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To allow the water table beneath the base of the lysimeter to be regulated, a 
tension sheet was created. It consisted of (from top to bottom): polyester 
cloth, 3 layers of fibreglass filter (Munktell MG 160), polyester cloth and 2 
layers of plastic netting. The air bubbling pressure of the tension filter was 
2 m water column. A more detailed description of the set-up is given in 
Paper II. The soil cores collected were transferred to the new improved 
lysimeters and placed in the lysimeter station at Ultuna (59°49'2"N, 
17°39'41"E) (Figure 15). 

 
Figure 15. Lysimeter station used in the experiment. Service pits in the middle. The overflow 
device to control the water table is in a temporary elevated position in the second row. The 
dark chamber and the pumping device for gas sampling can be seen to the right. 

Treatments  

Lysimeter studies 

The effect of water management on GHG emissions was studied using a 
factorial experimental design with twelve lysimeters of each peat type. The 
following treatments were used: 
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A. Static water table at 40 cm depth (WT@40 cm) 
B. Static water table at 80 cm depth (WT@80 cm) 

The lysimeters were saturated from below with water and sown with 
ryegrass (Lolium perenne). The ryegrass was cut before every gas measurement 
and dried at 105 °C. Air temperature and precipitation were monitored 
throughout the season. During the growing season, water was supplied from 
below with a 1-L flask connected to the air trap (no. 11 in Figure 14). This 
flask was continuously filled so the water table could be kept constant. 
Water content was measured each sampling day with a Profile Probe (Delta-
T devices, 128 Low Road, Burwell, Cambridge, CB5 0EJ, UK). The whole 
system set-up is illustrated in Figure 16.  

 
Figure 16. Lysimeter set-up and measurement schedule. 

Root respiration experiment 

To study the effect of crop and root respiration, CO2 emissions from 
vegetated and bare soil lysimeters were measured in the same way as 
described above, with three replicates of each treatment and with the water 
table at 40 cm depth (Paper III).  
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Incubation study 

The incubation experiment was carried out with a separate set of 
undisturbed soil cores from Majnegården and Örke. The soil cores were 
collected in steel cylinders (10 cm high, ⌀7.2 cm) with holes in the cylinder 
wall to increase aeration (Robertson et al., 1993). All soil cores were 
saturated with water for five days. Tension was applied to the soil cores until 
equilibrium was reached. The tension steps applied were 5, 40, 80 and 
600 cm water column. The soil cores were collected from two different 
depths at Majnegården (0-10 cm and 30-40 cm) and from the topsoil (0-10 
cm) at Örke. Four to six replicates were used. Soil cores were kept at 20 °C 
throughout the incubation experiment (Paper IV). The effect of 
temperature on CO2 emissions was modelled from lysimeter measurements 
and studied on another set of steel cylinders incubated at 2, 13 and 25 °C 
(Paper II).  

Weather conditions at the lysimeter site 

The summer of 2004 was wetter than normal except for August, when 
precipitation was lower than the 30-year average. The temperature was near 
normal except for August, which was warmer Figure 17.  

 
Figure 17. Air temperature (°C) and precipitation (mm) in 2004 compared with average 

values for the period 1961-1990. 

Gas measurements 

Gas flux measurements were made using the closed dark chamber method 
(Mosier, 1990), which measures the combined effect of soil respiration and 
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plant respiration (Figure 18). When used on bare soil, only soil respiration is 
measured. Advantages of closed chambers include:  

 Very small fluxes can be measured.  
 No electrical supply is needed.  
 The chambers are simple to construct.  

Disadvantages include: 
 The design of the chamber can influence the absolute value of the 

measured gas flux (Norman et al., 1997).  
 A concentration of gas can build up inside the chambers to levels 

where they inhibit the normal gas diffusion.  
 The closed cover eliminates the turbulence normally affecting the 

soil surface.  
 The chamber disturbs the soil air boundary layer. 
 Positioning the chamber can cause pressure changes in the soil. 
 The chamber can cause temperature changes in the soil and 

atmosphere under the chamber. 

The chamber was 20 cm high, insulated and covered with a reflecting layer. 
It was placed in a collar above the lysimeter, and sealed with an 
impermeable plastic material.  

The chambers were sampled at 
10, 20, 30 and 40 minutes after 
closure by circulating air (300-
500 mL min-1) from the chambers 
through 22-mL headspace flasks 
(sealed with butyl rubber septa) 
for 30 seconds. In the experiment 
with the bare soil treatment, the 
same chambers were used, but 
instead of collecting gas in 
headspace flasks, the atmosphere 
in the chamber was circulated 
through a Vaisala Carbocap probe 
(GMP 343, Vaisala, Helsinki, 
Finland) for 3-5 minutes 
depending on emission rates. In 
the field we used collars with the 
same diameter as the lysimeters, 
pushed down 3-5 cm into the 

 
Figure 18. Origins of CO2 measured with 
different types of chambers or micrometeoro-
logical methods. 
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soil, and the atmosphere within the chamber was circulated through the 
Vaisala Carbocap (Figure 19 A).  

 

A B 

Figure 19. A) Field equipment for GHG measurements with a Vaisala GMP 323 connected to 
the chamber for CO2 measurements. B) Incubation equipment for GHG measurements from 
soil in perforated steel cylinders. 

The soil cores in the incubation experiment (in the small perforated steel 
cylinders) were placed in air-tight PVC jars (Figure 19 B) before gas 
emission measurements (Robertson et al., 1993). Ten-mL samples of the 
atmosphere were extracted 1, 2 and 3 h after closure of the jars and 
transferred to 22-mL headspace flasks sealed with butyl rubber septa. 

All gas samples captured in the headspace flasks (CO2, N2O and CH4) 
were analysed by gas chromatography (Klemedtsson et al., 1997). The 
emission rate in all studies was calculated using linear regression and the 
ideal gas law from Eq. 3, using measurements with R2 > 0.85 (94% of all 
CO2 measurements) for CO2: 

F=ρ×V⁄A×∆c⁄∆t×273⁄(T+273)                 Eq. 3 

where F is the flux (mg m-2 h-1), ρ is the density of gas (mg m-3), V is the 
volume of the chamber (m3), A is the base area of the chamber (m2), Δc/Δt 
is the average rate of change of concentration with time (ppmv h-1) and T is 
the temperature in the chamber (°C). 

In the lysimeter experiment all measurements of N2O and CH4 were 
used, regardless of R2. Cumulative fluxes were calculated by plotting daily 
mean fluxes against time, interpolating linearly between them, and 
integrating the area under the curve using Grapher 6.3.28 software (Golden 
Software, Golden, Colorado, USA). 
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The sampling interval can affect the result quite strongly even if the 
regression has a good linear fit. One problem with too long a sampling 
interval is the build-up of CO2 inside the chamber, decreasing the gradient 
between the soil and the chamber (Nay et al., 1994). Using the first 3 
minutes (B in Figure 20) instead of the first 40 minutes (A in Figure 20) 
resulted in an estimated emission rate that was twice as high. 

 
Figure 20. CO2 emission rates calculated from the same data but with different sampling time 
using a linear or non-linear regression. Triangles (A) represent measurements every 10 
minutes up to 40 minutes. Circles (B) are measurements every 15 seconds for 3 minutes and 
the squares (C) are HMR-modelled concentrations using the same data as the triangles. The 
regression lines represent the emission rates for the different methods. 

This problem can to some extent be handled by using a non-linear model 
(Pedersen, 2000; Pedersen et al., 2001), for example the HMR package for 
the software R, and calculating the emission rate at time=0 (C in Figure 20). 
The short sampling time with the Vaisala probe and linear regression gave 
almost the same emission rate as using the non-linear model. As long as the 
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same method is used when comparing treatments, the choice of sampling 
interval is of less importance, but trying to upscale the emission rates to field 
or regional scale could result in large uncertainties.  

Crop analysis 

The cuttings taken during spring, summer and autumn were mixed in bulk 
samples for each lysimeter and season. The N content was measured with a 
LECO 2000 CNS analyser (Leco Corp, St. Joseph, Mich.), while for P 
analysis the soil samples were treated with HNO3 (7 M) and analysed using 
inductively coupled plasma-optical emission spectroscopy (ICP, Optima 
3000 DV, Perkin Elmer, Waltham, Mass.). 

Statistics 

Differences in mean water content and mean GHG emissions between 
treatments and soils were tested with a mixed model for repeated 
measurements (special ANOVA routine) using SAS 8.2 software (Littel, 1996; 
SAS, 2006). No significant interaction between treatment and site was 
found. Differences in mean yield between sites and treatments were tested 
both within the same soil and between the soils with one-way ANOVA with 
blocks and multiway ANOVA using SAS. PROC NLIN was used for 
estimating the fitting parameters θs, α and n for the water retention curve 
constructed using the van Genuchten equation. 

