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Abstract 
 
The management of peatlands for wood production involves drainage and, 
sometimes, fertilization with, for example, wood ash. The effects of these measures 
on greenhouse gas fluxes, in relation to the nutrient status of the peat, were studied 
at three sites in southern Sweden. The carbon dioxide (CO2) fluxes from a well 
drained nutrient rich peatland, with an agricultural history, were found to be high 
(71 000 kg ha-1 a-1), in comparison to earlier studies of similar sites. There was also 
a net uptake of CH4

 (-4.4 kg ha-1 a-1) and a net emission of N2O (2.7 kg ha-1 a-1). At 
two nutrient poor sites, one of which was well drained and one poorly drained, 
there were net CH4 emissions (5.1 and 8.5 kg ha-1 a-1, respectively; averaged over 
three years) and no fluxes of N2O. The CO2 flux values measured at the nutrient 
poor sites (9 500 and 13 000 kg ha-1 a-1, respectively; averaged over three years) 
were considered to be underestimates, due to the measurement technique used. The 
N2O fluxes from all three sites where gas fluxes were measured agreed well with 
predictions made on the basis of the C:N ratio of the peat. At a nutrient poor site, 
ash fertilization did not result in any changes in greenhouse gas emissions over a 
period of five years after the treatment. However, signs of increased tree growth, 
and thereby increased CO2 uptake, were detectable in the fifth year. At a nutrient 
rich site, which was studied over a period of two years after ash fertilization, CO2 
and N2O emissions from the treated plots decreased, but no changes in tree stand 
growth were detected. The decrease in N2O emissions was attributed to an increase 
in pH in the ash fertilized plots, which affected the N2O winter fluxes. The 
preliminary conclusion was that wood ash fertilization has a positive influence on 
the greenhouse gas balance of drained peatlands. Analyses of soil samples from 
three drained peatlands – two treated recently with wood ash and one that was 
treated 25 years earlier – supported this conclusion by showing no major changes 
in microbial processes, community structure or biomass, apart from decreases in 
net nitrogen mineralization and microbial biomass (as indicated by PLFA) at the 
nutrient poor sites. The studies upon which this thesis is based were mainly short-
term; for definitive conclusions to be drawn, gas fluxes must be studied over the 
long-term.  
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Sammanfattning 
 
För att kunna bedriva skogsbruk på torvmark krävs att grundvattennivån sänks, så 
att marken blir tillräckligt syresatt. Detta uppnås genom dikning. Ofta är det också 
nödvändigt att tillföra näringsämnen, speciellt fosfor (P) och kalium (K). Dessa 
näringsämnen finns i aska från förbränning av biobränslen. De studier som 
presenteras här utfördes för att undersöka vilka effekter dikning och gödsling med 
biobränsleaska har på torvmarkers emissioner och upptag av växthusgaser. 
Studierna utfördes på tre torvmarker i södra Sverige. Två av de utvalda 
försöksytorna var dikade mossar och hade låg näringsstatus, medan den tredje var 
ett dikat kärr som tidigare använts som jordbruksmark och som hade hög 
näringsstatus. Emissionerna av koldioxid (CO2) på den näringsrika torvmarken var 
höga (71 000 kg ha-1 a-1) jämfört med tidigare studier på liknande marker. Den 
näringsrika ytan hade också ett nettoupptag av metan (CH4)

 (-4.4 kg ha-1 a-1) och en 
nettoemission av lustgas (N2O) (2.7 kg ha-1 a-1). På de två näringsfattiga 
torvmarkerna, varav en var väldikad och en sämre dikad, uppmättes 
nettoemissioner av CH4 (5.1 resektive 8.5 kg ha-1 a-1, medel över tre år), men 
varken emissioner eller upptag av N2O. CO2-emissionerna som uppmättes på de 
näringsfattiga ytorna (9 500 respektive 13 000 kg ha-1 a-1, medel över tre år) 
underskattades troligen, på grund av den mätteknik som användes. Resultaten av 
N2O-mätningarna på de tre torvytorna överensstämde väl med de förutsägelser som 
gjorts med hjälp av en modell, utifrån markens C:N-kvot. Gödsling med 
biobränsleaska på en av de näringsfattiga ytorna hade inga effekter på 
växthusgasflödena, under de fem år efter askspridningen som studien pågick. Det 
fanns dock tecken på att träden svarat på gödslingen med en ökad tillväxt. På den 
näringsrika ytan var emissionerna av CO2 and N2O lägre på de askade parcellerna, 
under de två första åren efter asktillförseln, medan inga effekter på trädtillväxten 
kunde urskiljas. Den minskade årliga N2O-emissionen, som berodde på minskade 
vinteremissioner, kunde förklaras med ett ökat pH-värde i det översta marklagret. 
Den preliminära slutsatsen av askförsöken var att asktillförsel har en positiv effekt 
på växthusgasbalansen för dikade torvmarker. En studie gjordes också på 
torvprover, som samlades in från två av ytorna där växthusgasflöden mätts och från 
en yta som askgödslats 25 år tidigare. Analyser av proverna visade inga stora 
effekter av askan på de mikrobiella processerna, den mikrobiell biomassan eller 
den mikrobiella samhällsstrukturen, förutom minskningar av 
nettokvävemineralisering och mikrobiell biomassa (mätt genom analys av PLFA) 
på de näringsfattiga ytorna. Dessa resultat stärker slutsatsen att aska snarare 
minskar än ökar växthusgasemissionerna från dikade skogliga torvmarker. Det bör 
noteras att de mätningar som presenteras här pågick som längst fem år efter 
askbehandling. För att kunna dra definitiva slutsatser om effekterna av askgödsling 
på växthusgasflöden behövs långtidsstudier.  
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Introduction 
 
The global climate is changing and it is very likely that the change is due to 
anthropogenic emissions of radiatively active gases, the so-called greenhouse 
gases, to the atmosphere (IPCC, 2007). Three of the most important greenhouse 
gases – carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) – are 
constantly exchanged between the biosphere and the atmosphere, and any 
mitigation of further climate change requires an understanding of these fluxes. This 
thesis focuses on well drained forested peatlands and their uptake and release of 
CO2, CH4 and N2O.  
 
