation process, which directly influence the number of segments 
produced. These levels could have been set to high limiting the influence from a few 
pixels on the larger object, further decreasing the numbers of segments and potentially 
removing segments that would otherwise represent fens in peatbog environments. These 
types of problems indicate the importance of well-performed segmentation procedures 
as stated by Liu & Xia (2010). However, no classification is perfect, hence some 
segmentation inaccuracies are inevitable. The class bare ground had a low producer 
accuracy as well, 50%, however, the limited amounts of points, i.e. two of which one 
represented a ground truth point, makes it difficult to draw any proper conclusions. 
Nevertheless, it indicates that the number of ground truth points for this class is too low, 
especially since bare ground represents 5.65% of the study areas, i.e. more than the peat 
classes combined. 

Regarding the user accuracies (Appendix 3), which show the likelihood for a classified 
class to actually represent the same class in the field, all classes were at or above 80%, 
except for the peatbog class with 78% indicating that 22% of peatbog ground truth 
points were classified as something else, in this case as fens in correspondence to the 
discussion in the previous section. 

In summary, the producer and user inaccuracies indicate an underestimation of birch 
forest and peatbog extent and an overestimation of sparse birch forest and fen, which 
potentially can result in an underestimation of organic carbon storage both in the soil 
and the phytomass. However, since the classification accuracy in general was high, the 
potential underestimation is assumed minor, thus of no great influence to the end result. 

8.2 Utsjoki land cover classification 
The Utsjoki classification comprises of eight land cover classes, whereof one is 
excluded from further analysis, i.e. the water class. The classes represent the main land 
cover classes present in Utsjoki, and are typical for subarctic regions. The classification 
was performed though a pixel-based approach with a maximum likelihood scheme. 
Defects common for pixel-based classification, i.e. “salt and pepper“ effects (Blaschke, 
2010; Myint et al., 2011; Whiteside et al., 2011), are present in the Utsjoki 
classification. However, the high spatial resolution of the pixels, i.e. 30m in comparison 
to the extent of the study area, i.e. 1543km2, corresponding to a total amount of 
1714248 pixels, entail that the salt and pepper effects should be limited. Nevertheless, 
“salt and pepper” effects will likely influence the classification accuracy negatively and 
inevitably influence the area representation of different land covers classes.	

As previously mentioned the classification accuracy is unknown for the Utsjoki 
classification, hence it is difficult to discuss the quality of the classification. However, a 
quick visual comparison of randomly selected features more than four pixels large from 
the Utsjoki classification with Google Earth, indicates adequate classification results. 
Noticed, though, is that anthropogenic surfaces, e.g. roads that go through the study area 
have been classified as bare ground, which entails that phytomass C and SOC estimates 
were upscaled against surfaces removed from the Abisko study area. Regarding the 
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accuracy assessment the best approach would be to build a confusion matrix based on 
the compared features, however, that is difficult to implement satisfactorily due to the 
low spatial resolution in Google Earth images of northern Finland and the limited 
spectral properties making it difficult to separate different vegetated regions, especially 
the forest classes. Last, it is time consuming work, hence not in line with the time 
perspective of this thesis. 

8.3 Comparison of the Abisko and Utsjoki land cover 
classifications 

The two classifications were performed independently and have some differences 
regarding class configuration, which is understandable since the two study areas differ 
in size and main land cover types. An objective with the Utsjoki classification was to 
delineate between different forest types, for which the vegetation map developed by 
Seppälä and Rastas (1980) was used as ancillary data. This was not the objective for the 
Abisko study area, which does not have the same diversity of forest classes. However, 
some kilometres East of the Abisko study area clusters of pine stands are present, which 
are assumed to be relict stands from a previous larger extent of boreal forest (Sonesson 
et al., 1975). 

Another difference regarding the land cover classes are that the peatland class has not 
been divided into different types of peatland ecosystem in the Utsjoki classification. At 
the Abisko area the different peatland classes have shown differences, especially 
regarding phytomass composition. A combined peatland class at the Utsjoki study area 
could potentially entail miss-estimations of C storage, influenced by biased sampling 
from different peatland classes in relation to their spatial extent, i.e. more sites from 
peatbogs compared to fens, which have a greater extent. For instance, the fen class 
occupies about twice the area as bogs at the Abisko study area. Regarding the results, 
the phytomass C in Abisko reveals that the study area means remain almost the same at 
1.29-1.30 kgC m-2, whether regarding the peatland classes separately or combined. 
However, the SOC and ETOC study area means are slightly higher for the combined 
peatland class, hence resulting in a 2GgC higher total storage estimate (Table 5). This 
difference is likely influenced by more samples collected from the bog class (n=8) in 
relation to the fen (n=3) and willow fen (n=3) classes (Table 3). Thus the class with the 
highest SOC estimates is overrepresented. However, the difference corresponds to an 
increase of only 1.2%, well within the confidence interval and assumed minor. 