Modelling 

Soil temperature, water content and snow depth were modelled with the 
Soil, Water, Atmosphere and Plant (SWAP) model, which was adapted to 
Nordic conditions (SWAP, 2005) and validated against measured data. SWAP 
simulates transport of water, solutes and heat in unsaturated/saturated soils. 
Long-term changes in ecosystem functions at the Örke site were modelled 
using the PMDSS and PMDSS redrainage models developed by Knieß 
(2007). The objective of the model runs was to determine the effect of 
future land management scenarios in combination with two different 
climate change scenarios.  
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Results and discussion 

Digital soil survey 

Map data quality  

Digital soil data were not available for 9% of the total agricultural area 
(including mineral soils) and the 40K radiation method was used instead. 
Comparisons of the accuracy of the 40K method in identifying peat soil areas 
compared with the country-scale map (1:1,000,000) were made using Kappa 
analysis (Monserud & Leemans, 1992). The 40K method had similar or better 
accuracy (overall accuracy = 81%, KHAT= 0.45) than the country-scale 
map (overall accuracy = 82%, KHAT=0.28) (Paper I). More accurate 
assessment of the spatial distribution of agricultural peat and gyttja soils will 
be possible when maps of the whole country have been digitised by the 
SGU, but the accuracy in the present study is still a major improvement 
compared with earlier estimates.  

Area of agricultural peat and gyttja soils 

According to the block database (IACS block), the total area of agricultural 
soils (arable and grazing land) in Sweden in 2008 was 3,525,259 ha. Of this 
total area, 7.6% or 267,990 ha were classified as peat and gyttja soils 
(Berglund et al., 2009). This is less than half the corresponding percentage 
and acreage estimated in 1946 (20% or 705,000 ha cultivated peat soils; 
Hjertstedt, 1946). The assessment in 1946 was made by the engineers of the 
Swedish Peat Society and can be considered quite accurate, as half the area 
was inspected and more than 10,000 soil samples were analysed with respect 
to soil type and cultivation value. Large areas of cultivated organic soils have 
been abandoned since then, mainly due to insufficient drainage, and might 
constitute 35-45% of what is now classified as drained organic forestland 
(Von Arnold et al., 2005). The percentage of peat and gyttja soils varies  
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Figure 21. Distribution of cultivated organic 
soils (% of total agricultural area) per county in 
Sweden. 

greatly between Swedish counties ( ), from 1.3% in 
Västernorrland to 12.8% in Örebro. Peat soils 
dominate, comprising 5.6% (198,264 ha) of the 
total area, while gyttja soils comprise 2.0% 
(69,726 ha). The proportion of gyttja soils in 
2008 (26% of the total area of peat + gyttja 
soils) was greater than earlier estimates of 
11% (Hjertstedt, 1946). This is due to 
gyttja soils with organic matter content 
lower than 20% (clay gyttja / gyttja 
clay) being included in our analysis, 
but also to subsidence uncovering the 
gyttja underlying the peat soil in many 
places. These values are now used by 
the Swedish Environmental Pro-
tection Agency to estimate GHG 
emissions from cultivated organic 
soils for the National Inventory 
Report, submitted under the 
UNFCCC and the Kyoto Protocol.  

Cultivation intensity 

The cultivation intensity is 
generally lower on peat soils 
than on mineral soils. Managed 
grassland and low intensity land use (such as permanent pasture and set-
aside) dominate and only 23.3% of the area in 2008 was intensively 
cultivated with annual crops including row crops, compared with 37% of 
the total agricultural area (both mineral and organic soils) (SCB, 2009). The 
areas most intensively cultivated are in general polder areas with very fertile 
organic soils with the potential to regulate the water table by pumping.  

Continuity analysis 

To examine how the cultivation intensity and crop acreage on organic soils 
have changed over the past 10 years, an analysis was made of the distribution 
of crops grown on organic soils for the years 1999, 2005, 2006, 2007 and 
2008 (Berglund et al., 2009) (Figure 22). Much of the variation in crop area 
over the period 1999-2008 can be explained by the EU payment reform 
implemented in 2005.  
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Figure 22. Area of cultivated organic soils in different crop categories and total area of 
cultivated organic soil, 1999-2008. 

Total acreage increased until 2005 because the reported area in that year 
formed the basis of support rights in the new system. The total cereal area in 
the country, regardless of soil type, decreased sharply in the first years after 
introduction of the single farm payment because of low grain prices, while 
there was a slight increase in the area of oilseeds due to better profitability 
(Jordbruksverket, 2007). With rising grain prices in 2007/2008 the area of 
cereals increased again, as can be seen in Figure 22. With the payment 
reform grassland became more profitable, with increasing area as a result 
(SCB, 2009). The requirement for set-aside land (mandatory 5 or 10% of 
area) disappeared in 2008, after which reported fallow acreage practically 
halved (SCB, 2009). Our continuity analysis (Berglund & Berglund, 2008) 
verified that the cultivation intensity on organic soils is relatively low, with 
permanent grassland (ley in 10 out of 10 years) on about 16% of the area. 
Intensive cultivation (row crop cultivation in at least five out of 10 years) is 
practised on a small area, primarily in Skåne and to some extent in Blekinge.  
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Lysimeter and incubation studies 

Crop yield and nutrient content 

Yields were significantly greater 
with the water table at 40 cm 
(WT@40 cm) compared with 80 
cm (WT@80 cm) on both soils. 
For WT@40 cm the ryegrass dry 
matter (DM) yield in Majne-
gården lysimeters was signify-
cantly higher (p<0.05) than the 
yield in Örke lysimeters (+2232 
kg ha−1, LSD=2144 kg  ha−1). 
The tendency was the same for 
WT@80 cm, but the difference 
was not significant (p=0.08) 
(Figure 23). The N and P content 
were somewhat higher in the 
Majnegården crop than in the 
Örke crop, indicating that 
Majnegården soil was more fertile 
(Table 4). 

Table 4. N and P content in ryegrass in  
spring, summer and autumn 

 Majnegården Örke 

 N P N P 

 (%) 

Spring 4.23 0.28 3.32 0.23

Summer 3.15 0.40 2.95 0.26

Fall 3.45 0.43 3.30 0.23

Soil water properties 

Besides being lost through the 
GHG emissions, carbon and 
nitrogen are lost in drainage 
water, so therefore we studied the nutrient content in the soil water. Water 
samples were taken from 40 cm depth using a probe with a water-permeable 
filter (no. 6 in Figure 14) after the growing season in November 2004 and 
analysed with respect to dissolved organic carbon (DOC), dissolved organic 

 
Figure 23. Ryegrass yield (ton DM ha-1) at 
Majnegården and Örke with the water table at 
40 cm (left) and 80 cm (right). 

 

 
Figure 24. Soil water from the Majnegården 
lysimeter (left) and the Örke lysimeter (right) 
with the water table at 40 cm depth. 
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nitrogen (DON), total phosphorus (tot-P), ammonium-N (NH4-N), 
nitrate-N (NO3-N) and phosphate-P (PO4-P). The soil water at Örke had a 
much darker colour than the water from Majnegården soil (Figure 24) and 
the DOC and DON values were higher than at Majnegården (Table 5). 
However, the DOC and DON values in both soils were in the range 
reported in other studies (Chow et al., 2006).  

Table 5. Chemical properties of soil water from the Majnegården and Örke lysimeters 

  DOC  DON NH4-N NO3-N Tot-P PO4-P 

Site/treatment  mg L-1 

Majnegården WT@40 cm  36.4 3.0 0.3 0.5 0.1 0.0 

Majnegården WT@80 cm  25.7 2.2 0.4 0.3 0.1 0.0 

Örke WT@40 cm  240.3 8.0 0.5 0.2 0.1 0.0 

Örke WT@80 cm  163.1 6.2 0.5 0.4 0.1 0.0 

 

CO2 emissions 

Effect of temperature 

Temperature is often used to model the rate of CO2 emission from peat soils 
(Moore & Dalva, 1993; Lloyd & Taylor, 1994; Fang & Moncrieff, 2001; 
Lafleur et al., 2005; Rutledge et al., 2008; Tuomi et al., 2008), but its use has 
recently been questioned by Kuzyakov & Gavrichkova (2010), who argue 
that soil temperature is an indirect factor driven by solar radiation. In Paper 
II, to allow the results to be compared with those from other studies, data 
on the lysimeter soils were fitted to a semi-empirical model describing CO2 
emissions as a function of temperature (Eq. 4.) (Lloyd & Taylor, 1994):  

ܴ௘ ൌ ܴଵ଴	݁
ଷ଴଼.ହ଺ቀ

భ
ఱల.బమ

ି
భ

೅ೞషమమళ.భయ
ቁ
                    Eq. 4 

where Re is total respiration of CO2 (µmol m-2 s-1), R10 is the sum of plant 
and soil respiration at 10 °C and Ts is temperature (°K). Re and Ts are 
measured data and R10 is the result of the fitting procedure. There was a 
considerable amount of scatter in the emissions data. To overcome this, the 
CO2 emissions data were averaged in 1 °C bins and plotted against 
temperature (Figure 25). This gave a better correlation (R2=0.92, n=19) 
between air temperature and CO2 emissions from the lysimeters, with a R10 
value of 2.42 µmol m-2 s-1. The equation had a better fit at high temperatures 
than at low temperatures. The R10 value is in agreement with results 
reported by Nieveen et al. (2005) for a drained rush and sedge peat in New 
Zealand (R10 = 2.44 µmol m-2 s-1) and in the same range as reported by 
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Lohila et al. (2003) for a peat soil under pasture (R10 = 3.1 µmol m-2 s-1). 
Conditions in the New Zealand experiments were very similar to those in 
the present experiment in that groundwater depth ranged between 0.2 and 
0.8 m (in our experiment between 0.4 and 0.8 m) and the vegetation at 
their site was a mixture of perennial ryegrass (Lolium perenne) and white 
clover (Trifolium repens). Other studies with water-logged conditions 
(Nieveen et al., 1998) report a lower R10 of 1.3 µmol m-2 s-1, indicating 
anaerobic conditions. 

