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Abstract 20 

Afforestation has been proposed as a strategy to mitigate the often high greenhouse gas 21 

(GHG) emissions from agricultural soils with high organic matter content. However, the 22 

carbon dioxide (CO2) and nitrous oxide (N2O) fluxes after afforestation can be considerable, 23 

depending predominantly on site drainage and nutrient availability. Studies on the full GHG 24 

budget of afforested organic soils are scarce and hampered by the uncertainties associated 25 

with methodology. In this study we determined the GHG budget of a spruce-dominated forest 26 

on a drained organic soil with an agricultural history. Two different approaches for 27 

determining the net ecosystem CO2 exchange (NEE) were applied: for the year 2008, direct 28 

(eddy covariance) and an indirect (analyzing the different components of the GHG budget), 29 

so that uncertainties in each method could be evaluated. The annual tree production in 2008 30 
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was 8.3 ± 3.9 t C ha-1 yr-1 due to the high levels of soil nutrients, the favorable climatic 31 

conditions and the fact that the forest was probably in its phase of maximum C assimilation 32 

or shortly after. The N2O fluxes were determined by the closed chamber technique and 33 

amounted to 0.9 ± 0.8 t Ceq ha-1 yr-1. According to the direct measurements from the eddy 34 

covariance technique, the site acts as a minor GHG sink of -1.1 ± 0.8 t Ceq ha-1 yr-1. This 35 

contrasts with the NEE estimate derived from the indirect approach which suggests that the 36 

site is a net GHG emitter of 0.7 ± 4.6 t Ceq ha-1 yr-1. Irrespective of the approach applied, the 37 

soil CO2 effluxes counter large amounts of the C sequestration by trees. Due to accumulated 38 

uncertainties involved in the indirect approach, the direct approach is considered the more 39 

reliable tool. As the rate of C sequestration will likely decrease with forest age, the site will 40 

probably become a GHG source once again as the trees do not compensate for the soil C and 41 

N losses. Also forests in younger age stages have been shown to have lower C assimilation 42 

rates, thus the overall GHG sink potential of this afforested nutrient-rich organic soil is 43 

probably limited to the short period of maximum C assimilation.  44 

 45 

1 Introduction 46 

After drainage, organic soils continuously lose CO2 to the atmosphere, irrespective of their 47 

use as agricultural or forest land. Hence, such soils contribute to global warming 48 

(Couwenberg et al., 2011).  49 

For Sweden, it has been estimated that organic soils used for agriculture release 6 – 10% of 50 

the total national emission of green-house gases (GHG) (Kasimir Klemedtsson et al., 1997; 51 

Berglund and Berglund, 2010), despite that only 5 - 10% of agricultural land is on such soils. 52 

These emissions are primarily a result of drainage, which increases soil aeration and 53 

consequently organic matter mineralization resulting in emissions of carbon (C) and nitrogen 54 

(N) rich atmospheric trace gases (e.g. Kasimir Klemedtsson et al., 1997; Maljanen et al., 55 

2010). The main GHG is CO2, with reported emissions of 3.2–8.3 t C ha-1 yr-1 (Nykänen et 56 

al., 1998; Maljanen et al., 2004, 2007; see also review by Alm et al., 2007), but N2O 57 

emissions can also be high (2–37 kg N ha-1 yr-1: Höper et al., 2002; Kasimir Klemedtsson et 58 

al., 2009). Methane (CH4) emissions from drained organic soils are usually of limited 59 

importance (Huttunen et al., 2003; Maljanen et al., 2003a; von Arnold et al., 2005b; Alm et 60 

al., 2007; Kasimir Klemedtsson et al., 2009). Afforestation has been discussed as a mitigation 61 

strategy to reduce GHG emissions from cropland soils because it is assumed that the 62 
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reduction in fertilizer application and management activities, and especially the increase in 63 

plant C accumulation, will convert the ecosystem into an overall GHG sink (Watson et al., 64 

2000; Hargreaves et al., 2003).  65 

 66 

Forests on drained organic soils have long been assumed to constitute an overall GHG sink, 67 

even when the soil acts as a C source; this is because the C accumulation by the trees is 68 

assumed to compensate for soil losses (Minkkinen et al., 1999; Minkkinen et al., 2002; 69 