8.4 Fieldwork and laboratory analyses 
The applied methods were partly discussed in the methodology section. However, this 
section aims to highlight potential disadvantages with the methodology, which might 
have influenced the results. Compared to the confidence intervals calculated for the 
study area, these potential errors cannot be mathematically assessed, but only 
qualitatively described. 
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Fieldwork 
Conducting fieldwork is a constant balance between the amounts of sample sites desired 
and the time limits. The approaches are customized for different projects, often with the 
aim to obtain as much data as possible. During fieldwork in Abisko and Utsjoki soil and 
phytomass samples were collected along transects with the aim of getting replicates 
from all land cover classes. However, in Abisko, no soil sites were collected from 
subalpine willow shrub and only one soil sample from sparse birch forest, which 
entailed that subjective assumptions had to be made regarding the SOC estimates for 
these land cover classes. One potential reason why these classes were not better 
represented is that the land cover classification of Abisko was performed after the first 
fieldwork conducted in 2013, hence all the different land cover classes had not yet been 
identified. Furthermore, the soil transects are mainly placed around the centre of the 
study area whereas sparse birch forest and subalpine willow shrub are mainly found 
towards the edges. Additionally, subalpine willow shrub mainly has a linear extent 
following the creeks along the mountain slopes; this narrowness might have had a 
negative influence on the likelihood for a site occurring within the class.  

Further potential errors arisen during the soil fieldwork are the estimates of stones 
within the pits, i.e. the stones not sampled due to their size. The estimates were done 
visually and are thus quite subjective, especially when done by different people. Since 
these estimates have a direct impact on the SOC results, it is likely they have somewhat 
influenced the results, where an underestimation of stones entail an overestimation of 
SOC and vice-versa.  However, stones are more common in mineral soils, e.g. those 
develop in tills, and thus more common for the forest and tundra land cover classes 
where the soil depths rarely extend below 100cm and the carbon content is low. 
Therefore, the overall impact of the visual estimations of stones on the final results is 
hopefully minor. 

Regarding the phytomass sampling, especially for Abisko, the separation of ground 
vegetation into plant functional types most likely caused some errors in the estimates. 
For instance, the separation was conducted several days after the sampling, hence the 
different plants were not easily identifiable anymore, especially sedges from grasses, 
which were therefore combined for further analysis. Further, mosses and lichens often 
grew intertwined, hence also difficult to separate and therefore assigned to another 
functional type, which constituted the largest fraction. Further, the ground cover 
sampling was conducted from a fraction of the one-meter squares plots. However, the 
plant functional types were only documented for the entire plot, i.e. not for the sampled 
fraction, and it had to be assumed that the same division of plant functional types 
documented for the one meter square plot was valid for the sampled fraction as well. 
Another step which likely influenced the estimation of phytomass C was when the 
ground vegetation C was calibrated to one percentage coverage for later summarizing 
and upscaling. Nevertheless, the phytomass C stored in the ground cover vegetation 
constitute the least part of total phytomass C storage, and possible errors will have only 
minor impact on estimates. 
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Considering the tree sampling, the techniques regarding sampling plot differed between 
the two study areas. In Abisko the trees within one square plots with sides of either 5 or 
10m were documented, whereas in Utsjoki the trees were documented as a mean from 
three replicate circles with a 5m radius. The mean phytomass C in trees for the forest 
classes in Utsjoki are higher compared to those in Abisko. It is difficult to assess if 
these differences are influenced by the different sampling plot techniques or mainly by 
the different forest classes. Nevertheless, the Utsjoki approach with three replicates 
seems more consistent with the ground vegetation phytomass sampling, and therefore 
preferable. 