 
Figure 25. Results of CO2 emissions. Pooled averaged transformed data from all lysimeters 1 
April – 8 Dec 2004 and modelled effect of air temperature on emissions using an equation 
from Lloyd & Taylor (1994). 

Effect of water table depth 

The CO2 emission rate was low at both sites in the beginning of the 
growing season when temperatures were low and rate-limiting. In the 
middle of the summer, with temperatures between 15-20 oC, the emission 
rates were higher from WT@40 cm than from WT@80 cm (Table 6). 
Contrary to our results, many investigations have reported increasing CO2 
emissions following lowering of the water table (Eggelsmann, 1976; Renger 
et al., 2002; Wessolek et al., 2002). Findings supporting our results, with a 
higher emission rate at intermediate water table depths compared with low 
depths (dry soil), have been reported by Davidson et al. (1998), Chimner & 
Cooper (2003), Kechavarzi et al. (2007) and Mäkiranta et al. (2009). 
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Table 6. Mean daytime emissions of CO2, N2O and CH4 from lysimeters with soil from Majnegården 
and Örke. Standard errors in brackets. Means within columns with different superscripts are significantly 
different (p<0.05) 

  Depth to 
water 
table 

CO2  N2O  CH4 

(mg m-2 h-1) (μg m-2 h-1) 

Site (cm) Apr-Nov Dec-Apr  Apr-Apr Apr-Apr 

Majnegården
40 465 (18.7)

a

66.1 (4.22)
a 205 (41.0)

a
  -18.9 (1.32)

a
 

80 417 (20.7)
b

45 (51.9)
b
 -21.3 (1.83)

a
 

Örke 40 619 (18.7)
c

93.4 (4.22)
b  150 (41.0)

ab
  -7.81 (1.32)

b
 

80 534 (20.7)
a

 108 (51.9)
ab

  -11.5 (1.83)
b
 

Nieveen et al. (2005) found that the distance to the water table did not 
influence emissions of CO2, while Aerts & Ludwig (1997) and Maljanen et 
al. (2001) reported similar results. Laiho (2006) described the complexity of 
peatland behaviour following persistent lowering of the water table, with 
multiple interactions between many factors such as time scale and soil type. 
The results from the incubation experiment (Figure 26) were in agreement 
with emissions results from the lysimeter experiments. 

 
Figure 26. Incubation experiment with undisturbed soil samples from two different depths at 
Majnegården (0-10 cm and 30-40 cm; left) and from the topsoil at Örke (0-10 cm; right). 
CO2 emission rate with increasing tension (from 5 to 600 cm water column) applied to soil 
cores. Error bars show standard deviation. 
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CO2 emissions in the incubation experiment were significantly higher 
(p<0.05) from the Örke topsoil than from the Majnegården topsoil. 
Increasing the matric tension from 40 cm to 80 cm water column decreased 
the CO2 emissions from both soils. The highest emission rate occurred with 
a matric tension of 40 cm water column, with lower emission rates at both 
lower and higher values. The less decomposed soil samples from the deeper 
layer (30-40 cm) at Majnegården had significantly lower emission rates than 
the well-decomposed topsoil. 

The topsoil from Majnegården is very compact and only a limited 
amount of air can enter the soil matrix at low tensions (Figure 8). The Örke 
profile allows air to enter the upper layers at normal drainage (Figure 9) 
(McAfee, 1989). The incubation results indicate that in these soils a very 
small proportion of air-filled pores is sufficient to stimulate soil respiration at 
a high rate and that drier conditions (lower water table) hamper soil 
respiration even at shallow drainage depths.  

The findings in this investigation are similar to those reported by Lafleur 
et al. (2005), and the explanation can be that the air-filled porosity in the 
upper part of the soil profile, where most CO2 is produced by respiration, 
was sufficient for oxygen diffusion and that water was not rate-limiting at 40 
cm drainage depth. At 80 cm drainage depth the topsoil was too dry and the 
CO2 production from the lower parts of the peat profile was low due to low 
substrate quality, and did not contribute to the emissions, despite an 
adequate oxygen supply.  

The decreased plant growth in the lysimeter experiment when the water 
table was lowered from 40 cm to 80 cm (Figure 23) (Berglund, 1996) could 
also have affected the CO2 emission rate. Even though the grass was cut 
prior to gas measurements, plant respiration contributed to some extent to 
the measured gas flux, producing a higher flux than soil respiration alone. 
Root respiration has been reported to contribute 27-63% of the emissions 
produced (Laiho, 2006; Paper III), which might explain some of the 
differences in emission rates observed between the two water table depths 
investigated. 

When climate conditions were the same, differences in emission rates 
between the sites were related to soil type and C availability to 
microorganisms, since CO2 emissions mainly reflect the abundance of easily 
available carbon. Emission rates were approximately eight times higher 
during the growing season compared with the winter period (Figure 27), 
due to the low temperature and the absence of plants in winter. CO2 
emission rates were significantly greater for WT@40 cm than for WT@80 
cm in both soils. Maximum emission rate in Majnegården lysimeters was 
recorded on 1 June and was higher for WT@40 cm (919 mg CO2 m

-2 h-1) 
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than for WT@80 cm (754 mg CO2 m
-2 h-1). Outside the growing season, 

there was no difference between the treatments. Similar results were found 
in Örke lysimeters, with maximum CO2 emissions recorded on 27 July 
(1064 mg CO2 m-2 h-1 for WT@40 cm and 1003 mg CO2 m-2 h-1 for 
WT@80 cm). Outside the growing season, there was no difference between 
the treatments but the average CO2 emission rate during winter was 
significantly higher from the Örke soil than from the Majnegården soil.  

 
Figure 27. Carbon dioxide emissions from lysimeters with Majnegården and Örke soil with 
the water table at 40 cm depth (WT@40 cm) or 80 cm depth (WT@80 cm) during the 
period April 2004 - April 2005. 

These findings were expected, but are often overlooked by policymakers, 
who in attempting to reduce GHG emissions tend to promote abandonment 
of cultivated organic soils or their conversion into bird habitats with a 
fluctuating water table. However, these measures might create even greater 
problems, namely equal or higher GHG emissions but diminished 
photosynthesis and mitigation of CO2 and lower or no economic return 
from the areas, reducing the incentive to deal with the continuing 
emissions.  

Origin of soil respiration 

The CO2 flux from cultivated soils is commonly measured as total flux 
including both soil organic matter (SOM)-derived CO2 and plant-derived 
CO2. With regard to the CO2-driven greenhouse effect, there is a need to 
distinguish between heterotrophic soil respiration and autotrophic, plant-
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derived respiration (net CO2 emissions). The plant input of atmospheric C 
to the soil is of minor or no importance regarding the greenhouse effect, 
since this carbon just circulates between the systems and the residence time 
in the soil is very short compared with the age of the peat. This is very well 
illustrated by Kuzyakov (2006), who divided the total CO2 efflux from the 
soil into five sources (marked 1-5 in Figure 28) and also indicated the 
residence time of carbon in the soil for the different sources.  

 
Figure 28. Five main sources of biogenic CO2 efflux from soil, arranged according to 
turnover rate and mean residence time of C in soil. Figure 1 in Kuzyakov (2006). 