Hargreaves et al., 2003). Previous studies, however, indicate that drained organic soils can be 70 

responsible for considerable CO2 and N2O emissions for several years after afforestation 71 

(CO2: up to 5.2 t C ha-1 yr-1, Alm et al., 2007) because the soil fertility, the abundant 72 

availability of C substrates, and the low water table favor microbial decomposition (Maljanen 73 

et al., 2003b; von Arnold et al., 2005b). Thus, high soil C and N losses potentially outweigh 74 

C accumulation by the trees (Alm et al., 2007).  75 

The soil CO2 emissions from drained organic forest soils are reported within the Land Use 76 

and Land Use Change and Forestry (LULUCF) sector for UNFCCC and Kyoto submissions 77 

(http://unfccc.int/national_reports/annex_i_ghg_inventories/items/2715.php). The Swedish 78 

National Inventory Report (NIR) (2012) submitted to the UNFCCC uses emission factors 79 

(EFs) for CO2 of 3.0 and 1.9 t C ha-1 yr-1 for well drained and poorly drained forest soils, 80 

respectively, based on the work of von Arnold (2004). However, these emissions (in total 9.5 81 

Tg) are subtracted from the uptake of CO2 by the net forest production (29 TG), a much 82 

larger flux. As a consequence the soil emissions are not clearly made visible in the NIR. So 83 

far, N2O emissions from drained organic forest soils have not been included in the Swedish 84 

NIR. This was decided by the Swedish Environmental Protection Agency according to the 85 

Conference of the Parties (No 9), arguing that reporting of N2O emissions due to forest 86 

drainage is optional (UNFCCC decision 13/CP.9). However, the IPCC Good Practice 87 

Guidance (2003, www.ipcc-nggip.iges.or.jp/public/gp/english/) recommends to use EF’s of 88 

0.1 and 0.6 kg N2O-N ha-1 yr-1 for nutrient poor and nutrient rich soils, respectively. The 89 

same default EF’s from forests on drained organic soils are also included in the 2006 IPCC 90 

Guidelines. These will be the mandatory guidelines for future NIR accounting, and the 91 

default EF’s are in the process of being updated by the IPCC Wetlands Supplement, which 92 

will be published in autumn 2013. However, great uncertainty exists with regard to the 93 

precision of the recommended N2O EF’s so far which is mainly due to the scarcity of 94 

available measurements, missing consideration of emissions predictors, and inaccuracies in 95 
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up-scaling of emissions (von Arnold et al. 2005a). As a consequence, the calculation of total 96 

GHG budgets for drained organic forest soils based on IPCC Good Practice Guidance (2003) 97 

is rather unclear. In addition, existing studies have rarely taken emissions of all GHGs at a 98 

site into account, so that there is much uncertainty with regard to the estimation of GHG 99 

budgets based on empirical data (Maljanen et al., 2010). More data and a better process 100 

understanding are needed to fill this gap.  101 

To our knowledge only Lohila et al. (2011) have investigated all major GHGs (CO2, N2O, 102 

CH4) from a forest on a drained organic soil for a full year, although short-term studies with 103 

specific focus on frost events and clear-cutting also exist (Mäkiranta et al., 2010; Pihlatie et 104 

al., 2010). Using micrometeorological measurements to determine the CO2 flux and 105 

chambers measurements to quantify the N2O and CH4 fluxes, Lohila et al. (2011) found that a 106 

pine forest on a drained organic soil was an intermediate C sink, in which N2O and CH4 only 107 

had a minor impact on the total GHG budget. However, this site had not been in agricultural 108 

use previously and had a high soil C:N ratio (34–41), which is why low N2O emissions could 109 

be expected (Klemedtsson et al., 2005). 110 

The soil N content, which is often high in former agricultural soils, seems to be a key 111 

indicator for the soil C balance (Minkkinen et al., 1999) and for N2O emissions of organic 112 

soils in the hemiboreal to boreal regions (Klemedtsson et al., 2005; Mäkiranta et al., 2007). ). 113 