Peatlands contain approximately one third of all the carbon stored in soils 
(Gorham, 1991) and their carbon balance, including CO2 and CH4 fluxes, is 
therefore of great importance. Draining peatlands for forestry changes their carbon 
balance by allowing air to enter the previously waterlogged soil. Aeration increases 
the production of CO2 as a result of an increased decomposition rate, but also 
promotes forest growth and thus increases the uptake of CO2 from the atmosphere. 
Emissions of CH4, which can be large in undrained peatlands (Nilsson et al., 2001; 
Saarnio et al., 2007), decrease after drainage, since the water-level drawdown 
limits CH4 production and favours CH4 oxidation (Sundh et al., 1994, 1995). In 
peatlands that are rich in nitrogen (N), large emissions of N2O can also occur after 
drainage, when the increased aeration allows nitrification to take place (Regina et 
al., 1996; von Arnold et al., 2005b). N2O can be produced by nitrification or 
denitrification, but denitrification relies on the nitrate produced during nitrification 
(Firestone and Davidson, 1989). In Sweden, Russia and Finland, the countries in 
which the drainage of peatlands for forestry has been most common, drained and 
forested peatlands currently cover 1.5, 4.0 and 4.9 Mha, respectively (Minkkinen et 
al., 2008). At present, the greenhouse gas dynamics of these ecosystems are only 
partly understood.  
 
To create a basis for political decisions, the greenhouse gas budgets of both 
unmanaged and managed ecosystems need to be calculated at a national level. In 
addition, the national greenhouse gas budgets for different types of land use are 
reported to the United Nations and the European Union, to allow international 
monitoring and control of emissions, within e.g. the Climate Convention and the 
Kyoto Protocol. National estimates of greenhouse gas fluxes are produced by 
relating estimated fluxes for sites to other properties that can be more easily 
determined over large areas. Using these other site factors, the greenhouse gas 
fluxes can be scaled up to larger regions or a whole country (IPCC, 2006).  
 
For the N2O fluxes from drained organic forest soils, a possible method for up-
scaling was already apparent when the work underlying this thesis was initiated. 
Annual N2O fluxes from drained organic forest soils had been linked to the C:N 
ratio in the upper part of the soil profile in a study by Klemedtsson et al. (2005), 
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and data on C:N ratios were available in the Swedish National Forest Soil 
Inventory (RIS, 2009). Thus, a national up-scaling was carried out, based on these 
data, including an attempt to construct a confidence interval around the N2O flux 
estimates (I). It was concluded that, although this procedure probably produced a 
more reliable result than earlier attempts, more measurements needed to be 
included in order to narrow the confidence interval.  
 
For the CH4 and CO2 fluxes from drained organic forest soils, relationships to 
different site factors needed further investigation, in order to find possible ways to 
scale up these fluxes in the future. In earlier studies in Sweden (von Arnold et al. 
2005b,c), greenhouse gas fluxes had been measured at poorly drained sites and the 
major remaining gaps in knowledge, therefore, involved the well drained sites. 
Thus, the studies presented herein were focused mainly on well drained organic 
forest soils. Two nutrient poor sites (former bogs) (III) and one nutrient rich site 
(former fen) (II, IV) were chosen for the measurements. It appears that 
considerable areas of the Swedish drained organic soils that are now afforested 
were used for agriculture during the late 1800s and early 1900s, so a soil of this 
type was chosen to represent the nutrient rich category. The greenhouse gas fluxes 
from intensively farmed and subsequently afforested organic soils had not 
previously been studied in Sweden.  
 
In production forestry, the management can be adapted so that it minimizes 
emissions and maximizes uptake of greenhouse gases. One management measure 
that has attracted increasing interest in recent years is the addition of wood ash 
from the combustion of biofuels. The effects on greenhouse gas fluxes of wood ash 
fertilization of drained organic forest soils are largely unknown; therefore these 
were investigated in one study on a nutrient poor site (III) and one study on a 
nutrient rich site (IV). 
 
The general aims of the work presented in this thesis were to improve the 
understanding and quantification of greenhouse gas fluxes associated with Swedish 
drained organic forest soils and to identify possible mitigation options for these 
fluxes. 
 
 
 



 13 

Material and methods 
 
Below is a short description of the sites studied and the methods employed in the 
research underlying this thesis. For further details, see the respective articles. 
 
Sites 

 
Anderstorp (57°15’N, 13°35’E, 150 m a.s.l.) (III, V) 
The Anderstorp site is a former bog; it was drained in the late 1980s and has a 
naturally regenerated cover of Scots pine (Pinus sylvestris L.). In September 2003, 
the mean height and biomass of the tree stand were 12 m and 82 tonnes dry weight 
(d.w.) ha-1, respectively. The field layer was dominated by Vaccinium vitis-idea L., 
Vaccinium myrtillus L. and Eriophorum vaginatum L. and the bottom layer was 
mostly forest mosses (Pleurozium schreberi Willd., Dicranum polysetum Sw. and 

Aulacomnium palustre (Hedw.) Schwaegr., but also some Sphagnum spp.). The 
peat layer was > 1 m deep and the degree of humification varied between H3 and 
H8 (von Post and Granlund, 1926) in the 0-0.05 and 0.05-0.20 m layers and 
between H4 and H8 in the 0.20-0.30 m layer. The site was well drained, with an 
average groundwater level of 0.36-0.56 m. The effects of wood ash fertilization on 
the greenhouse gas fluxes of the site were investigated using a randomized block 
design, with four blocks. There were two wood ash treatments, 3.3 tonnes d.w. ha-1 
and 6.6 tonnes d.w. ha-1, and one untreated control.  
 