Sources 1-3 in Figure 28 are plant-derived and sources 4 and 5 contribute to 
the greenhouse effect. With the root exclusion method (comparing gas 
emissions from vegetated soil and bare soil), it is possible to distinguish 
between source 5 (basal respiration) and sources 1-3 (plant-derived) 
(Kuzyakov, 2006). This rough method can be used to estimate the net CO2 
emissions if the priming effect (4) is small. In Paper III, CO2 emissions from 
vegetated and bare soil lysimeters were compared to estimate plant-derived 

CO2 emissions as a fraction of 
total CO2 emissions. The results 
showed that great variations in 
plant contribution occurred 
during the growing season, with 
plant-derived emissions being 
low in the beginning of the 
growing season and high at the 
end (Table 7). The contribution 
also differed between soil types. 
When estimating net emissions 
to the atmosphere it is 

Table 7. Plant contribution to total soil CO2 
efflux estimated from measured data during the 
whole season (5 May  – 11 Nov) and also 
divided into seasonal emissions 

 Plant contribution  
(% of total emission) 

  Majnegården Örke 

Whole season 47 57 

Spring (18/5 - 22/6) 27 49 

Summer (5/7 - 2/8) 42 54 

Autumn (15/8 - 1/11) 57 63 

1 2 3 4 5
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important to know the plant-derived CO2 flux, otherwise soil CO2 
emissions can be considerably overestimated. 

The uptake of substrate (low molecular weight carbon) by soil 
microorganisms occurs primarily through the soluble phase (Marschner & 
Kalbitz, 2003) and the degradation of the more resistant fractions, the peat 
itself, is dependent upon the action of extracellular enzymes. There are 
several ways to inhibit these enzymes and thus minimise the subsidence, and 
hence the net contribution of GHG. A high water table and anoxic 
conditions have been shown to inhibit phenol oxidase from eliminating 
phenolic compounds that inhibit the degradation of organic material 
(Freeman et al., 2001). The treatment with WT@40 cm did not create 
sufficiently severe anoxia to limit peat degradation, but the dry conditions 
with WT@80 cm might have decreased the diffusive transport of substrate 
towards the remaining moist sites of activity (Marschner & Kalbitz, 2003). 
Another way to inhibit enzyme activity is to treat the soil with high levels of 
copper sulphate (Mathur & Sanderson, 1978; Mathur et al., 1979; Mathur & 
Sanderson, 1980; Mathur, 1981; Levesque & Mathur, 1983). When this was 
tested in the lysimeter experiment, CO2 emissions were found to decrease at 
a copper fertilisation level of 170 kg ha-1 (Berglund et al., unpublished data). 

N2O and CH4 emissions 

N2O is produced in soil by nitrification or denitrification depending on the 
aeration status and the availability of ammonium and nitrate, as often 
illustrated by the hole-in-the-pipe model (Davidson et al., 2000) (Figure 29). 
This links NO and N2O production and takes into account the total 
nitrogen in the system (the amount flowing through the pipes) and the ratio 
between NO and N2O (symbolised by the size of the holes in the pipes). 

Nitrification is an aerobic microbial process performed by Nitrosomonas, 
Nitrobacter and sometimes Nitrosospira when there is ammonium present, and 
is favoured by intermediate moisture content. Denitrification is an anaerobic 
process occurring when nitrate is available (Focht & Verstraete, 1977) and 
the soil air contains less than 10% oxygen (Hochstein et al., 1984; Wrage et 
al., 2001). Depending on soil water content, N2O and NO will ‘leak out’ 
during both nitrification and denitrification.  
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Figure 29. Hole-in-the-pipe model often used to explain the factors determining the 
regulation of N2O and NO flux. From: Eric A. Davidson, Michael Keller, Heather E. Erickson, Louis V. 

Verchot, and Edzo Veldkamp, "Testing a Conceptual Model of Soil Emissions of Nitrous and Nitric Oxides," in 

BioScience vol. 50, no. 8 (August 2000), pp. 667-680. (c) 2000 by the American Institute of Biological Sciences. 

Published by the University of California Press. 

N2O emissions were greater (p=0.01) from WT@40 cm (177.7 µg N2O m-2 
h-1, s.d. 26.2) than from WT@80 cm (77.1 µg N2O m-2 h-1; s.d. 34.6) and 
peaked during spring (Figure 30). This could be due to the production of 
readily available nitrogen for microorganisms by freeze-thaw cycles in 
winter (Regina et al., 2004), combined with the absence of plants 
competing for nitrogen (Paper IV). This is shown in Figure 31 in terms of 
N2O emissions from vegetated and bare soil lysimeters.  

N2O emissions were higher from the bare soil lysimeters during summer 
and especially during thawing in springtime. It is often reported that N2O 
emissions can be very erratic, characterised by high emissions during short 
time periods (Flessa et al., 1998) and with peaks during spring after thawing 
or during winter (Maljanen et al., 2003a; Regina et al., 2004).  
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Figure 30. Nitrous oxide emissions from lysimeters with Majnegården and Örke soil with the 
water table at 40 cm (WT@40) or at 80 cm (WT@80) during the period April 2004 - April 
2005. 

 

 
Figure 31. N2O emissions from Majnegården and Örke soil, vegetated and with bare soil, 
during the period May 2005 - May 2006. N2O emissions were higher from the lysimeters 
without a crop competing for nitrogen during summer and during spring thaw. 
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Figure 32. Incubation experiment with undisturbed soil samples from two different depths at 
Majnegården (0-10 cm and 30-40 cm; left) and from the topsoil at Örke (0-10 cm; right). 
N2O emission rate with increasing tension (from 5 to 600 cm water column) applied to soil 
cores. 

According to Klemedtsson et al. (2005), soil C/N ratio is a good predictor 
of annual N2O emissions. The results from our incubation experiment 
(Figure 32) support Aasen (1986) and Klemedtsson et al. (2005), who 
reported that nitrogen is released from peat soils with a C/N ratio below 20. 
The C/N ratio in the topsoil at Majnegården and Örke was 12 and 14, 
respectively, while it was 21 in the subsoil (30-40 cm) at Majnegården. 
Accordingly, N2O emissions were negligible from the Majnegården subsoil 
and significantly higher from both topsoils. The higher N2O emission rate 
from the Majnegården topsoil compared with the Örke soil could also be 
explained by higher pH, lower air-filled porosity and better nutritional status 
(Yamulki et al., 1997). 

Methane (CH4) is produced in anaerobic conditions by methanogenic 
bacteria and oxidised to CO2 in the aerobic zone by methanotrophs (Le Mer 
& Roger, 2001). In this investigation CH4 fluxes were very small or 
negative (consumption), which is often the case with drained peat soils 
(Glenn et al., 1993; Nykänen et al., 1995; van den Pol-van Dasselaar et al., 
1998; Blodau & Moore, 2003; Maljanen et al., 2003b; Kasimir-Klemedtsson 
et al., 2009). The average consumption of CH4 was higher (p<0.001) for all 
Majnegården soil samples (20.08 µg CH4 m

-2 h-1, s.d. 1.17) than for all Örke 
soil samples (9.7 µg CH4 m-2 h-1, s.d. 1.17) and higher (p<0.05) with 
WT@80 cm (16.4 µg CH4 m

-2 h-1 , s.d. 1.29) than with WT@40 cm (13.4 
µg CH4 m

-2 h-1 , s.d. 1.29), irrespective of soil.  

0.00

2.00

4.00

6.00

8.00

10.00

5 40 80 600 5 40 80 600 5 40 80 600

.

0-10 cm 30-40 cm 0-10 cm

Majnegården Örke

N
2O

 e
m

is
si

o
n

 r
a

te
 (

µ
g 

d
m

-3
h

-1
)

Tension (cm water column)

Depth

Site



 55 

Cumulative GHG emissions 

The GHG emissions from cultivated organic soils can be very high and in 
Sweden are reported to contribute about 6-8% of total national emissions 
(SNIR, 2010; Paper I). The cumulative gas emissions from the peat soil in 
the lysimeter experiment were converted into CO2 equivalents for 
comparison (Paper IV). The average cumulative CO2 emissions originating 
from the organic matter were 1.315 kg CO2 eq. m-2. The corresponding 
values for N2O and CH4 were 0.195 kg CO2 eq. m-2 and -0.002 kg CO2 eq. 
m-2, respectively, amounting to a total of 1.5 kg CO2 eq. m-2. That would 
give a GHG contribution of 4 M ton CO2 eq. from the whole area of 
cultivated organic soils in Sweden. This value lies between the two values of 
3.1 and 4.6 M ton CO2 eq. estimated in Paper I using an indirect method to 
calculate GHG emissions (different subsidence rates depending on 
cultivation intensity and two bulk densities, 0.2 and 0.3 g cm-3). However, it 
must be borne in mind that it is very difficult to scale GHG emissions up 
from lysimeter studies to national estimates and also to handle the 
uncertainties regarding how to distinguish between plant respiration and soil 
respiration.  