Laboratory analyses of soil 
Loss on ignition is, as previously mentioned, a commonly applied method for 
estimating the content of organic matter within soils. It is also apparent that the LOI 
procedures, especially ignition temperature and exposure time, differ between studies, 
and influence the weight loss (Heiri, 2001; Vereş, 2002). For comparative reasons it is 
therefore important to document the LOI parameters applied, i.e. ignition temperature 
and exposure time. For this study, the ignition temperature was set to 550°C and the 
exposure time set to 5h, which according to tests conducted by Heiri (2001) should 
correspond to a median weight loss of 98.3% for the combustible material, which is 
assumed to be sufficiently accurate.  

The fraction of organic carbon content within the combusted material was estimated by 
applying equations developed by plotting a set of subsamples, which had been analysed, 
both for LOI and EA (Figure 5), where EA can be considered more accurate. The main 
advantage of this approach is that the historically applied conversion factor of 0.58 
which had been documented to inadequately represent different soil types (Pribyl, 
2010), is disregarded. Instead is a third order polynomial conversion equation based on 
local soils samples is applied, which should better represent the conditions at the study 
areas. However, the coefficient of determination for the two conversion equations 
differs between the study areas, with a higher r2 obtained for Abisko (0.992) than for 
Utsjoki (0.940), which indicate that the Utsjoki conversion equation is less efficient in 
describing the variation between LOI and EA estimates. Figure 5 showed that in Utsjoki 
there is much variability on results when LOI >30%. This might entail that the carbon 
content in Utsjoki samples with high LOI have been underestimated.  

The variability at high LOI in Utsjoki sampled can be due to human factors with 
different persons performing the LOI and EA analyses and a few years of time lag. 
During the EA analysis only a very minor share of the sample is analysed, hence the 
subsample might not have been representation for the entire sample. Because different 
persons executed the analyses the subsamples for LOI and EA could notbe 
crosschecked against one another (P. Kuhry, Personal communication October 21 
2015). However, since most samples in Utsjoki had been analysed both with EA and 
LOI, the conversion equation was only applied on the samples from 2015; i.e. 
corresponding to eight sites out of 50, and the overall impact was assumed minor. 
Nevertheless, the 2015 samples represented 50% of the peatland sites, i.e. samples with 
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higher organic carbon contents. Therefore the SOC for the peatland class and the total 
in Utsjoki might have been slightly underestimated. 

The upscaling procedure 
Area upscaling of soil properties based on finite amounts of data can be achieved in 
several ways, whereof appliance of thematic datasets or maps is one approach (Obade & 
Lal, 2013). At first-hand, SOC may seem more related to soil types rather than land 
cover. A soil is a product of several parameters; e.g. climate, parent material, 
topography, organisms and time (Jenny, 1941). Similar to soils are the natural land 
cover classes also a product of several environmental parameters. The hypothesis with 
the classification was that the different land cover classes sufficiently represented 
different environmental settings, and their different soils classes and SOC storages. A 
hypothesis further reinforced by the fact that land cover classifications have regularly 
been applied for the upscaling of soil properties and dynamics e.g. for methane 
emissions in the Lena Delta (Schneider et al., 2009), for SOC estimations at study areas 
in Siberia (Ramage, 2012; Hanisch, 2013), Greenland (Palmtag, et al., 2015), and 
Tarfala (Fuchs et al., 2015). A comparative study of SOC upscaled both against a land 
cover classification and a soil dataset for the Usa Basin in north-western Russia by 
Kuhry et al. (2002), showed significant consistency of the results, reinforcing 
confidence in land cover classifications as a suitable tool for SOC upscaling. 

8.5 Carbon storage estimates 
Carbon stocks were successfully estimated at both study areas. The estimates differ 
between land cover classes, which can be expected since some land cover classes have a 
higher phytomass, i.e. forests, and some others a higher SOC, i.e. peatland classes. The 
obtained estimates and related standard deviations and confidence intervals are further 
discussed and compared in the following sections. 