Klemedtsson et al. (2005) found a clear correlation between soil C:N and N2O emissions, 114 

which was subsequently used by Ernfors et al. (2008) to extrapolate N2O emissions to the 115 

country level. They found that afforested organic soils are responsible for 15% to the total 116 

Swedish anthropogenic N2O emissions, but this figure has not yet been used in the UNFCCC 117 

reports. However, the release of N due to mineralization is primarily governed by the water 118 

table level so that the drainage status is a key factor (Martikainen et al., 1993). Therefore, 119 

drained nutrient-rich afforested organic soils are potentially large sources of GHGs.  120 

 121 

The GHG budgets of forests on drained organic soils are uncertain due to both, the scarcity of 122 

studies and the uncertainties associated with existing methods for determining the GHG 123 

budget. The most frequently used indirect approach is to quantify the soil GHG fluxes using 124 

the chamber method and to relate these to the biomass production of the trees as determined 125 

by biomass functions (e.g. Marklund et al., 1989; Minkkinen et al., 2001; Jalkanen et al., 126 

2005). The chamber technique, has been shown to give different results depending on the 127 
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equipment and chamber design used (Pumpanen et al., 2004; Christiansen et al., 2011). 128 

Despite this, a recent study by Ojanen et al. (2012) on the C balance of peatlands identifies 129 

the chamber technique as a useful tool for GHG inventories, but only when the associated 130 

uncertainties are tolerable. However, the NEE can only be measured by the use of 131 

micrometeorological methods (Mäkiranta et al., 2007; Lohila et al., 2007, 2011). A draw-132 

back of this method is that measurements are laborious to set-up and cost-intensive. Most 133 

important, the technique does not work well under highly stable atmospheric conditions 134 

(Moffat et al., 2007; Vickers et al., 2012). The biggest problem with eddy covariance 135 

measurements is that they are conducted from usually only one tower, thus there is no 136 

replication. The source area (foot print) of the flux varies dynamically in relation to turbulent 137 

conditions; consequently foot print areas are generally smaller during days than during 138 

nights. 139 

In view of the need to further quantify the GHG budget of forests on nutrient-rich drained 140 

organic soils, we investigated the major GHG fluxes of a drained organic soil in southwestern 141 

Sweden. The site has previously been used for agriculture but has been afforested with 142 

Norway spruce since about 60 years. The GHG budget was determined for one year by 143 

estimating the ecosystem fluxes of N2O, and CH4 and the NEE. To quantify the NEE, two 144 

different approaches were used: direct measurement using the eddy covariance technique 145 

(EC) and an indirect approach using the chamber technique and flux balance calculations. 146 

This allowed us to compare the two approaches with regard to their limitations and 147 

uncertainties and to analyze the effect on the overall budget.  148 

 149 

2 Material and methods  150 

2.1 Site description 151 

The study was conducted in a forest stand on a drained organic soil in the Skogaryd research 152 

catchment (58°23’N, 12°09’E) in southwest Sweden (Klemedtsson et al., 2010). The former 153 

mesotrophic fen was drained in the 1870s and was used for agriculture until 1951 when it 154 

was afforested. During the study period, the stand density was approximately 1000 trees ha-1. 155 

Norway spruce, Picea abies (L.) Karst., dominated the stand (82 % of the basal area, BA) but 156 

Scots pine, Pinus sylvestris L. (13% of BA) and Silver birch, Betula pendula Roth (5% of 157 

BA), were also present. The dominant and co-dominant Norway spruce trees were 22 – 25 m 158 

in height and the average LAI was 5.1 m2 m-2 at the bottom of the living crown in May 2007 159 
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(Dewar et al. 2012). The field vegetation was dominated by bryophytes with sparse vascular 160 

plants, including species such as Luzula pilosa and Oxalis acetosella. The soil was classified 161 

as a Histosol (IUSS 2006) with the organic layer more than 1 m deep and a C content of 116 162 

± 16 t C ha-1 in the upper 50 cm. The average soil pH in the upper 20 cm was between 4.4 163 

and 4.6 (Ernfors, 2009). Soil properties were determined in October 2007, the soil organic 164 

matter content was 85 % in the upper 15 cm and 87 % between 15 – 40 cm. The site is well 165 

drained so that the average water table depth in 2008 was about 38 – 41 cm in winter and 166 