When plant respiration from the lysimeters, 47% and 57% for 
Majnegården and Örke, respectively (Paper III), was subtracted from the 
total CO2 emissions, the CO2 emissions still dominated and CH4 emissions 
were negligible. The annual flux of N2O varied from 2.6 to 5.4 kg N2O-N 
ha-1, which is lower than the IPCC emissions factor (8 kg N2O-N ha-1) but 
in agreement with values reported by Regina et al. (2004) for grassed plots 
in northern Finland. The effects of crop type and cultivation intensity on 
GHG emissions are under debate both in the scientific community and 
within the Swedish Board of Agriculture. Preliminary results from ongoing 
field experiments where GHG emissions are being measured from the same 
soil, but with different crops, have revealed no statistical differences between 
crops so far (Berglund et al., unpublished data). Comparisons of lysimeter 
CO2 emission rates with field measurements at long-term field experiment 
sites (Kerstin Berglund, unpublished data) showed that the emissions were 
within the same range (Figure 33).  
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Figure 33. Lysimeter CO2 emissions and field CO2 emissions. The lysimeter emissions (small 
circles) are in the same range as CO2 emissions measured in the field during 2005. 

Modelling  

The Nordic SWAP model was developed in the EU project EUROPEAT 
(van den Akker, 2010) to obtain a better fit to the Nordic conditions of 
snow and soil freezing. The original model had problems with simulating 
winter conditions, i.e. the effect of snow on reduced heat transport, water-
holding capacity of the snow, hydraulic conductivity, heat transport below 
0 °C and snow melt. The result of a simulation of soil temperature and 
snow depth at Majnegården is shown in Figure 34. The original SWAP model 
could not handle soil temperatures once snowing had started (unbroken 
lines), as the insulating effect of snow was not included in the model. The 
simulation of soil temperature in the improved Nordic SWAP (dotted line) is 
much better and the simulated snow depth is also in reasonable agreement 
with measured data. The soil hydrology output from the SWAP model was 
used in the present study as input to the ANIMO model (Renaud et al., 2005) 
in order to model GHG emissions from cultivated peat sites. Even though 
the Nordic SWAP was an improvement, water balance and water content 
simulations were not sufficiently accurate for GHG emissions simulations 
with the ANIMO model. Much less complex models such as the ICBM 
(Andrén & Kätterer, 1997) might be sufficient for estimating the carbon 
emissions from cultivated soils over larger areas, as done by Andrén et al. 
(2008). Furthermore, the ICBM model is probably much easier to calibrate 
for different types of organic soils than process-orientated models such as 
ANIMO and COUP, with their almost infinite numbers of parameters (Jansson 
& Moon, 2001).  
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Figure 34. Measured and modelled soil temperature and snow depth in the Majnegården 
lysimeter with WT@40 cm. 

When the PMDSS and PMDSS redrainage model was used on Örke, the 
model predicted that the subsidence would be more than twice as great if 
the area were to be re-drained compared with the status quo (Knieß, 2007). 
  

-30

-25

-20

-15

-10

-5

0

5

10

1-Jan 1-Feb 1-Mar

T
e

m
p

e
ra

tu
re

 (
C

)

0

10

20

30

40

50

60

S
n

o
w

 d
ep

th
 (

cm
)

Nordic 
SWAP

SWAP

Measured 
data



 58

  

 



 59 

Conclusions and recommendations 

Area of cultivated organic soils 

The current area of agricultural peat and gyttja soils in Sweden is 
estimated to be 267,990 ha, which is 7.6% of the total area 
(3,525,259 ha) of agricultural soils. Peat soils dominate, with 5.6% of 
the total area, while gyttja soils occupy 2.0%. The GIS analysis of 
cultivation intensity revealed that gyttja soils are often more 
intensively cultivated than mineral soils, while peat soils are less 
intensively cultivated. 

Future improvements: When a larger area of Sweden is digitised with 
regard to soil type, more accurate estimates can be made. With the 
use of satellite imagery and old maps, it might be possible to identify 
abandoned, formerly drained peat soils. 

Methods 

The lysimeter method worked very well for the emission studies. CO2 
emissions measured in the lysimeter experiment were similar to those 
measured in field trials and were within the range reported in the 
literature. The lysimeter method accurately mimics natural conditions 
and makes it possible to work with different soil types and treatments 
in undisturbed soil cores but under the same climate conditions. 
Climate conditions are easy to monitor and the experimental set-up is 
flexible. 

Future improvements: In this study there were very few drainage 
events, but the ability to measure carbon and nutrient losses through 
drainage water would be very useful. In order to use a non-linear 
approach for N2O and CH4 studies, samples must also be taken 
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immediately after chamber closure. Since a large proportion of N2O 
emissions may arise during winter, methods for wintertime 
measurements should be developed. It is important to choose the 
right quality of rubber for the inner sheet in the lysimeters in order to 
prolong the lifespan of the lysimeter. To improve our understanding 
of the fate of carbon, the measurements should be complemented 
with photosynthetically active radiation (PAR) readings and CO2 
measurements with clear chambers. 

Plant-induced CO2 emissions 

The contribution of plant-induced CO2 emissions to total soil CO2 
emissions showed great variation during the growing season, being 
low in the beginning of the growing season and high at the end. The 
contribution also differed between soil types. When estimating net 
emissions to the atmosphere, it is important to know the plant-
derived CO2 flux, since otherwise soil CO2 emissions can be 
considerably overestimated. In the present study the plant 
contribution to CO2 emissions was on average 47% for Majnegården 
and 57% for Örke. 

Future improvements: To improve the estimation of plant 
contribution to total CO2 emissions, high-resolution measurements of 
CO2 efflux and PAR combined with pulse labelling of plants with e.g. 
14CO2 could be used (Kuzyakov & Gavrichkova, 2010). 

Effect of water table depth on GHG emissions 

Soil organic matter quality, temperature and water retention properties 
are very important factors determining the emission rate of GHG 
from cultivated peat soils. Plant growth and root respiration 
accentuate the effects of soil aeration status. In extreme moisture 
conditions (desiccation or waterlogging), soil moisture is rate-limiting. 
The layer sequence and the soil properties of the different layers 
determine the effect of water table regulation. In this study, lowering 
the water table from 40 cm to 80 cm depth decreased GHG emissions 
from two peat soils with contrasting soil properties.  

Future improvements: Detailed studies of water table regulation using 
a wider range of drainage levels, together with determination of 
enzyme activity and identification and quantification of 
microorganisms, could enhance our understanding of peat 



 61 

decomposition and provide an insight into the drainage intensity 
farmers should use to decrease subsidence and GHG emissions. Future 
research should also look into the effect of different crops, peatland 
abandonment and cultivation intensity on GHG emissions.  

Modelling 

The SWAP model was difficult to calibrate, but it should be possible to 
use the Nordic version of the SWAP model in future research on peat 
soils in areas with winter conditions. However, peat soils are difficult 
to model since the peat material changes over time and the massive 
amount of input data required to describe the soil makes the process 
expensive. It would be interesting to simulate subsidence and GHG 
emissions when SWAP output is sufficiently accurate to be used 
together with the ANIMO model. 

  



 62

 



 63 

References 

 
Aasen, I. (1986). Torv og Myr. Sammandrag av forelesningar ved Noregs landbrukshøgskkole. Ås: 

Landbruksbokhandelen. (Jordkultur; JK5). ISBN 82-557-0254-7. 
Aerts, R. & Ludwig, F. (1997). Water-table changes and nutritional status affect trace gas 

emissions from laboratory columns of peatland soils. Soil Biology & Biochemistry 29(11-12), 
1691-1698. 

Andersson, S. (1955). Markfysikaliska undersökningar i odlad jord. VIII. En experimentell 
metod. Grundförbättring 8, Specialnummer 2, 7-98. 

Andrén, O. & Kätterer, T. (1997). ICBM: The introductory carbon balance model for 
exploration of soil carbon balances. Ecological Applications 7(4), 1226-1236. 

Andrén, O., Kätterer, T., Karlsson, T. & Eriksson, J. (2008). Soil C balances in Swedish 
agricultural soils 1990-2004, with preliminary projections. Nutrient Cycling in 
Agroecosystems 81(2), 129-144. 

Armstrong, D.W. & Watson, C.L. (1974). Peat subsidence following drainage of a South 
Australian fen. Agricultural Record 1. 

Benton, G.S. (1970). Carbon Dioxide and Its Role in Climate Change. Proceedings of the 
National Academy of Sciences of the United States of America 67(2), 898-899. 

Berglund, K. (1996). Cultivated Organic Soils in Sweden: Properties and Amelioration. Diss. 
Uppsala:Swedish University of Agricultural Sciences.  

Berglund, K. (2008). Torvmarken, en resurs i jordbruket igår, idag och även i morgon. In: 
Runefelt, L. (Ed.) Svensk mosskultur - Odling, torvanvändning och landskapets förändring. pp. 
483-498. Eskilstuna: Enheten för de Areella Näringarnas Historia, KSLA. (Skogs- och 
Lantbrukshistoriska meddelanden 41). 