Phytomass carbon 
Regarding phytomass C, the similarities between the two study areas are that higher 
phytomass C is encountered in the forest classes. However, in Utsjoki different types of 
forest classes are present, with the larger amount of C stored in the pine class, which 
only accounts for 1.5% of the study area. The undamaged birch forest class in Utsjoki 
contains less phytomass C, i.e. 0.902kgC m-2 compared to corresponding land cover 
class in Abisko with 1.99kgC m-2. These differences are likely influenced by several 
factors, like differences in the spatial densities in tree biomass (Ketterings et al., 2001; 
Dahlberg et al., 2004;Wang, 2006), hence the importance of local sampling of tree 
features and locally adapted allometric equations. Utsjoki and Abisko have slightly 
different climates, with Utsjoki having an annual mean air temperature that is 1.6°C 
lower than Abisko, with the greatest differences occurring during the winter period. 
Further, the Utsjoki climate is influenced by the effect of winter surface temperature 
inversion, commonly occurring in the area (Autio & Heikkinen, 2002). Additionally, 
the study areas have different reliefs, with the Abisko study area representing a 
moderately flat lowland adjacent to an extensive lake, Torneträsk, and steep rising hill 
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tops, compared to Utsjoki which comprises an undulating landscape with gently rising 
hills, not as high as in Abisko, and valleys. Even though both study areas are regarded 
as subarctic regions, these differences are likely factors influencing the biomass of the 
birch trees. Additional factors are potential differences in field measurements, due to the 
fieldwork being conducted by different persons with different fields of expertise and 
using different methods. 

Another factor influencing the birch forest biomass and carbon content in Utsjoki is 
insect outbreaks, from which the affected forests only slowly recover. The damaged 
birch forest contains an insignificant fraction of tree phytomass C compared to 
undamaged birch forest, i.e. 0.021 versus 0.902 kgC m-2. If no insect outbreaks have 
taken place, and the damaged birch forest had been as lush as the undamaged birch 
forest, the total carbon storage in trees would have been about 30% higher. 

Soil organic carbon 
Regarding the SOC estimates, the similarities between the study areas are the trends of 
mean SOC per land cover class, i.e. bare ground has the lowest means, tundra and forest 
classes have intermediate means and peatland classes have significantly higher means. 
However, the means for the respective land cover classes in Abisko and Utsjoki differ 
in SOC content, with the land cover classes in Utsjoki generally have higher carbon 
content than corresponding classes in Abisko. This is especially true for the bare ground 
class, which in Utsjoki has a mean of 2.90 and in Abisko 0.25 kgC m-2. The definition 
of bare ground is ground with no or limited vegetation cover, which could include bare 
rock and bare soils. Bare rock surfaces constituted of blockfields and bedrock outcrops 
generally contain negligible amounts of SOC and have very shallow soil depths. In 
subarctic mountain environments, bare ground surfaces could develop due to processes 
like solifluction, during which ground vegetation and the top organic layer are buried 
e.g. by uplifted stones and/or by soil. These surfaces are especially common in alpine 
tundra regions (Bockheim, 2007), i.e. in the upland above the tree limit in subarctic 
regions as Utsjoki and Abisko. Since solifluction entails a burial of organic matter these 
soils, though mineral, could contain a relatively high amount of organic carbon. In 
Abisko, none of the four bare ground soil sites collected were taken from surfaces 
affected by solifluction, which might have resulted in the low SOC mean of the Abisko 
bare ground class. Instead, the Abisko bare ground sites were collected from bare 
surfaces represented by bedrock outcrops and block fields. In Utsjoki, bare ground 
surfaces seems more abundant at higher elevations according to a comparison of the 
land cover classification (Figure 11) and the study area map (Figure 3), and the two 
field sites representing bare ground in Utsjoki was collected in alpine environments 
according to attached field notes, however, no notes specifically mentions the presence 
of solifluction processes. Nevertheless, the higher mean of Utsjoki bare grounds is 
likely influenced by the sampling locations, i.e. alpine bare grounds and by the fact that 
only two samples were collected. Further indicating differences of bare ground samples 
sites between Abisko and Utsjoki are the mean pedon depths, which is 0.54cm for the 
Abisko area and 13cm for the Utsjoki area (Table 3 and Table 4). Apparently, both 



 63 

study areas might have biased samples of bare ground, likely due to the limited 
sampling amount, which potentially influenced the results. However, since bare ground 
have the lowest SOC means in combination with constituting a minor fraction of the 
analysed parts of the study areas, i.e. 6.2% in Abisko and 10.6% in Utsjoki, the overall 
consequences for the mean SOC storage calculations in the two study areas are assumed 
limited. Based on the literature, variations in mean SOC (kgC m-2) for bare ground land 
cover classess are to be expected. For instance Kuhry et al. (2002) estimated SOC 
means of 1.3kgC m-2 for sparse alpine tundra and 0.3kgC m-2 for natural barelands in 
the Usa Basin (northwestern Russia), later updated by Hugelius & Kuhry (2009) to 
0.4kgC m-2 for mainly bare ground in the same region. Fuchs et al. (2015) estimated a 
SOC mean of ≤0.1kgC m-2 and up to 6.2kgC m-2 for patchy boulders with grass and 
moss in the alpine Tarfala valley (northern Sweden). These values indicate local 
variations, but also point to issues potentially related to semantics, i.e. the definition of 
bare ground, which can contain several types of surfaces, formed by different types of 
processes and containing more or less SOC, hence complicating comparisons. 