63.3 cm in summer (May to September). The soil C:N ratio ranged between 22.7 and 26.8 in 167 

the upper 50 cm.  168 

 169 

The 30-year (1961–1990) annual mean temperature at the Vänersborg weather station, 170 

situated approximately 10 km east of the site, was 6.2 °C. The 30-year annual mean 171 

precipitation at the closest weather stations at Vänersborg and Uddevalla (12 km west of the 172 

site) was 709 mm and 870 mm, respectively (www.smhi.se). The daily precipitation at the 173 

Skogaryd site in 2008 was found to correlate strongly (r2 = 0.98) with the mean of the two 174 

weather stations and we therefore assume that the long-term annual mean precipitation at the 175 

site is approximately 785 mm. 176 

 177 

A flux tower and three stations for soil flux measurements were established at the center of a 178 

relatively homogeneous area of the forest, extending about 200 m in all directions, except 179 

towards the E and SE (Figure 1a). The prevailing wind is from the SW (Figure 1b) where the 180 

drained afforested organic site extends for more than 300 m. The three soil flux stations are 181 

distributed within the footprint area of the EC tower. Each station consists of two plots. At 182 

each plot two measurement collars for each treatment (two  control collars , two trenching 183 

collars, for details see below) were permanently installed on which the chambers for gas flux 184 

measurements were placed.  185 

 186 

 187 

2.2 Measurement of abiotic variables 188 

To support the measurements of GHG fluxes, data on environmental parameters were 189 

collected. Air temperature was measured at the EC tower 1.5 m above the ground. Soil 190 

sensors for determination of soil temperature and water table depth were installed at two plots 191 

per station and were situated between the three measurement collars. Soil temperature was 192 
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measured at soil depths of 0.05, 0.15, 0.30 and 0.60 m (n == 6 for each soil depth, in total 193 

fours depths). Water table depth was measured using submersible pressure transducers 194 

installed in plastic tubes inserted vertically 1.5m into the soil (n = 4). Soil temperature and 195 

water table depth were recorded every 30 minutes.. Details of the instruments used are given 196 

in the appendix (Table A1).  197 

 198 

2.3 Determination of GHG budgets 199 

To determine the ecosystem budget of major GHGs for the year 2008, the net flux of CO2, 200 

N2O and CH4 was determined and transformed into CO2 equivalents based on the 100 year 201 

global warming potential (GWP) of each gas (as given in the IPCC,: Forster et al. 2007). The 202 

net flux of N2O and CH4 was determined from soil flux measurements, whereas the NEE was 203 

determined using two approaches. In the direct approach (1), NEE was determined by 204 

continuous measurement of the CO2 flux over the forest canopy using the eddy covariance 205 

(EC) technique. In the indirect approach (2), the NEE was quantified by measuring 206 

compartmental fluxes and calculating the NEE using the following equations:  207 

NEE = GPP – R = GPP – Ra – Rh     (1) 208 

NPP = GPP – Ra       (2) 209 

where GPP is gross primary production, NPP is net primary production, R is total respiration, 210 

Ra is autotrophic respiration and Rh is heterotrophic respiration. Combining equations (1) and 211 

(2) gives: 212 

NEE = NPP – Rh       (3) 213 

Biomass production during one year (B) can be derived from:  214 

B1 = B0 + NPP – L        (4) 215 

B = B1 – B0  = NPP - L      (4a) 216 

where B0 and B1 are total biomass at the beginning and end of the year, respectively, and L is 217 

the total litter production. Equation (4a) can be rearranged as follows: 218 

NPP = B + L = AGBinc + BGBinc + LL + LR   (4b) 219 

where AGBinc and BGBinc are the net above- and belowground biomass increments, 220 

respectively, and LL and LR are the litter production from leaves (plus branches etc) and roots, 221 

respectively.  222 

 223 
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The heterotrophic soil respiration Rh is typically determined by the soil chamber technique 224 

which measures the soil CO2 efflux over time. In this study a trenching experiment was 225 