Berglund, Ö. & Berglund, K. (2008). Odlad organogen jord i Sverige 2003 - Areal och 
grödfördelning uppskattad med hjälp av digitaliserade databaser. Uppsala: SLU, Inst. för 
Markvetenskap, avd. för hydroteknik. (Rapport; 7). ISSN 1653-6797 http://pub-
epsilon.slu.se:8080/197/01/rapport7.pdf 

Berglund, Ö. & Berglund, K. (2010). Inomfältsvariation i markegenskaper och koldioxidavgång. 
Uppsala: Institutionen för Mark och Miljö. (Rapport; 14). http://pub-
epsilon.slu.se:8080/1529/01/Berglund_o_et_al_100210.pdf 



 64

Berglund, Ö., Berglund, K. & Sohlenius, G. (2009). Organogen jordbruksmark i Sverige 1999-
2008: Sveriges Lantbruksuniverstiet, Mark och Miljö. (Rapport; 12).  

Blodau, C. & Moore, T. (2003). Micro-scale CO2 and CH4 dynamics in a peat soil during a 
water fluctuation and sulfate pulse. Soil Biology & Biochemistry 35(4), 535-547. 

Brady, N.C. (1974). Organic Soils (Histosols): Their Nature, Properties, and Utilization. In: 
The nature and properties of soils. 8. ed. pp. 353-371 Macmillan Publishing CO., NY. ISBN 
0-02-313350-3. 

Cameron, K.C., Harrison, D.F., Smith, N.P. & McLay, C.D.A. (1990). A method to 
prevent edge-flow in undisturbed soil cores and lysimeters. Australian Journal of Soil 
Research 28(6), 879-886. 

Cameron, K.C., Smith, N.P., McLay, C.D.A., Fraser, P.M., McPherson, R.J., Harrison, 
D.F. & Harbottle, P. (1992). Lysimeters without Edge Flow - an Improved Design and 
Sampling Procedure. Soil Science Society of America Journal 56(5), 1625-1628. 

Carroll, T. (1981). Airborne Soil Moisture Measurement Using Natural Terrestrial Gamma 
Radiation. Soil Science 132(5), 358-366. 

Chimner, R.A. & Cooper, D.J. (2003). Influence of water table levels on CO2 emissions in a 
Colorado subalpine fen: an in situ microcosm study. Soil Biology & Biochemistry 35(3), 
345-351. 

Chow, A., Tanji, K., Gao, S. & Dahlgren, R. (2006). Temperature, water content and wet–
dry cycle effects on DOC production and carbon mineralization in agricultural peat soils. 
Soil Biology & Biochemistry 38(3), 477-488. 

Davidson, E.A., Belk, E. & Boone, R.D. (1998). Soil water content and temperature as 
independent or confounded factors controlling soil respiration in a temperate mixed 
hardwood forest. Global Change Biology 4(2), 217-227. 

Davidson, E.A., Keller, M., Erickson, H.E., Verchot, L.V. & Veldkamp, E. (2000). Testing a 
conceptual model of soil emissions of nitrous and nitric oxides. Bioscience 50(8), 667-680. 

EEA (2004). Annual European Community Greenhouse Gas Inventory 1990-2002 and Inventory 
Report 2004: Submission to the UNFCCC Secretariat. (EEA Technical Report No 
2/2004).  

Eggelsmann, R. Peat consumption under influence of climate, soil condition and utilization. 
In: Proceedings of Fifth International Peat Congress, Poznan, Poland, September 21-25 1976. 
pp. 233-247. 

Ek, B.-M. (1987). Flygburna gammastrålningsmätningar som ett hjälpmedel vid torv  och 
våtmarksinventeringar. Uppsala: SGU, Jord- och vattenbyrån. ISSN BRAP 87005.  

Ek, B.-M., Aaro, S. & Näslund-Landenmark, B. (1992). Utnyttjande av flygradiometriska data 
och IR-bilder vid inventering av sumpskogar och andra våtmarker. Uppsala: SGU och 
Lantmäteriverket.  

Eriksson, H. (1991). Sources and sinks of carbon-dioxide in Sweden. Ambio 20(3-4), 146-
150. 

Fang, C. & Moncrieff, J.B. (2001). The dependence of soil CO2 efflux on temperature. Soil 
Biology & Biochemistry 33(2), 155-165. 

Flessa, H., Wild, U., Klemisch, M. & Pfadenhauer, J. (1998). Nitrous oxide and methane 
fluxes from organic soils under agriculture. European Journal of Soil Science 49(2), 327-335. 



 65 

Focht, D. & Verstraete, W. (1977). Biochemical ecology of nitrification and denitrification. 
Advances in Microbial Ecology 1, 135-214. 

Freeman, C., Ostle, N. & Kang, H. (2001). An enzymic 'latch' on a global carbon store - A 
shortage of oxygen locks up carbon in peatlands by restraining a single enzyme. Nature 
409(6817), 149-149. 

Glenn, S., Heyes, A. & Moore, T. (1993). Carbon-Dioxide and Methane Fluxes from 
Drained Peat Soils, Southern Quebec. Global Biogeochemical Cycles 7(2), 247-257. 

Hallakorpi, I.A. (1936). Om sättning av torvmarkerna. Svenska Mosskulturföreningens Tidskrift 
(50), 101-107. 

Hjertstedt, H. (1946). De organogena odlingsjordarnas beskaffenhet i olika län med avseende 
på torvslag, förmultningsgrad och reaktion samt innehåll av kalk och kväve, kali och 
fosforsyra, organisk substans, seskvioxider och svavelsyra. In: Svenska vall- och 
mosskulturföreningens kvartalsskrift. 8. ed. pp. 255-277. Norrtälje: Norrtälje tidnings 
boktryckeri AB. 

Hochstein, L.I., Betlach, M. & Kritikos, G. (1984). The effect of oxygen on denitrification 
during steady-state growth of Paracoccus halodenitrificans. Archives of Microbiology 137(1), 74-
78. 

Hutchinson, J.N. (1980). The Record of Peat Wastage in the East-Anglian Fenlands at 
Holme Post, 1848-1978 Ad. Journal of Ecology 68(1), 229-249. 

Jansson, P.E. & Moon, D.S. (2001). A coupled model of water, heat and mass transfer using 
object orientation to improve flexibility and functionality. Environmental Modelling & 
Software 16(1), 37-46. 

Joosten, H. & Clarke, D. (2002). Wise Use of Mires and Peatlands. Background and Principles 
Including a Framework for Decision-making. United Kingdom: International Mire 
Conservation Group and International Peat Society, Totnes. ISBN 951-97744-8-3. 

Jordartsnomenklatur (1953). Regler utarbetade av representanter för Kungliga 
Skogshögskolan (O. Tamm), Statens geotekniska institut (W. Kjellman, B. Jakobson), 
Statens väginstitut (N. von Matern, F. Rengmark, N. Odemark) och Sveriges geologiska 
undersökning (G. Ekström, E. Fromm, B. Järnefors). Mimeo. 

Jordbruksverket (2007). Uppföljning av gårdsstödsreformen. (Jordbruksverket Rapport 2007:11).  
Kasimir-Klemedtsson, Å., Klemedtsson, L., Berglund, K., Martikainen, P., Silvola, J. & 

Oenema, O. (1997). Greenhouse gas emissions from farmed organic soils: A review. Soil 
Use and Management 13(4), 245-250. 

Kasimir-Klemedtsson, Å., Weslien, P. & Klemedtsson, L. (2009). Methane and nitrous oxide 
fluxes from a farmed Swedish Histosol. European Journal of Soil Science 60(3), 321-331. 

Kechavarzi, C., Dawson, Q., Leeds-Harrison, P.B., Szatylowicz, J. & Gnatowski, T. (2007). 
Water-table management in lowland UK peat soils and its potential impact on CO2 
emission. Soil Use and Management 23(4), 359-367. 

Kirchmann, H. & Bergqvist, R. (1989). Carbon and nitrogen mineralization of white clover 
plants (Trifolium repens) of different age during aerobic incubation with soil. Zeitschrift für 
Pflanzenernahrung und Bodenkunde 152(3), 281-286. 



 66

Klemedtsson, L., Klemedtsson, A.K., Moldan, F. & Weslien, P. (1997). Nitrous oxide 
emission from Swedish forest soils in relation to liming and simulated increased N-
deposition. Biology and Fertility of Soils 25(3), 290-295. 

Klemedtsson, L., von Arnold, K., Weslien, P. & Gundersen, P. (2005). Soil CN ratio as a 
scalar parameter to predict nitrous oxide emissions. Global Change Biology 11(7), 1142-
1147. 

Knieß, A. (2007). Development and application of a semi-quantitative decision support system to 
predict long-term changes of peatland functions. Diss. Kiel:Christian-Albrechts-Universität zu 
Kiel. http://eldiss.uni-kiel.de/macau/receive/dissertation_diss_00003090.  