Regarding the peatland classes, the Utsjoki SOC 0-100cm mean is about 8-18kgC m-2 
higher compared to the combined peatland class or the individual peatland classes in 
Abisko (Table 3 and Table 4). Based on the estimations from the individual peatland 
classes in Abisko, it is clear that peatbog has a slightly higher SOC content compared to 
fens. Most samples collected in Utsjoki were taken from peatbog features, which might 
indicate that peatbogs constitute a greater fraction of the study area compared to 
Abisko. The Utsjoki peatland sites have a greater SOC range, i.e. min and max values 
(Table 4), compared to Abisko (Table 3). By comparing the estimated peatland classes’ 
means to other estimates recorded in the literature, it is verified that the carbon content 
should be expected to be slightly higher in bogs compared to fens (Hugelius & Kuhry, 
2009; Hugelius et al., 2010; Palmtag et al., 2015). Since the peatland class in Utsjoki 
has not been separated into different types of peatland types it is assumed the estimated 
total SOC storage, i.e. 10932.5GgC, could be somewhat overestimated if petbogs are 
over-represented in the dataset. The present study reports SOC down to 1m depth 
(Table 3 and Table 4). It should be noted that the average mean peat depth (136 vs 
105cm), which entail that the observed differences between Utsjoki and Abisko would 
be even more pronounced if total peat deposit storages were considered.  

Ecosystem total organic carbon storages 
The mean ETOC storage estimates differ between the two study areas, with values of 
7.01kgC m-2 for Abisko and 11.3kgC m-2 for Utsjoki (Table 5 and Table 6). The storage 
difference is, caused by differences in land cover division, i.e. the peatland class 
constitutes a greater share of the analysed share of study areas in Utsjoki (14.3%) 
compared to Abisko (5.6%) and due to the fast that most land cover classes in Utsjoki 
have greater means compared to the corresponding classes in Abisko (e.g. the bare 
ground class and the forest classes, with the exception of damaged birch forest). 

Regarding the Abisko area, the total storage was estimated for peatland classes 
separately and combined for comparative reasons to the Utsjoki area. The total storage 
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in Abisko for peatland classes separated was estimated to 168GgC and for peatland 
classes combined to 170GgC. Hence, the difference is overall minor corresponding to a 
deviation of only 1.9%, which is well within the confidence interval of 176 ±26.3%. 

By comparing the results regarding mean storage for the study areas and the individual 
land cover classes to other estimates presented in the literature, it is evident that the 
means estimated for Utsjoki and Abisko are low in comparison to estimates from 
several tundra sites around the world. For instance estimates from different parts of 
Siberia in Russia ranges between 20.0kgC m-2 up to almost 40.0kgC m-2, where some 
estimates regard only the first meter of SOC, i.e. no phytomass C (Hugelius et al., 2009; 
Palmtag et al., 2015) and some regards both phytomass C and the first meter of SOC 
(Ramage, 2012; Hanisch, 2013). High mean SOC estimates of 33.8kgC m-2 have 
additionally been obtained from the central Canadian Arctic (Hugelius et al., 2010). 
However, these sites are all representative of lowland regions in the continuous 
permafrost zone, where permafrost is more likely to occur at shallower depths, and even 
though most SOC seems to be stored in the active layer at all sites a substantial part is 
stored in the permafrost, which might influence the higher carbon means at these sites. 
However, at some sites low mean SOC estimates have been obtained, e.g. 0.9kgC m-2 at 
Tarfala valley in Northern Sweden (Fuchs et al., 2015) and 8.3kgC m-2 in Zackenberg 
northeastern Greenland (Palmtag et al., 2015). The similarities with Abisko and Utsjoki 
are that both these two regions are mountainous and that an important land cover class 
is bare ground, hence surfaces documented to contain less SOC (Michaelson et al., 
1996). 