applied in order to separate between the CO2 flux from roots/mycelia and SOM. As a 226 

consequence, the determination of the components of Rh, the respiration from decomposition 227 

of soil organic matter (RSOM) and decomposition of leaf and root litter (RLL, RLR) become 228 

important: 229 

 230 

Rh = RSOM + RLL + RLR       (5) 231 

Combining equations (3), (4b) and (5) gives: 232 

NEE = AGBinc + BGBinc + LL + LR – (RSOM + RLL + RLR)  (6) 233 

In a closed canopy forest we can assume that the annual decomposition of litter from both 234 

leaves and roots equals the annual litter production by leaves and roots. For such a forest in a 235 

quasi steady state, equation (6) can be simplified to:  236 

NEE = AGBinc + BGBinc – RSOM     (6a) 237 

So that 238 

RSOM = AGBinc + BGBinc – NEE     (6b) 239 

Equation (6a) is used in approach 2 to calculate the NEE (in the following NEEcalc), based on 240 

determination of AGBinc, BGBinc and RSOM, while in approach 1, based on eddy flux 241 

measurements of the NEE (in the following NEEmeas), RSOM was calculated according to equ 242 

ation (6b). Details of the methods associated with each approach are given below. 243 

 244 

2.4 Micrometeorological measurements of NEE (Approach 1) 245 

During 2008 continuous measurements of the CO2 flux above the canopy (average tree 246 

height: 20 m) were carried out using the EC technique (Grelle and Lindroth, 1996). The 247 

instrumentation used was basically the same as the system described in Lindroth et al. (2008) 248 

and is listed in the appendix (Table A1). Instrumentation was mounted on a scaffold tower. 249 

Air temperature and air humidity were measured at a height of 22 m, while global radiation, 250 

net radiation and photosynthetically active radiation (PAR) were measured at the top of the 251 

scaffold tower at 27 m, where the EC system was located (see appendix). The air intake for 252 

the gas analyzer was mounted on a vertical pole which extended about 3 m above the top of 253 

the scaffold. The air for analysis of the CO2 concentration was drawn into the gas analyzer by 254 

means of a membrane pump at a rate of 10 L min-1 through a 5 m long 4 mm inner diameter 255 

polyethylene tubing. For calibration of the CO2 analyzer, an automatic 2-point system was 256 
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used fortnightly, but was replaced by manual calibration later in the year. The energy balance 257 

closure was estimated by the annual flux sums and was about 90%. 258 

 259 

Data collection and analysis were conducted in real time by the Ecoflux software (In Situ 260 

Instrument AB, Ockelbo, Sweden). In particular, flux corrections for air density fluctuations 261 

(“WPL correction”, Webb et al., 1980) were accounted for by converting the measured 262 

absorbance to dry mixing ratios by the Ecoflux software. Losses of high frequency 263 

information due to signal attenuation in the sampling tubes was corrected by transfer 264 

functions based on tube length and –diameter, air flow rate, and diffusivity of CO2 and H2O, 265 

respectively. These transfer functions were then used to modify theoretical turbulence spectra 266 

based on wind speed, stability, and measurement height (Kaimal et al., 1972). From the ratio 267 

between original and modified spectra a correction factor for signal attenuation was then 268 

estimated for each 30-minutes interval. 269 

Post-collection data analysis and gap filling followed the method described by Lindroth et al. 270 

(2008). For this, the vertical CO2 gradient was measured at seven different heights (0.05, 1.5, 271 

10, 15, 18, 22 and 25 m above the ground) using a custom made gas exchange system (see 272 

Wallin et al., 2001 for details). In the first step, data were selected for periods when the flux 273 

measurement systems worked technically flawless and CO2 flux spikes  were removed which 274 

could not be attributed to morning flushes. The CO2 storage term was calculated using data 275 

from the measurements of the vertical CO2 gradient added to the flux data to obtain the NEE. 276 