Bredaryd (57°11’N, 13°44’E and 155 m a.s.l.) (III) 
The Bredaryd site consists of two mires, about 400 m apart, each in a different 
watershed. These mires, referred to as “Bredaryd North” and “Bredaryd South”, 
were both bogs that were drained in the late 1980s. Before the start of the 
measurements, Bredaryd North and Bredaryd South were similar with regard to: 1) 
peat type (Sphagnum-dominated peat formed in an ombrotrophic environment) and 
2) tree cover (Scots pine dominated forest, mean tree height 15 m, stand biomass 
94 (SE 4.2) tonnes d.w. ha-1 at Bredaryd North and 99 (SE 11.5) tonnes d.w. ha-1 at 
Bredaryd South). The field layer was dominated by Eriophorum vaginatum L. and 
different proportions of Vaccinium vitis-idea L., Vaccinium myrtillus L. and 
Vaccinium uliginosum L. The bottom layer consisted mostly of Pleurozium 

schreberi Willd. and Dicranum spp. The peat layer was > 1 m deep. The Bredaryd 
site had an average groundwater level of 0.15-0.31 m. In order to study the effects 
of ash on greenhouse gas fluxes, reference measurements were first made over a 
period of one year, on both mires. Subsequently, Bredaryd North was treated with 
3.1 tonnes d.w. ha-1 of wood ash, while the southern mire was left untreated and 
served as a control.  
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Skogaryd (58°23’N, 12°09’E; 60 m.a.s.l.)  
 
North-East Peat site (SkNE-P) (II) 
This sub-site of the Skogaryd site is part of a well drained former fen that was 
formed in a valley. The site was drained in the 1870s and used for agriculture until 
1951, when it was planted with Norway spruce (Picea abies (L.) H. Karst.). The 
tree stand has now reached a height of 22 m (measured in 2006) and has a stem 
volume of approximately 400 m3 ha-1. The ground vegetation is sparse or absent in 
the denser parts of the tree stand and dominated by bryophytes in the more open 
parts. Viola riviniana Rchb., Luzula pilosa (L.) Willd. and Juncus conglomeratus 

L. are common in the field layer, while the bottom layer consists mainly of Mnium 

affine Bland. ex Funck., Mnium hornum Hedw., Polytricum formosum Hedw., 
Pleurozium schreberi Willd. and Hylocomium splendens (Hedw.) Shimp. The peat 
is between one and several metres deep. The SkNE-P had an average groundwater 
level of 0.43 m (Table 2). Gas flux measurements were carried out in six plots 
arranged in a circle (Ø ≈ 25 m), around a micrometeorological tower. 
 
South-West Peat site (SkSW-P) (IV, V) 
This second sub-site of the Skogaryd site is part of the same drained mire as SkNE-
P, although located at the other side of the main ditch, and has the same 
management history. The tree stand, which is dominated by spruce, had a mean 
height of 20.4 ± 0.7 m and a stem volume of 400 ± 14 (m3 ha-1), when measured in 
2006. The field layer is dominated by Vaccinium myrtillus L., Luzula pilosa (L.) 
Willd. and Oxalis acetosella L. with small amounts of Deschampsia flexuosa (L.) 
Trin., Dryopteris carthusiana (Vill.) H. P. Fuchs and Mycelis muralis (L.) Dumort.. 
The bottom layer consists mainly of Pleurozium schreberi Willd., Dicranum majus 
Sw., Hylocomium splendens (Hedw) Br.Eur., Plagiomnium affine (Funck) T.Kop., 
Polytrichum formosum Hedw. and Sciuro-hypnum oedipodium (Mitt.) Ignatov & 
Huttunen. The peat was between one and several metres deep. The site had an 
average groundwater level of 0.71-0.73 m. The experimental design was the same 
as for the Anderstorp site, except that there were only three blocks. 
 
Perstorp (56°12'N, 13°17'E) (V) 
The Perstorp site is a former bog; it was drained in 1981. When the experiment was 
established in 1982, the tree layer was dominated by 1.3 m tall Scots Pine (Pinus 

sylvestris L.) trees, mixed with some Downy Birch (Betula pubescens Ehrh.) of 
similar height. During the experimental period, 1982-2007, the growth increment 
was almost negligible in the control plots (approx. 0.04 m3 of stemwood ha-1 yr-1). 
During the same period, the increment was 1.6 m3 ha-1 yr-1 in the plots treated with 
wood ash (see below), which resulted in a six-fold higher standing stem volume in 
the ash plots (48 m3 ha-1) than in the control plots (7.4 m3 ha-1) in 2007 (Sikström 
et al. submitted). The field layer was dominated by Calluna vulgaris (L.) Hull, 
Erica tetralix L. and Eriophorum vaginatum L., the bottom layer was dominated by 
Sphagnum capillifolium (Ehrh.) Hedw. and S. magellanicum Brid. but Hypnum 

cupressiforme Hedw., Pleurozium schreberi Willd., and Mylia anomala (Hook.) S. 
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Grey. were also important elements. No groundwater level measurements were 
taken at the site, but, based on the water levels in the ditches, it could be classified 
as poorly drained. Greenhouse gases were not measured at Perstorp, but soil 
samples were collected for the study of microbial reactions to ash addition.  
 