Kuzyakov, Y. (2006). Sources of CO2 efflux from soil and review of partitioning methods. 
Soil Biology & Biochemistry 38(3), 425-448. 

Kuzyakov, Y. & Gavrichkova, O. (2010). REVIEW: Time lag between photosynthesis and 
carbon dioxide efflux from soil: a review of mechanisms and controls. Global Change 
Biology 16(12), 3386-3406. 

Lafleur, P.M., Moore, T.R., Roulet, N.T. & Frolking, S. (2005). Ecosystem respiration in a 
cool temperate bog depends on peat temperature but not water table. Ecosystems 8(6), 
619-629. 

Laiho, R. (2006). Decomposition in peatlands: Reconciling seemingly contrasting results on 
the impacts of lowered water levels. Soil Biology & Biochemistry 38(8), 2011-2024. 

Landva, A.O., Korpijaakko, E.O. & Pheeney, P.E. (1983). Geotechnical classification of 
peats and organic soils. In: Jarret, P.M. (Ed.) Testing of Peats and Organic Soils. pp. 37–51. 
Philadelphia. (ASTM Special technical publication 820). 

Le Mer, J. & Roger, P. (2001). Production, oxidation, emission and consumption of 
methane by soils: A review. European Journal of Soil Biology 37(1), 25-50. 

Levesque, M.P. & Mathur, S.P. (1983). The effects of using copper for mitigating histosol 
subsidence on: 1. The yield and nutrition of oats and lettuce grown on histosols, mineral 
sublayers, and their mixtures. Soil Science 135(2), 88-100. 

Littel, R.C. (1996). SAS System for Mixed Models: SAS Inst. ISBN 1555447791. 
Lloyd, J. & Taylor, J.A. (1994). On the Temperature-Dependence of Soil Respiration. 

Functional Ecology 8(3), 315-323. 
Lohila, A., Aurela, M., Regina, K. & Laurila, T. (2003). Soil and total ecosystem respiration 

in agricultural fields: effect of soil and crop type. Plant and Soil 251(2), 303-317. 
Maljanen, M., Liikanen, A., Silvola, J. & Martikainen, P.J. (2003a). Measuring N2O 

emissions from organic soils by closed chamber or soil/snow N2O gradient methods. 
European Journal of Soil Science 54(3), 625-631. 

Maljanen, M., Liikanen, A., Silvola, J. & Martikainen, P.J. (2003b). Methane fluxes on 
agricultural and forested boreal organic soils. Soil Use and Management 19(1), 73-79. 

Maljanen, M., Martikainen, P.J., Walden, J. & Silvola, J. (2001). CO2 exchange in an 
organic field growing barley or grass in eastern Finland. Global Change Biology 7(6), 679-
692. 

Marschner, B. & Kalbitz, K. (2003). Controls of bioavailability and biodegradability of 
dissolved organic matter in soils. Geoderma 113(3-4), 211-235. 



 67 

Mathur, S.P. The Inhibitory Role of Copper in Enzyme Degradation of Organic Soils. In: 
Proceedings of International peat symposium, 1981. pp. 191-219. 

Mathur, S.P., Hamilton, H.A. & Levesque, M.P. (1979). The Mitigating Effect of Residual 
Fertilizer Copper on the Decomposition of an Organic Soil in Situ. 1. Soil Science Society 
of America Journal 43(1), 200-203. 

Mathur, S.P. & Sanderson, R.B. (1978). Relationships between copper contents, rates of soil 
respiration and phosphatase activities of some Histosols in an area of southwestern 
Quebec in the summer and the fall. Canadian Journal of Soil Science 58(2), 125-134. 

Mathur, S.P. & Sanderson, R.B. (1980). The partial inactivation of degradative soil enzymes 
by residual fertilizer copper in Histosols. Soil Science Society of America Journal 44(4), 750-
755. 

McAfee Graham, M. (1989). The effects of agricultural practices on soil aeration. Uppsala: Swedish 
University of Agricultural Sciences, Department of Soil Sciences. (Reports and 
Dissertations; 1).  

McAfee, M. (1985). The rise and fall of Bälinge mossar: Institutionen för markvetenskap. 
Avdelningen för lantbrukets hydroteknik. (Rapport; Institutionen för markvetenskap. 
Avdelningen för lantbrukets hydroteknik). http://pub-
epsilon.slu.se:8080/721/01/mcafee_m_090506.pdf 

McAfee, M. (1989). Aeration studies on peat soil. 1. The effects of watertable depth and crop 
cover. International Peat Journal 3, 157-174. 

Monserud, R.A. & Leemans, R. (1992). Comparing Global Vegetation Maps with the 
Kappa-Statistic. Ecological Modelling 62(4), 275-293. 

Moore, T.R. & Dalva, M. (1993). The influence of Temperature and Water-Table Position 
on Carbon-Dioxide and Methane Emissions from Laboratory Columns of Peatland Soils. 
Journal of Soil Science 44(4), 651-664. 

Mosier, A.R. (1990). Gas Flux Measurement Techniques with Special Reference to 
Techniques Suitable for Measurements over Large Ecologically Uniform Areas. In: 
Bouwman, A.F. (Ed.) Soils and the Greenhouse Effect: The Present Status and Future Trends 
Concerning the Effect of the Soils and Their Cover on the Fluxes of Greenhouse Gases, the Surface 
Energy Balance, and the Water Balance: Proceedings of the International Conference Soils and the 
Greenhouse Effect. pp. 289-301. Ft. Collins: Wiley. 

Mäkiranta, P., Laiho, R., Fritze, H., Hytönen, J., Laine, J. & Minkkinen, K. (2009). Indirect 
regulation of heterotrophic peat soil respiration by water level via microbial community 
structure and temperature sensitivity. Soil Biology & Biochemistry 41(4), 695-703. 

Naucke, W., Heathwaite, A.L., Eggelsmann, R. & Schuch, M. (1993). Mire chemistry. In: 
Heathwaite, A.L. (Ed.) Mires: Processes, Exploitation and Conservation. pp. 263-310. 
Chichester: John Wiley & Sons. 

Nay, S.M., Mattson, K.G. & Bormann, B.T. (1994). Biases of Chamber Methods for 
Measuring Soil Co2 Efflux Demonstrated with a Laboratory Apparatus. Ecology 75(8), 
2460-2463. 

Neller, J.R. (1944). Oxidation loss of lowmoor peat in fields with different water tables. Soil 
Science 58(3), 195-204. 



 68

Nieveen, J.P., Campbell, D.I., Schipper, L.A. & Blair, I.J. (2005). Carbon exchange of 
grazed pasture on a drained peat soil. Global Change Biology 11(4), 607-618. 

Nieveen, J.P., Jacobs, C.M.J. & Jacobs, A.F.G. (1998). Diurnal and seasonal variation of 
carbon dioxide exchange from a former true raised bog. Global Change Biology 4(8), 823-
833. 

Norman, J.M., Kucharik, C.J., Gower, S.T., Baldocchi, D.D., Crill, P.M., Rayment, M., 
Savage, K. & Striegl, R.G. (1997). A comparison of six methods for measuring soil-
surface carbon dioxide fluxes. Journal of Geophysical Research-Atmospheres 102(D24), 28771-
28777. 

NRCS Soil Classification. Keys to soil taxonomy. [online] Available from: 
http://soils.usda.gov/technical/classification/. [Accessed October 2005]. 

Nykänen, H., Alm, J., Lang, K., Silvola, J. & Martikainen, P.J. (1995). Emissions of CH4, 
N2O and CO2 from a virgin fen and a fen drained for grassland in Finland. Journal of 
Biogeography 22(2-3), 351-357. 

Osvald, H. (1937). Myrar och myrodling. Stockholm: Kooperativa förbundets bokförlag. 
Paustian, K., Cole, C.V., Sauerbeck, D. & Sampson, N. (1998). CO2 mitigation by 

agriculture: An overview. Climatic Change 40(1), 135-162. 
Pedersen, A.R. (2000). Estimating the nitrous oxide emission rate from the soil surface by 

means of a diffusion model. Scandinavian Journal of Statistics 27(3), 385-403. 
Pedersen, A.R., Petersen, S.O. & Vinther, F.P. (2001). Stochastic diffusion model for 

estimating trace gas emissions with static chambers. Soil Science Society of America Journal 
65(1), 49-58. 

Persson, L. & Bergström, L. (1991). Drilling method for collection of undisturbed soil 
monoliths. Soil Science Society of America Journal 55(1), 285-287. 

Puustjärvi, V. & Robertson, R.A. (1975). Physical and chemical properties. In: Robinson, 
D.W., et al. (Eds.) Peat in Horticulture. pp. 23-38. London: Academic Press. (Applied 
Botany; 3). 

Päivänen, J. (1973). Hydraulic conductivity and water retention in peat soils. (Acta Forestalia 
Fennica; 129).  