The annual average CO2 storage flux was on average 2 % of the EC flux. 277 

The gap filling was conducted as follows: Daytime and night time data were selected 278 

according to the u* > threshold, i.e. the friction velocity at which the eddy covariance 279 

turbulence criteria, i.e. the friction velocity at which the mixing was well developed, are 280 

fulfilled. The night time flux, including storage, was plotted against u* and the u* threshold 281 

value determined visually as the point where the normalized flux started to decrease; this had 282 

a value of 0.25 m s-1.  283 

Half-hourly data were grouped into 14 day periods and the biotic NEE flux and PAR were 284 

fitted to the function: 285 

 286 



 

 

10 

10 

F
c
= -(F

csat
+ R

d
) × 1- exp

-aPAR

F
csat

+ R
d

æ

è
çç

ö

ø
÷÷

é

ë
ê
ê

ù

û
ú
ú
+ R

d
    (7) 287 

 288 

where Fc is the 30-min daytime biotic NEE flux and PAR is the photosynthetically active 289 

radiation (µmol m-2 s-1). Fcsat, Rd and  are fitting parameters.  290 

Night time data from each period were fitted to the function: 291 

F
cn

= R
0
×exp(k ×T)        (8) 292 

where Fcn is the night time biotic NEE flux (µmol m-2 s-1), R0 and k are fitting parameters and 293 

T is the air temperature (K). 294 

If no relationship with temperature could be obtained for night time data, the mean value 295 

during the night for the whole period was used. For longer periods, mean diurnal half hourly 296 

look-up tables were created using existing data based on at least 10 values per half hour 297 

(Lindroth et al., 2008). In total, 12 % of the annual flux had to be gap-filled due to loss of 298 

data, a further 30% had to be gap-filled because they did not meet the u* criterion.  299 

Gap filling error estimates were done by randomly removing a certain number of measured 300 

values, filling them according to the gap filling method used, and then comparing the 301 

estimated gap- filled values with the measured values. This procedure was repeated 10 times, 302 

and the mean gap filling error was estimated for day and night values.  303 

The flux footprints (or flux source areas) were estimated based on the algorithms of Schmid 304 

(1994, 2002). For each 30-minutes average interval, the dimensions of the elliptical source 305 

area from which 80% of the flux emanated were calculated. The corresponding surface areas 306 

were then aggregated for one year in a polar coordinate system centered by the position of the 307 

tower, resulting in three dimensional maps displaying the frequency of flux origins for each 308 

surface element within the fetch of the tower, separately for summer and winter, day and 309 

night, respectively. For simplicity, footprints from all wind directions were then accumulated 310 

and normalized into single graphs showing the frequency of flux emanation as a function of 311 

distance from the tower. 312 

Because of the effect of atmospheric stability, flux footprints are generally larger and further 313 

away from the tower during night-time and during winter than during day and summer. 314 
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However, even during winter nights more than 90% of the fluxes emanated from within a 315 

175-m radius around the tower. 316 

 317 

2.5 Quantification of above and belowground tree growth  318 

The annual production of aboveground and belowground biomass (including roots > 1cm) 319 

(eq.6a, 6b: AGBinc, BGBinc) was determined using biomass functions developed by Marklund 320 

(1988) and modified by Minkkinen et al. (2001) for organic soils, based on diameter at breast 321 

height (dbh) and tree height. These parameters were measured for 134 trees from 16 circular 322 

sub-plots of 0.01 ha (in total 0.16 ha) distributed within a rectangle around the EC tower. The 323 

dbh was measured at the turn of September and October in 2007 and 2008. The initial height 324 

of the trees in in 2007 was estimated based on dbh using Korf’s function which assumes an 325 

exponential relationship between dbh and tree height (Mehtätalo, 2004). Korf’s function was 326 

parameterized from measurements of dbh and tree height in 2010 on 335 trees in a 90 × 90 m 327 

plot surrounding the EC tower (Figure 1a). The 16 small sub-plots of 0.01 ha sampled for dbh 328 

were distributed uniformly within this area. The tree height increment in the 16 sub-plots was 329 

calculated from the mean annual increment in height, calculated as: 330 

 hinc
=

h
tot

-1.3

a
tot

-a
dbh

       (9) 331 

where hinc = mean annual height increment (m), htot = total tree height (m), atot = total age 332 