Ecosystem total organic carbon storage partitioning 
The partitioning of the ETOC storage, revealed both similarities and differences 
between the study areas (Figure 13 and Figure 14). The similarities are that the study 
areas display the same patterns, i.e. most ETOC is stored within the soil, more precisely 
in the organic layer, and not in the phytomass. However, a significant larger fraction of 
ETOC is stored within the Abisko compared to the Utsjoki phytomass (18.5% versus 
4.3%), which can be explained by the large proportional area and high phytomass C for 
the birch forest class in Abisko, compared to the forest classes in Utsjoki. In Utsjoki, a 
significant larger fraction of the study area ETOC is stored in the top organic layer 
compared to the Abisko study area, i.e. about 74% versus 59%. 

A difference between the two areas is the land cover classes that contain the largest 
fraction of ETOC. In Abisko the birch forest class has the largest ETOC fraction of the 
study area [1] total i.e. about 51.8%, and is the land cover class with the greatest 
proportional area. Even by combining the forest classes of Utsjoki, their combined 
proportional area or share of ETOC would not exceed the Abisko birch forest. In 
Utsjoki, the largest fraction of study area ETOC; i.e. 64%, is stored within the peatland 
class, which is the class with the highest ETOC mean and with a proportional share of 
the analysed part of the study area more than twice that of the peatland class in Abisko, 
i.e. 14.3% versus 5.6% (Table 1and Table 2). 
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Permafrost SOC 
According to Brown et al. (1998) Abisko is located in the discontinuous permafrost 
zone and Utsjoki partly in the discontinuous partly in the sporadic permafrost zones. 
Hence, we could expect a permafrost distribution between 50-90% in Abisko and 10-
90% in Utsjoki. However, based on the soil inventories for the top meter of soil 
presented in this study in combination with conducted and on-going permafrost and 
active layer monitoring (Luoto & Seppälä, 2003; Seppälä, 2003; Christensen et al., 
2004; Anisimov et al., 2007; Åkerman & Johansson, 2008; Johansson et al., 2011), it 
seems more probable that both study areas belong to the isolated or possible the 
sporadic permafrost zones. Permafrost was only documented at a few sites, situated in 
peatlands and more specifically mostly in palsa landforms, and it is reasonable to 
assume that the permafrost in the top meter is limited to minor patches within the 
peatlands, i.e. in palsas whereas the adjacent fens are permafrost free. Similar 
conditions, though at a greater extent has also been documented for the lowland Usa 
Basin in northeastern Russia by Hugelius & Kuhry (2009). According to their estimates 
approximately 30% of the total SOC (0-100cm) are stored within permafrost, of which 
approximately 90% are found in bogs, especially in palsas and peat plateaus. Their 
results further strengthens the assumptions that within the sporadic and discontinuous 
permafrost zones are lowland permafrost distribution limited to peatlands and especially 
bogs. 

According to the literature, the extent of mineral soil permafrost is limited to higher 
altitudes (>800-900m) i.e. barren or sparsely vegetated fell summits (King & Seppälä, 
1987; Seppälä, 1997 & 2003;Johansson et al., 2006), which are not (almost) absent in 
the Abisko and Utsjoki study areas. However, King & Seppälä (1987) concluded that 
the permafrost in Utsjoki, especially at higher elevations was more extensive than 
previously assumed, reaching thicknesses of 10-50m with active layers of only about 
70cm. these conditions were though found in areas with thin overburdens with the 
permafrost prevailing mainly within the bedrock and not the soil, hence sites with minor 
to negligible SOC storage and none of it in the permafrost layer. 

The map by Brow et al. (1998) represents the permafrost conditions at a northern 
circumpolar scale, which entail that the applicability on regional and local scales is not 
optimal and errors should be expected. Overestimates of permafrost extent, when 
comparing small-scale maps to actual local conditions, have also been documented in 
other study areas, e.g. in the lowland Usa Basin in northeastern Russia by Hugelius & 
Kuhry (2009). Hugelius & Kuhry (2009) explain that the decrease in permafrost extent 
observed at regional or local levels reflect the patchiness of permafrost distribution in 
the discontinuous and sporadic permafrost zones, which is difficult to display in small-
scale maps. Nevertheless, at both Abisko and Utsjoki study areas only a minor share of 
the SOC for the top meter of soil is stored in permafrost, i.e. about 1.4% or 4.1% in 
Abisko and about 3.2% in Utsjoki. This permafrost SOC is encountered in patches 
within peatlands. Results that, in combination with the available literature, indicate that 
from a regional and local perspective the permafrost extent is likely overestimated and 
limited amounts of SOC should be expected to be stored in permafrost. 
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Since minor amounts of SOC are stored in permafrost at both study areas, an extensive 
thawing of organic matter due to climate warming is not possible. However, a warming 
climate would likely result in accelerated decomposition rates and increased emissions 
of CO2, and CH4 from the present SOC pools (Gorham, 1991; Christensen et al., 2004; 
McGuire et al., 2006; Anisimov et al., 2007; Hugelius et al., 2013b). However, a 
warming climate would also likely result in an expansion of taller shrubs, as already 
noticed around the Abisko area (Callaghan et al., 2010), and over time a forest 
expansion, hence resulting in a increased uptake of CO2 by the phytomass. Based on 
these results, the expectation for the future is a change in the partitioning of ETOC at 
both study areas towards increased storages within the phytomass. 