Reddy, K.R., Osborne, T.Z., Inglett, K.S. & Corstanje, R. (2006). Influence of water levels on 
subsidence of Organic soils in the Upper St. Johns river basin. Gainesville: University of Florida. 
(Special publication; SJ2007-SP5).  

Regina, K., Syvasalo, E., Hannukkala, A. & Esala, M. (2004). Fluxes of N2O from farmed 
peat soils in Finland. European Journal of Soil Science 55(3), 591-599. 

Renaud, L.V., Roelsma, J. & Groenendijk, P. (2005). User’s guide of the ANIMO4.0 nutrient 
leaching model. Wageningen. (Alterra-Report; 224).  

Renger, M., Wessolek, G., Schwarzel, K., Sauerbrey, R. & Siewert, C. (2002). Aspects of 
peat conservation and water management. Journal of Plant Nutrition and Soil Science 165(4), 
487-493. 

Robertson, K., Klemedtsson, L., Axelsson, S. & Rosswall, T. (1993). Estimates of 
denitrification in soil by remote sensing of thermal infrared emission at different moisture 
levels. Biology and Fertility of Soils 16(3), 193-197. 



 69 

Runefelt, L. (2008). Svenska Mosskulturföreningen 1886-1939. In: Runefelt, L. (Ed.) Svensk 
mosskultur - Odling, torvanvändning och landskapets förändring. pp. 53-96. Eskilstuna: Enheten 
för de Areella Näringarnas Historia, KSLA. (Skogs- och Lantbrukshistoriska meddelanden 
41). 

Rutledge, S., Campbell, D. & Schipper, L. Effect of soil temperature and moisture on soil 
respiration rates. In: Proceedings of Soil - The living skin of planet earth, Massey University, 
Palmerston Norht, New Zealand2008. 

SAS SAS OnlineDoc 9.1.3. [online] Available from: 
http://support.sas.com/onlinedoc/913/getDoc/sv/statug.hlp/mixed_index.htm. 
[Accessed 5/10 2006]. 

SCB Jordbruksmarkens användning 2008. JO 10 SM 0901. [online] Available from: 
http://www.sjv.se/webdav/files/SJV/Amnesomraden/Statistik,%20fakta/Arealer/JO10/J
O10SM0901/JO10SM0901.pdf. 2009]. 

Schipper, L.A. & McLeod, M. (2002). Subsidence rates and carbon loss in peat soils 
following conversion to pasture in the Waikato Region, New Zealand. Soil Use and 
Management 18(2), 91-93. 

Schothorst, C.J. (1977). Subsidence of low moor peat soils in the western Netherlands. 
Geoderma 17(4), 265-291. 

Schothorst, C.J. (1980). Subsidence of peat soils. Research Digest, LWMR. 
Schwertmann, U. (1964). Differenzierung der Eisenoxide des Bodens durch Extraktion mit 

Ammoniumoxalat-Lösung. Zeitschrift für Pflanzenernährung, Düngung, Bodenkunde 105(3), 
194-202. 

Schwärzel, K. & Bohl, H.P. (2003). An easily installable groundwater lysimeter to determine 
water balance components and hydraulic properties of peat soils. Hydrology and Earth 
System Sciences 7(1), 23-32. 

Schwärzel, K., Renger, M., Sauerbrey, R. & Wessolek, G. (2002). Soil physical 
characteristics of peat soils. Journal of Plant Nutrition and Soil Science-Zeitschrift Fur 
Pflanzenernahrung Und Bodenkunde 165(4), 479-486. 

SNIR (2010). Sweden’s National Inventory Report, 2010: Submitted under the United Nations 
Framework, Convention on Climate Change.  

Soil Survey Staff (2003). Keys to Soil Taxonomy [online] Available from: ftp://ftp-
fc.sc.egov.usda.gov/NSSC/Soil_Taxonomy/keys/2003_Keys_to_Soil_Taxonomy.pdf.  

Sorteberg, A. (1978). Subsidence in peat soil after drainage. International peat society proceedings. 
Stephens, J. & Stewart, E. Effect of climate on organic soil subsidence. In: Proceedings of 

Second International Symposium on Land Subsidence, Anaheim, California, 1977. pp. 647-
655. IASH-AISH 121. 

Stephens, J.C. (1956). Subsidence of Organic Soils in the Florida Everglades. Soil Science 
Society of America Journal 20(1), 77. 

SWAP [online] Available from: http://www.swap.alterra.nl/. [Accessed October 2005]. 
Talme, O. & Almén, K. (1975). Jordartsanalys. Laboratorieanvisningar, del 1: Department of 

Quartarnary Research, Stockholm University.  



 70

Tuomi, M., Vanhala, P., Karhu, K., Fritze, H. & Liski, J. (2008). Heterotrophic soil 
respiration - Comparison of different models describing its temperature dependence. 
Ecological Modelling 211(1-2), 182-190. 

van den Akker, J.J.H. (2010). Introduction to the special issue on degradation and green 
house gas emissions of agricultural managed peat soils in Europe. Geoderma 154(3-4), 171-
172. 

van den Pol-van Dasselaar, A., Corre, W.J., Prieme, A., Klemedtsson, A.K., Weslien, P., 
Stein, A., Klemedtsson, L. & Oenema, O. (1998). Spatial variability of methane, nitrous 
oxide, and carbon dioxide emissions from drained grasslands. Soil Science Society of America 
Journal 62(3), 810-817. 

van der Molen, W.H. (1975). Subsidence of peat soils after drainage. IAHS-AISH-UNESCO 
publications 105, Paris. 

Wessolek, G., Schwärzel, K., Renger, M., Sauerbrey, R. & Siewert, C. (2002). Soil 
hydrology and CO2 release of peat soils. Journal of Plant Nutrition and Soil Science 165(4), 
494-500. 

Von Arnold, K., Hånell, B., Stendahl, J. & Klemedtsson, L. (2005). Greenhouse gas fluxes 
from drained organic forestland in Sweden. Scandinavian Journal of Forest Research 20(5), 
400-411. 

Wrage, N., Velthof, G.L., van Beusichem, M.L. & Oenema, O. (2001). Role of nitrifier 
denitrification in the production of nitrous oxide. Soil Biology and Biochemistry 33(12-13), 
1723-1732. 

Wösten, J.H.M., Ismail, A.B. & van Wijk, A.L.M. (1997). Peat subsidence and its practical 
implications: a case study in Malaysia. Geoderma 78(1-2), 25-36. 

Yamulki, S., Harrison, R., Goulding, K. & Webster, C. (1997). N2O, NO and NO2 fluxes 
from a grassland: effect of soil pH. Soil Biology and Biochemistry 29(8), 1199-1208. 

 
  



 71 

Acknowledgments 

A long time has gone by since I started this journey and a lot of people have 
helped me along the way. I thank you all.  
 
My sincere gratitude to Kerstin Berglund, my supervisor, who has 
supported me in my education since the very beginning and who in the first 
place made me want to be an agronomist and to explore the world. 
 
Lave Persson, who designed and constructed all of the necessary 
equipment: Double-walled lysimeter, ‘Lave’s stick’ for soil water sampling 
and soil temperature measurements, the water regulation system for the 
lysimeter experiment, and many many more ‘yet another LP production’ 
stuff. 
  
Gösta Berglund, my role model in life, who introduced me to the life and 
people at Ultuna at a very young age.  
 
Harry Linner, my supervisor and neighbour at the department. 
 
Christina Öhman, who took care of and analysed a lot of peat samples in 
an excellent way.  

 
Leif Klemedtsson, my second, very enthusiastic supervisor, who provided 
many ideas for the project. 

 
Mary McAfee, for super-fast and invaluable help with the English 
language. 
 



 72

Bibi Atterdagsdotter, who took care of all the administration and paper 
work and made sure I got my salary. 

 
Ragnar Persson, the best computer administrator ever!  
 
Håkan Karlsson, my brewer buddy, who helped me focus on the really 
important things in life, such as beer! 
 
Josefine Nylinder and Maria Ernfors at the University of Gothenburg 
and Karin Enwall and Ella Wessén at the department of Microbiology, 
SLU for analysing all my gas samples. 
 
All colleagues at the Division of Soil and Water Management for 
being such a fun bunch of people to work with. 
 
Julia, Josefin and Carl-Joan, who themselves or by lending me their 
partner aided me in soil, gas or crop sampling when I needed an extra pair 
of hands, and for being the best siblings in the world. 
 
The farmers at the field sites, Roine and Elsmarie Petterson at Örke and 
Stefan Lennartsson at Majnegården. Don´t mind the emissions. It’s the 
researchers that make the soil vanish!  
 
Anna “gosimos” Nilsson, my partner in life and a faithful travel partner 
on all my work-related trips around the world. Postdoc in NZ? 
 
To all I have forgotten to mention. Well, I am on my way to becoming a 
absent-minded academic, so please forgive me. 