(years), and adbh = age at breast height (years).  333 

 334 

The tree age was estimated from wood cores  taken at breast height. The method was shown 335 

to be valid for the height increment of the trees near the tower for the last 10 years. Based on 336 

a wood analysis, the stem C content was 49% which was used as the conversion factor for C 337 

content in dry biomass.  338 

 339 

Since the 16 sub-plots were found to have on average a 23% smaller BA than the larger plot 340 

surrounding the EC tower based on an inventory of all 797 trees of the larger 90 x 90 m plot 341 

(Figure 1) in 2010, the biomass production was adjusted accordingly. A function established 342 

from a regression analysis of annual growth increment versus BA (R2 = 0.5) for the 16 sub-343 

plots was used to recalculate the biomass production by applying the BA of the larger plot on 344 
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this function and assuming an annual BA increase of 1.1 m2 ha-1 (Klemedtsson et al., 2010) to 345 

adjust for changes between 2008 and the 2010 inventory. 346 

 347 

Since fine roots (< 1 cm) were not considered in the biomass functions by Minkkinen et al. 348 

(2001), we assumed that annual fine root production corresponded to the increment in needle 349 

biomass, that was was determined from the Minkkinen et al. (2001) equations, which 350 

amounted to 3.6% of the total biomass increment. This assumption was based on publications 351 

by He et al. (2012) and White et al. (2000) showing that the ratio between the annual C 352 

increment of fine roots and of needles ranges between 0.66 and 3.3 kg C kg C-1 for conifers. 353 

The majority of given values for spruce-fir forests lay between 1 and 1.5 kg C kg C-1. Due to 354 

the wide range of values, we assigned an error estimate of 300% to the fine root growth.  355 

 356 

In order to receive an uncertainty estimate of tree growth, we quantified the measurement 357 

uncertainty of dbh and tree height. For this, we calculated the respective biomass in 2007 and 358 

2008 by assuming an error of ± 5% in dbh and of ± 10% in tree height. The respective values 359 

for error estimates were taken from published data (McRoberts et al. 1994). The 360 

measurement uncertainty in tree growth was then determined by the Gaussian error 361 

propagation scheme and the respective errors of the biomass in 2007 and 2008 (eq. 14). 362 

Furthermore, an uncertainty was assigned to the correction factor used for considering the 363 

23% smaller BA of the 16 small plots compared to the large 90 x 90m plot. The error 364 

estimate was determined 50% since the variation in BA explained 50% of the variation in tree 365 

growth (R2 = 0.5)  366 

 367 

2.6 Soil respiration (approach 2) 368 

The quantification of the respiration associated with the soil organic matter (SOM) (RSOM, eq. 369 

6b) was based on measurements of the soil CO2 efflux (ECO2) which were determined by the 370 

chamber method and a trenching experiment.  371 

 372 

Details of the  trenching experiment are described by Ernfors et al., (2011). Decaying roots 373 

and mycelia, cut by the trenching, added to the measured CO2 flux from SOM so that the 374 

measured ECO2 originates from three different sources, the flux from SOM, the flux from 375 

trenched roots and mycelia, and the flux from the litter layer (litter from aboveground plant 376 

parts): 377 
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ECO2 = RSOM + Rdecay + RLL       (10) 378 

So that  379 

RSOM = ECO2 - Rdecay - RLL      (10a) 380 

where RSOM and RLL are the respiration from the decomposition of SOM and litter (t C ha-1 yr-381 

1) (see eq. 5) and Rdecay (t C ha-1 yr-1) is the respiration from decaying roots and mycelia 382 

which were cut by trenching.  383 

 384 

ECO2 was measured using automatic transparent closed chambers at the three stations 385 

comprising two measurement plots each (n = 6) within the footprint area of the EC tower 386 

(Figure 1a). Details about the chamber design and instrumentation can be found in the 387 

appendix. Chambers were placed on permanently installed collars that covered the trenching 388 

frames. All vegetation was removed to eliminate CO2 uptake by photosynthesis. A logger 389 

system connected to the chambers prompted a measurement cycle every 20 minutes. During 390 

measurement, the lid was closed and air circulated between an infrared gas analyzer and the 391 

chamber. To ensure homogenous mixing of the air, chambers were equipped with a fan. The 392 