Standard deviations and confidence intervals 
The standard deviations give an indication of the variations among the sites representing 
each land cover class, where high standard deviations indicate greater variability among 
the sites and vice-versa. It is evident that most individual classes have high standard 
deviations, of which some even exceed the mean, e.g. the combined phytomass 
estimations for the bare ground, sparse birch forest and the subalpine willow shrub 
classes in Abisko (Table 1), and for the mixed forest and he undamaged birch forest in 
Utsjoki (Table 2). The same was documented for some land cover classes regarding the 
SOC storages (Table 3 and Table 4). Regarding the ETOC estimations (Table 5 and 
Table 6), the percentage by which the standard deviations deviates from the mean 
ranges between 18.2% for the Utsjoki pine forest class to 185% for the Abisko bare 
ground class. Most classes lie in the range 45% to 85%. These standard deviations 
likely reflect the natural variation among the sites, which can be expected, but also 
indicate that the number of sample sites might be too few, i.e. an increased number of 
sites might result in decreased standard deviations, assuming a normal distribution. 

For the Utsjoki phytomass estimates, high standard deviations were expected since the 
estimates were based only on the min and max sample site estimates. However, due to 
the minor share the phytomass C constitutes in Utsjoki, the influences on ETOC 
estimates can be considerable negligible. 

The confidence intervals estimated for the study areas totals reflect the uncertainties 
related to the individual land cover class standard deviations, percentage share of study 
area and the number of sample sites. The confidence intervals differ somewhat between 
the study areas and between the different partitioning groups. However, the overall 
pattern for both study areas is larger confidence intervals for the phytomass C and the 
mineral layer SOC. For the ETOC, the percentage deviation of the confidence intervals 
from the mean in was estimated in Abisko to 21.8-23.8% and in Utsjoki to 23.5%, 
hence indicates similar uncertainties for both areas. 

There are only few other studies on SOC and partitioning in the northern permafrost 
region that present confidence intervals (Hugelius et al., 2014; Palmtag et al., 
2015;cFuchs et al., 2015). In comparison to these, the confidence intervals retrieved 
within this study are neither particularly low nor high. 
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9 Conclusions 
The main objective with this thesis was to determine the carbon content in the above 
ground phytomass and in the top meter of soil for two subarctic study areas. Based on 
the applied method, two carbon estimates was obtained from the Abisko area; 
7.01±1.67kgC	m-2 for the separated peatland classes, and 7.13±1.55kgC	m-2	for	the	
combined	peatland	class.	In	the	Utsjoki	area	the	carbon	content	was	determined	to	
11.3±2.66kgm-2. The different means for the study areas was assumed to be determined 
mainly by the differences in the areal extent of land cover classes with peaty soils, 
Utsjoki having more than twice the coverage of peatlands compared to Abisko. 
However, both estimates are rather low in comparison to many of those obtained from 
other study areas in the permafrost region. 

The results further demonstrate that for both study areas most carbon is, as expected, 
stored within the soil, especially within the top organic layer. However, in the Abisko 
area the phytomass share of ETOC was significantly higher compared to the Utsjoki 
area, corresponding to about 18% versus 4% of the total respectively. This difference in 
partitioning was mainly due to the higher mean phytomass C in combination with 
greater area coverage of the birch forest class in the Abisko area. 

Both study areas are situated close to the southern margin of the permafrost region, the 
Abisko area in the discontinuous zone and Utsjoki partly in the discontinuous and partly 
in the sporadic zones (Brown et al., 1998). However, at both study areas the share of 
ETOC stored in permafrost was limited, thus about 1.4% or 4.1% in Abisko and about 
3.2% in Utsjoki. Additionally, permafrost conditions were only encountered at a few 
sampling sites, all situated in peatland environments. Therefore, it can be argued that 
the reported permafrost extents presumed for both areas might be somewhat 
exaggerated. 