 
Field methods  

 

Manual chamber measurements (II, III, IV) 
Manual chambers were used for all gas measurements except those of CO2 at 
SkNE-P. The chambers were constructed from stainless steel and consisted of a 
collar and a lid. The collar, which was inserted into the soil, had a 0.07 m flange 
around the bottom to minimize the risk of leaks and increase the diffusion path 
between the chamber and the ambient air. The flange was, as far as possible, 
installed just below the litter layer, to avoid cutting the roots and mycorrhizae. 
During measurements, when the lid was placed onto the collar, the chamber 
measured 0.44 × 0.44 on the inside and the height was approximately 0.15 m, 
depending on the soil microtopography. An airtight interface between the collar 
and the lid was ensured by using a rubber gasket or a water-filled groove. Gas 
samples were collected from the chamber through a butyl rubber membrane 4, 8, 
16 and 32 minutes after closure. The samples, which were collected in 22 ml glass 
vials, were taken to the laboratory for analysis on a Varian 3800 gas 
chromatograph, as described by Klemedtsson et al. (1997). 
 
Automatic chamber measurements (II) 
The CO2 soil fluxes at SkNE-P were measured automatically in six chambers. The 
chamber height was 1.25 m and the chamber volume during measurement was 
approximately 0.24 m3. The same collars were used as for the manual 
measurements. A measurement cycle was run every 20 minutes for two chambers 
at a time. Samples of the chamber air were taken every 30 seconds for the first 15 
minutes after chamber closure, and CO2 concentrations were determined by an 
infrared gas analyser (PP Systems SBA-4 OEM CO2 Analyzer). The CO2 
concentration values, the time points for the measurements and the air temperature 
inside the chamber were stored in a data logger (Campbell Scientific Ltd, model 
CR10, Leicestershire) and used to calculate the CO2 flux from the soil. 
 

Soil sampling and laboratory methods (V) 
 
Soil samples were collected from the Skogaryd, Anderstorp and Perstorp sites and 
analysed in the laboratory. The aim was to investigate whether the microbial 
community structure, microbial biomass, microbial processes and abiotic 
properties had changed after ash fertilization, in ways that could affect the fluxes of 
greenhouse gases from the soil. The soil properties examined were: pH, total C and 
N content, content of PLFAs (PhosphoLipid Fatty Acids), NEA (Nitrification 
Enzyme Activity), DEA (Denitrification Enzyme Activity), SIR (Substrate Induced 
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Respiration), basal respiration, lag time (in the soil respiration measurements), 
exponential growth (in the soil respiration measurements), microbially available N, 
microbially available P, net N-mineralization, net nitrification, potential CH4 
production, potential CH4 oxidation, elemental content, plant-available P (P-AL), 
plant-available K (K-AL), bulk density and organic matter content. The control and 
low ash dose (2.5-3.3 tonnes d.w. of wood ash ha-1) plots at each site were 
sampled, at depths of 0-0.05 m and 0.20-0.30 m. The samples were collected 1, 4 
and 25 years after the ash was applied, at Skogaryd, Anderstorp and Perstorp, 
respectively. Some of the methods for the soil analyses are explained briefly 
below. For the remaining methods and further detail, see the original papers. 
 

Microbial respiration  
Substrate Induced Respiration (SIR) is determined by measuring how the CO2 
production from aerobically incubated soil samples changes over time after 
substrate additions; this allows soil microbial biomass to be determined 
physiologically (Stenström et al. 1998). SIR represents the sum of the respiration 
rates of growing and non-growing microorganisms. The incubations carried out in 
(V), according to Nordgren (1988; 1992), allowed SIR, lag time (before 
exponential growth starts), exponential growth rate and basal respiration to be 
determined. 
 
PLFA analysis 

PLFAs (PhosphoLipid Fatty Acids) are components of the cell membranes of 
microorganisms and the amount of  PLFA extracted from a soil sample can be used 
to estimate the amount of microbial biomass present. Many PLFAs are specific to 
certain microbial groups and subgroups, e.g. bacteria, fungi, gram positive bacteria, 
gram negative bacteria and actinobacteria, and can be used as indicators of the 
relative abundance of these groups. The method described by Frostegård et al. 
(1993) was followed, with minor modifications. 
 

Net N-mineralization 

Net N mineralization, partitioned into net ammonification and net nitrification, was 
measured by analysing the KCl-extractable ammonium and nitrate contents for one 
set of unincubated samples and for one set of samples incubated at room 
temperature for 28 days. The water content was adjusted to 60 % of the water 
holding capacity before incubation. The method described by Robertson et al. 
(1999) was followed, with minor modifications. 
 
NEA 

NEA (Nitrification Enzyme Activity) is used to determine the nitrification potential 
of the soil. Soil samples were mixed with a nutrient solution and incubated for 24 
hours in darkness, at room temperature, whilst being constantly shaken. The slurry 
was sampled six times during the incubation, to monitor the increase in nitrate 
concentration. The nitrate in the samples was converted to N2O, through a bacterial 
process and measured by gas chromatography. The method described by Lensi et 
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al. (1985,1986) was used, with modifications according to Bäckman and Kasimir 
Klemedtsson (2003). 
 
DEA 

DEA (Denitrification Enzyme Activity) is used to determine the denitrification 
potential of the soil. Soil samples were mixed with a nutrient solution and 
incubated anaerobically for 70 minutes in bottles filled with N2 + acetylene (10%). 
The incubation was carried out at + 20 oC, while being shaken. Acetylene inhibits 
the reduction of N2O to N2, which means that N2O will be the only end-product of 
denitrification. The headspace air was sampled four times during the incubation 
and the samples were analysed for N2O on a gas chromatograph, to monitor 
changes in the N2O concentration. (Klemedtsson et al., 1977; Smith and Tiedje, 
1979). 
 