The retrieved confidence intervals regarding ETOC indicate similar uncertainty ranges 
for both areas, deviating from the mean by about 25%. In comparison to other studies, 
this deviation is neither low nor high. Anyhow, the obtained confidence interval imply 
that extensive uncertainties remain, likely influenced by factors such as natural 
variability among the sites but also due to the limited amount of samples sites. An 
increased amount of sites, especially for the land cover classes with large standard 
deviations, would likely lower the confidence interval and increase the accuracy of the 
estimates. 

In summary, the applied approach was successful in fulfilling the objectives of this 
thesis. Further, methodology limitations and estimate uncertainties were discussed and 
should be considered for future field sampling and laboratory procedures. The obtained 
results are overall interesting and contribute to more knowledge on the ecosystem total 
organic carbon storage and partitioning in subarctic mountain environments. 
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Appendix 
Appendix 1: SPOT-5 HRG2 Satellite image 

The SPOT-5 HRG2 image resampled to the size of the Abisko study area presented in a 
false colour composite of band 1 (blue), 2 (green) and 3 (red). 

 
 CNES©Distribution Spotimage 2011 

Appendix 2: SPOT-5 HRG2 Sensor data 

Band 
nr/name 

Gain1	 Bias1 
Solar 

irradiance 

True spatial 
resolution 

(m2) 
1/XS1 - Blue 1.12377 0.00 1858 10 

2/XS2 - Green 1.580645 0.00 1575 10 

3/XS3 - NIR 1.689105 0.00 1047 10 

4/SWIR 10.519092 0.00 234 20 

1.	Equivalent	radiance	(W.m-2.Sr-1.um-1)	
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Appendix 3: Confusion matrix, Abisko 

The confusion matrix applied to assess the Abisko classification accuracy. 
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Appendix 4: Abisko phytomass data per land cover and plant functional 
type 

Table contain data regarding carbon estimations per 0.01m2 presented per plant functional type 
and land cover class and the amount of phytomass samples sites available for the individual 
classes. These values were used for upscaling against the replicates of documented, thus not 
sampled phytomass. The two columns to the right contain data regarding the average total OC 
m-2, based on estimations of all ground cover plots within one class, which were the values used 
for the upscaling against the land cover classification. 
 

                                                
1 Including phytomass plots with no phytomass sample, hence documented areal coverage of functional 
types. 
2 Implemented from sparse birch forest. 2 Implemented from sparse birch forest. 
3 Implemented from Forest. 
4 Implemented from willow fen. 
5 Implemented from alpine heath tundra. 
6 Values obtained by evaluating phytomass samples from bog, fens and willow fens as the same class, i.e. 
no separation. 

	
Plant	functional	type	 	 	 	

	
Evergreen	
shrubs	

Deciduous	
shrubs	

Graminoids	 Forbs	
Sphagnum	

moss	
Mosses	 Lichens	

No.	of	
sites	

Average	total	
OC/m2	(kg)	

No.	of	
ground	

cover	plots1	

Bare	ground	 2.7532	 0.00	 0.00	 0.00	 0.00	 2.3902	 0.242	 1	 0.042	 5	

Birch	forest	 2.713	 0.757	 0.364	 3.035	 0.00	 3.924	 3.901	 10	 0.222	 38	

Sparse	birch	
forest	

2.753	 0.762	 0.3643	 3.0353		 0.00	 2.390	 0.381	 3	 0.159	 7	

Bog	 6.250	 6.800	 0.3643	 3.0353	 0.00	 0.032	 3.9013	 1	 0.303	 17	

Fen	 1.006	 2.3044	 1.221	 0.7704	 2.066	 0.00	 0.00	 2	 0.110	 11	

Willow	fen	 0.00	 2.304	 5.094	 0.770	 0.924	 29.768	 0.00	 2	 0.474	 9	

Alpine	heath	
tundra	

4.973	 6.369	 0.775	 3.0353	 0.00	 4.429	 2.412	 4	 0.418	 16	

Subalpine	
willow	shrub	

4.9735	 1.001	 0.248	 0.00	 0.00	 1.342	 0.00	 2	 0.079	 5	

Peatland	
combined6	

3.628	 3.803	 3.157	 0.770	 1.495	 14.900	 0.00	 5	 0.349	 37	
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