CH4 oxidation 

The potential of the soil to oxidize CH4 was assessed by incubating slurries made 
from soil samples, in bottles filled with air and an initial concentration of ~500 
ppm CH4. The samples were incubated at room temperature, in darkness, for 15 
hours, while being shaken. The bottles were sampled every third hour and the CH4 
oxidation was calculated from the decrease in CH4 concentration in the bottle.  The 
method was described by Sundh et al. (1994) and Moore and Dalva (1997). 
 
CH4 production 

To assess the CH4 production of the soil, slurries made from soil samples were 
incubated anaerobically in bottles filled with N2. The samples were incubated at 
room temperature, in darkness, for five days. The bottles were sampled once a day 
and the CH4 production was calculated based on the increase in CH4 concentration 
in the bottle. The assay was performed according to Bergman et al. (1998). 
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Results and discussion 
 
 
Up-scaling of N2O fluxes (I) 
 
A national up-scaling of N2O emissions from drained organic forest soils was 
performed, based on the findings of Klemedtsson et al (2005) and the Swedish 
National Forest Soil Inventory (which is part of the Swedish National Inventory of 
Forests) (RIS, 2009) (I). Klemedtsson et al. (2005) presented an exponential 
function describing the relationship between mean annual N2O emissions and soil 
C:N ratios for drained organic forest soils. Most of the annual N2O emission values 
included were averages of measurements collected over 2-3 years. The function 
used for scaling up was based on the same data, but was slightly modified in order 
to be able to calculate a confidence band around it and thus an uncertainty range 
for the national N2O emission estimate. The resulting function was: 
 

 45.3/3.30) - (lnX  0.081.58  lnX 3.26-8.69  Ŷln 2
+±=  

 
Where Y = N2O emission, and X = C:N ratio in the upper part of the soil profile. 
 
The N2O emission calculated for the Swedish drained organic forest soils was  
4 700 tonnes N2O a-1 (uncertainty range 2 610-8 600 tonnes N2O a-1); of this, it was 
estimated that 88 % is emitted from soils with a C:N ratio lower than 25. The value 
is higher than previous estimates for the same type of soil (von Arnold et al., 
2005a), and presumably more accurate, since the high N2O emissions from very 
nutrient rich soils were taken into account. For example, a substantial part of the 
emissions seemed to originate from former agricultural soils. The estimated 
emissions of 4700 tonnes N2O a-1 correspond to 1.50 Mtonnes CO2-equivalents a-1, 
which equals 3 % of the total anthropogenic greenhouse gas emissions in Sweden, 
including land use, land use change and forestry (Swedish Environmental 
Protection Agency, 2009). 
 
 
Magnitudes of measured fluxes, in relation to nutrient status and other site 

factors (II, III, IV) 

 
Of the three sites studied, Nennesmo and Bredaryd were nutrient poor (former 
bogs) (III), while Skogaryd was nutrient rich (a former fen) (II, IV). Factors such 
as degree of decomposition, ground vegetation and tree stand properties differed 
between the two nutrient status categories and differences in gas fluxes should not 
be interpreted as being solely dependent on the nutrient content of the peat, but 
rather on the site characteristics as a whole.  
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N2O 

At the nutrient poor sites the N2O fluxes were practically zero, while there were 
relatively large emissions at the nutrient rich site (Table 1). The production of N2O 
is dependent on the availability of mineralized N (Firestone and Davidson, 1989), 
which could explain a large part of this difference. The magnitudes of the fluxes 
were in accordance with the model used for up-scaling by Ernfors et al. (2007) (I). 
The data presented here, therefore, support the validity of this model. N2O 
emissions at the nutrient rich Skogaryd site seemed to be restricted by drought in 
the summer months. The moisture measurements at the SkNE-P subsite showed 
that the soil in one of the plots retained more moisture than the other plots during 
dry periods and this plot also had an exceptionally high and long-lasting N2O 
emission peak from June to September. Previous studies on well drained sites 
(Mäkiranta et al. 2007; Weslien et al. 2009) have recorded higher N2O fluxes than 
those at Skogaryd, despite having lower or similar mean groundwater tables (0.53 
m and ~ 0.40-0.50 m), but they also had low C:N ratios (13 and 13-28.2, 
respectively). This suggests that the soil C:N ratio is the main factor determining 
the N2O emissions from drained organic forest soils, but that groundwater level is a 
secondary regulating factor. Thus, as more data on the N2O fluxes of drained 
organic forest soils become available, incorporating groundwater levels into the 
model presented by Ernfors et al. (2007) would probably improve its predictive 
ability. 
 
CH4 

The CH4 emissions at Anderstorp and Bredaryd (III), and the SkSW-P (IV) and 
SkNE-P (II) subsites of Skogaryd, were 1.9–8.9, 8.2–8.8, -4.3–(-4.6) and -4.4 kg 
ha-1 a-1, respectively (Table 1). In summary, there was uptake of CH4 at the nutrient 
rich sites and emission at the nutrient poor sites, a pattern that has also been 
recorded in previous studies (Nykänen et al., 1998). CH4 emissions from ditches at 
drained peatland sites can be significant (Minkkinen and Laine, 2006) and to 
produce a comprehensive estimate of the CH4 fluxes from a drained peatland, these 
fluxes should be taken into account. In the studies included in the present thesis, 
gas fluxes were not measured in the ditches and the inclusion of ditch CH4 fluxes 
may have shifted the estimates towards higher emissions. Minkkinen et al. (2007) 
showed that the stand volume of drained and forested peatlands in Finland could be 
used to predict CH4 fluxes from the soil. The existence of this relationship was 
attributed to the influence that a growing tree stand has on the depth of the 
groundwater table and the species composition of the ground vegetation, which in 
turn affect the microbial production and consumption of CH4 (Minkkinen et al., 
2007). The function presented by Minkkinen et al. (2007) covers stand volumes up 
to about 300 m3 ha-1, but extrapolating it to the stand volume recorded at the 
SkSW-P and SkNE-P sites (both ~ 400 m3 ha-1) resulted in a good agreement 
(model -5.9 kg CH4 ha-1 a-1; measurements -4.4 kg CH4 ha-1 a-1 and -4.5, 
respectively). The prediction for Anderstorp was also reasonable (prediction: 2.42 
kg CH4 ha-1 a-1; measurements: 1.9-8.9 kg CH4 ha-1 a-1), while the prediction for 
Bredaryd was poorer (prediction: 0.35 kg CH4 ha-1 a-1; measurements: 8.2-8.8 kg 
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CH4 ha-1 a-1). Generally, the agreement between modelled and measured values 
was good and the model thus seems also to be valid for Swedish conditions. 
Although up-scaling functions of this type are coarse, they can be very useful for 
obtaining reasonable estimates of gas fluxes for nations or regions. Most of the 
procedures currently available for use in national up-scalings are relatively simple 
(IPCC, 2006).  
 
CO2 

The CO2 emissions at the Anderstorp and Bredaryd sites (III) and the SkSW-P 
(IV) and SkNE-P (II) subsites were 7–12 000, 11–15 000, 17–18 000 and 71 000 
kg ha-1 a-1, respectively (Table 1). Since SkSW-P and SkNE-P are two parts of the 
same mire, the difference between them is remarkable. It seems likely that this 
discrepancy was due to the use of different types of chambers for recording 
emissions. Closed chambers have shown to underestimate gas fluxes from the soil 
in simulations (Healy et al., 1996; Conen and Smith, 2000) as well as in 
experiments (Nay et al., 1994; Rayment, 2000; Pumpanen et al., 2004). 
Underestimates occur because of a disturbance of the diffusion gradient between 
the soil and the chamber headspace (Hutchinson and Mosier, 1981; Healy et al., 
1996). The main suggestion is that the gradient between the soil and the chamber 
continuously decreases after chamber closure, as the headspace gas concentration 
increases. With a decreased gradient, the flux entering the chamber decreases and 
the headspace gas concentration converges towards a saturation value. 
Underestimation would then arise when a linear regression is fitted to a non-linear 
process (Kutzbach et al., 2007). The solution to this problem has been to try to 
achieve a linear increase, e.g. by taking measurements only over a short time, or to 
develop non-linear models, where the slope at the intercept with the y-axis can be 
used to calculate the gas flux before chamber closure (Livingston et al., 2005,2006; 
Kutzbach et al., 2007).  
 
However, Conen and Smith (2000) showed, through mathematical simulations and 
laboratory measurements, that the diffusion gradient can be disturbed and the soil 
fluxes can be severely underestimated despite a virtually linear increase in 
headspace gas concentration. Their simulations showed that the concentration of 
the measured gas increased in the whole soil profile, although the changes below 
the source decreased with increasing depth. The increase started immediately after 
chamber closure. The linear increase in the chamber gas concentration was  
interpreted as an effect of the gas concentration in the air-filled pore space of the 
soil increasing simultaneously with the concentration in the head space (Conen and 
Smith, 2000). The increase in the soil gas concentration was confirmed in a 
laboratory experiment. This model of the disturbance of the diffusion gradient 
implies that underestimation of the gas flux increases as the air-filled porosity of 
the soil increases, as demonstrated by Rayment (2000). However, underestimation 
also decreases with the height of the chamber, since with a high chamber the air-
filled porosity of the soil will account for relatively less of the total volume in 
which the gas concentration increases (Rayment, 2000; Conen and Smith, 2000).  
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Peat soils are highly porous and the air-filled porosity depends greatly on the water 
content of the soil. Closed chamber gas flux measurements on well drained peat 
soils are, therefore, likely to be susceptible to error due to “storage” of gas in the 
soil pore space. Such underestimates would be especially large when groundwater 
levels were low, i.e. in summer. Thus, for the study at SkNE-P, where the aim was 
to determine the soil flux, 1.25 m high chambers were used (II). The height of 
these chambers ought to have substantially improved the measurements and the 
measured flux values from these chambers were assumed to be close to the true 
fluxes. Manual measurements using chambers with a more conventional height of 
0.15 m (II, III, IV), probably underestimated the fluxes of CO2 and the results 
should not be used for up-scaling. The errors associated with the use of closed 
chambers appear to be proportional to the flux (Widén and Lindroth, 2003) and the 
N2O and CH4 flux values, which were several orders of magnitude smaller than the 
CO2 fluxes, were therefore likely to be much more reliable than the CO2 flux 
values. In addition, when comparing different treatments in the ash fertilization 
experiments (III, IV), the effects of underestimates on the results would have been 
minor, since the same chambers were used in all plots. Chamber measurements 
will always be subject to errors to some extent, since they interfere with the 
diffusion flux that they measure, and micrometeorological techniques are therefore 
more reliable for the measurements of net fluxes. However, for treatment 
experiments such as the ones conducted in the studies presented here, or in studies 
which involve partitioning of the sources of soil respiration, chamber techniques 
are more suitable. At SkNE-P, the chamber technique was chosen since the 
measurements were part of a partitioning experiment, with trenching performed in 
August 2007 and measurements still ongoing (II). The chambers were also placed 
in the footprint area of a micrometeorological tower and the chamber 
measurements will subsequently be compared with the micrometeorological 
measurements. 
  
The CO2 fluxes measured at SkNE-P (II) were large in relation to most other 
studies in the literature, in which similar soils were examined. The difference could 
be due to the use of low closed chambers in most of the other studies, as well as to 
the fact that the tree stand volume was larger at Skogaryd than at any of the other 
study sites; this could mean that the autotrophic respiration was higher. Silvola et 
al. (1996b) showed that the root contribution to soil respiration correlated well with 
tree stand volume in an experiment including ten Finnish peatland sites. The 
trenching experiment, which is presently underway at the SkNE-P site, will 
eventually reveal the relative proportions of autotrophic and heterotrophic 
respiration at this site. Considering the three sites, SkSW-P, Anderstorp and 
Bredaryd, where CO2 emissions were measured manually using low chambers, the 
CO2 emissions were higher at the nutrient rich site (SkSW-P). This is consistent 
with results from Finland, where increases in heterotrophic respiration with 
nutrient status have been found for drained forested peatlands (Silvola et al. 1996b; 
Minkkinen et al., 2007). The SkSW-P site also had a larger stand volume than 
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Anderstorp and Bredaryd, which could have resulted in high autotrophic 
respiration rates. Since the high CO2 flux at SkSW-P may have been subject to 
greater underestimates than the smaller fluxes at Anderstorp and Bredaryd, the 
difference in CO2 emissions between the nutrient rich and the nutrient poor sites 
may actually be larger than that measured.    
 
 
 Anderstorp Bredaryd SkSW-P  SkNE-P 

 2004 2005 Oct 2007- 
Oct 2008 

2004 2005 July 2006-
June 2007 

July 2007-
June 2008 

Aug 2006-
July 2007 

CO2  

(kg ha-1 a-1) 

6700 9300 12400 11200 14800 17000 17600 71000 

SE 600 800 1100 1500 1500 200 1000 5700 

CH4  

(kg ha-1 a-1) 

1.9 4.4 8.9 8.8 8.2 -4.3 -4.6 -4.4 

SE 0.7 1.0 2.7 3.5 2.5 0.6 0.6 0.41 

N2O  

(kg ha-1 a-1) 

~ 0 ~ 0 ~ 0 ~ 0 ~ 0 5.0 3.2 2.7 

SE - - - - - 1.1 0.4 0.2 

Wt (m) 

 

0.29 0.34 0.42 0.14 0.23 0.71 0.73 0.43 

SE 0.01 0.01 0.01 1.9 0.02 0.07 0.06 0.01 

C/N  

0-0.20 m 

35 33 * 24 24 

SE 0.61 2.5  - 0.62 

 
Table 1. Gas fluxes and abiotic factors at the sites Anderstorp and Bredaryd, and the 
Skogaryd subsites SkNE-P and SkSW-P. *Measured at a depth of 0.05-0.20 m.  

 
 
 
 
Effects of wood ash fertilization on measured fluxes (III, IV) 

 
Drained bogs (III) 

The study at Anderstorp revealed no changes in greenhouse gas fluxes (CO2, CH4 
or N2O) during the first five years after wood ash fertilization. This result is in 
accordance with the study by Maljanen et al. (2006), who recorded no changes in 
greenhouse gas fluxes (CO2, CH4 or N2O) following ash application during a one-
year study, including both peat and mineral soils. The ash fertilization at 
Anderstorp did result in an increase in the basal area of the stand after 5 years, in 
the plots that received the highest ash dose (6.6 tonnes ha-1). In addition, the 
groundwater table in the high ash dose plots was lower than in the control plots, in 
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the last year that measurements were taken. The lower groundwater table after ash 
fertilization indicates that the ash promoted tree growth, resulting in increased 
water uptake by the trees. Since CH4 emissions generally decrease with a lower 
groundwater table (Sundh et al., 1994, 1995), increased tree growth due to wood 
ash fertilization is likely to decrease CH4 emissions, in accordance with the 
hypothesis presented by Minkkinen et al. (2007). Increased tree growth at 
Anderstorp, combined with an absence of changes in greenhouse gas fluxes 
suggest that ash fertilization has a net positive effect on the greenhouse gas balance 
of nutrient poor drained forested peatlands. However, measurements over a whole 
stand rotation are necessary to determine whether this is the case in the long-term.  
 
 
Drained fen (IV) 

At the SkSW-P site (IV), decreases in CO2 and N2O emissions were found in the 
fertilized plots during the first two years following ash addition. The mechanism 
behind the decrease in CO2 emissions could not be conclusively determined, but 
the most likely possibility was that this was the result of a decrease in moisture in 
the upper soil layer, due to an increased water uptake by the tree stand. The 
increase in the depth of the groundwater table seen in (III) showed that a tree stand 
can respond to wood ash fertilization at an early stage and rapidly increase water 
uptake. Since the groundwater table at the SkSW-P site was close to the optimum 
level for total soil respiration (Mäkiranta et al., 2009), further drying could 
decrease the respiration rates. The annual N2O emissions were reduced by ash 
fertilization, but no decreases were found during the summer periods, presumably 
because the soil surface was drier and the N2O production took place deeper down 
in the soil profile, in layers that had not been affected by the ash. In winter, when 
the water tables were generally higher, the N2O production was likely to take place 
closer to the soil surface, where it could be affected by the ash addition and the 
increased pH. During cold periods, denitrification is the dominant process with 
respect to N2O production (Öqvist et al. 2007). Total denitrification increases with 
increased pH, but so does the N2/N2O production ratio (Simek and Cooper,  2002). 
An increase in pH can, therefore, lead to a decrease in the N2O fluxes from the soil. 
This has been demonstrated by Weslien et al. (2009), for a well drained and 
nutrient rich forested peatland. If the decrease in N2O emissions after wood ash 
fertilization lasts beyond the first few years after application, ash fertilization could 
be used as a means to mitigate these emissions from nutrient rich organic forest 
soils. However, long-term studies are needed to determine whether this is a 
possibility. There were no changes in the annual fluxes of CH4 in the low ash dose 
plots, although an increase was seen during the second winter. In the high ash dose 
plots, the CH4 uptake was lower than in the control and low ash dose plots, but this 
was unlikely to be an effect of the treatment, since the difference was already 
apparent when measurements were carried out before ash application. In summary, 
no effect of the ash on CH4 fluxes could be established. 
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Microbial processes, community structure and biomass (V) 

 
The main effects of the ash on the soil were seen at a depth of 0-0.05 m at 
Anderstorp and 0.20-0.30 m at Perstorp. The vertical distribution of the effects thus 
mirrors the time elapsed since ash application. In the 0-0.05 m layer at the 
Anderstorp site, the fungal biomass (estimated by PLFA analysis) was significantly 
lower and the biomasses of gram-negative bacteria (p = 0.08) and actinobacteria  
(p = 0.10) tended to be lower in the ash treated plots. The net N-mineralization 
(mainly net ammonification) was also significantly lower in the ash treated plots. 
There were no effects on the PLFA or net N-mineralization in the 0.20-0.30 m 
layer at Anderstorp. At the Perstorp site, in contrast, there were no effects on the 
PLFA or net N-mineralization in the 0-0.05 m layer, but in the 0.20-0.30 m layer 
the total microbial biomass, biomass of gram-positive bacteria and biomass of 
actinobacteria (all estimated by PLFA analysis) and the net N-mineralization 
(mainly net ammonification) were significantly lower in the ash treated plots. 
There were no effects of ash application on microbial biomass or net N-
mineralization at any depth at Skogaryd. Despite changes in the biomass of some 
microbial groups, there was no significant effect of ash on the microbial population 
structure measured with PFLA, as indicated by Principal Component Analysis 
(PCA); in addition, the microbial respiration experiment indicated no ash 
application effects, except a tendency towards an increase in SIR in the 0-0.05 m 
layer of the ash treatment at Perstorp. In the PCA of the elemental content, there 
were significant differences along Principal Component 1 (PC1), at all depths at 
Perstorp, but only in the 0-0.05 m layer at Anderstorp. There were no significant 
differences along PC1 at Skogaryd or along PC2 at any of the sites. Changes in pH 
were only detected in the 0-0.05 m layer at Skogaryd. At the Perstorp site, 
fertilization with wood ash resulted in a marked increase in tree growth. The tree 
stand was small before the start of the experiment (height 1.3 m); by the summer of 
2007 the stem volume was 7.4 m3 ha-1 in the control plots and 48 m3 ha-1 in the ash 
treated plots. The differences in PLFA and net mineralization in the 0.20-0.30 soil 
layer may, therefore, be an effect of the change in vegetation rather than a direct 
effect of the ash. Although no changes in microbial processes, community structure 
or biomass were detected at Skogaryd, the higher pH indicates that the ash did 
affect the soil in the 0-0.05 m layer. This is in accordance with the significantly 
lower N2O emissions measured from the ash treated plots at Skogaryd in winter. 
Potential CH4 production and oxidation did not differ between treatments at any of 
the sites, which corroborates the results of the gas flux measurements, 
demonstrating that CH4 fluxes from the soil were not affected by ash fertilization. 
There were no differences between controls and ash fertilized plots with respect to 
C:N ratio, NEA, DEA, net nitrification, bulk density or organic matter content. In 
conclusion, there were no major effects on soil microbial processes, community 
structure or biomass as a result of the addition of wood ash.  
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Main results 
 

• The regression model presented by Klemedtsson et al. (2005), which 
related the C:N ratio of the soil to annual N2O emissions, was modified for 
the purpose of constructing a confidence band around it. Using the 
modified model, and a national forest soil database (the Swedish National 
Forest Soil Inventory), the N2O emissions for Swedish drained organic 
forest soil were estimated to amount to 4 700 tonnes a-1 (uncertainty range 
2 610 to 8 600 tonnes a-1) (I).  

 
• The measured N2O emissions (II, III, IV) agreed with the relationship 

between N2O emissions and soil C:N ratio presented by Ernfors et al. 
(2007), which was based on the findings of Klemedtsson et al. (2005) (I). 

 
• The N2O emissions at the nutrient rich site, Skogaryd (II), seemed to be 

restricted by drought in the summer months. This suggests that although 
the N2O fluxes of drained forested peatlands are mainly determined by the 
soil C:N ratio, the groundwater level is an additional regulating factor.  

• The measured CH4 fluxes (II, III, IV) agreed with a relationship between 
CH4 fluxes and stand volume presented by Minkkinen et al. (2007). The 
CH4 flux measurements presented herein could, therefore, probably be 
used to improve the model and to extend it to larger stand volumes. 
According to this model, increased forest production leads to a decrease in 
the emissions of CH4, implying that ash fertilization could decrease the 
emissions of CH4 if it results in increased forest growth. 

• Wood ash fertilization decreased CO2 emissions at the nutrient rich SkSW-
P site (IV). The mechanism behind the decreased CO2 emissions was not 
clear; further studies are needed. 

• Wood ash fertilization decreased the N2O emissions at the SkSW-P site; 
this decrease could be attributed to the change in pH caused by the ash 
(IV). The longevity of the effect needs to be investigated. 
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