CO2 concentration of the chamber air was averaged every 30 seconds for 15 minutes before 393 

the lid was opened again and the cycle restarted. Measurements run automatically all day for 394 

a period of three weeks at one station. Chambers were then moved to the next station where 395 

another measurements cycle of three weeks was started.  396 

 397 

The respiration from decomposing trenched roots and mycelia, Rdecay, was determined by a 398 

modified version of the method of Ngao et al. (2007) and approximated biomass decay over 399 

time (see e.g. Berg and McClaugherty, 2008). It describes an exponential decay of root 400 

biomass after trenching within the first year. Originally developed for fine roots, we extended 401 

Ngao’s functions to account for coarse roots and fungal mycelia by adapting the function 402 

parameters: 403 

R
decay

= (1-a) ×m× (1-e
-0.997×k

r )      (11) 404 

where α = microbial efficiency of decomposition, m = biomass of coarse roots, fine roots and 405 

mycelia (t C ha-1), and kr = decomposition constant.  406 
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The root biomass was determined by soil coring on 5 December 2007 using a peat sampler 407 

(with a rectangular cross section measuring 8.2 × 8.3 cm). Two soil cores per plot (n=6) were 408 

taken to a depth of 40 cm. The amount of extramatrical mycorrhizal mycelia was estimated 409 

using the mesh bag technique (see Wallander et al., 2012 for a detailed description).  410 

The respiration from the litter layer, RLL that contributes to the measured soil efflux ECO2 411 

(eq.10) was determined as the difference between the annual aboveground litter production 412 

from trees (total input to litter layer) and the average annual accumulation of C in the litter 413 

layer, assuming long-term equilibrium between inputs and outputs:  414 

RLL = Ll – ΔL        (12) 415 

Where Ll = average annual aboveground litter production (t C ha-1 yr-1), and ΔL = average 416 

annual accumulation of C in the litter layer (t C ha-1 yr-1). 417 

In order to estimate ΔL, a total of 30 litter layer layer samples were taken across the site using 418 

a metal auger. After drying for 24 h at 70°C, the annual accumulation was determined as the 419 

total mass of C divided by the number of years since the start of litter layer formation, i.e. 420 

since afforestation.  421 

 422 

Aboveground plant litter production, Ll, was quantified by traps made of nylon mesh (0.25 423 

m2; n = 10) that were placed evenly across the study area. Traps were emptied every sixth 424 

week, all litter fractions (needles, twigs, cones, branches) were considered and the C content 425 

was determined from sub-samples.  426 

 427 

2.7 Soil N2O and CH4 fluxes  428 

Besides the CO2 fluxes, N2O and CH4 fluxes were quantified to determine the total GHG 429 

budget of the study site. Measurements of the N2O and CH4 fluxes were carried out once 430 

every two weeks using the closed chamber method. Measurements were taken at the in total 431 

six control plots of the three stations around the EC tower (n=6) by means of a dark chamber 432 

with a volume of 0.017 m3 that was placed on the measurement collars (0.19 m2) (see also 433 

section 2.1). Gas samples from the chambers were taken 4, 8, 16 and 32 min. after lid closure 434 

and collected in vials. Gas concentration was analyzed by gas chromatography and the gas 435 

flux was determined from the slope of the linear regression line of the gas concentration 436 

plotted against time. Only N2O and CH4 fluxes from control plots (non-trenched plots) were 437 
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used in the subsequent calculations. Further details on sample taking, gas analysis and flux 438 

calculation can be found in Ernfors et al. (2011). 439 

 440 

2.8 Handling of the flux data and calculation of annual flux rates  441 

Following the standard convention, we use a negative sign to indicate uptake and a positive 442 

sign to indicate gas release from the ecosystem.  443 

 444 

For ECO2 a simple linear regression between hourly measured ECO2 and soil temperature at 30 445 

cm depth was fitted for each plot according to the function:  446 

ECO2 = a + b ∙ t30       (13) 447 

where a and b are fitting parameters and t30 is the soil temperature at 30 cm depth.  448 

 449 

Including water table level in the regression was tested but did either not improve goodness 450 

of fit or led to a negligible increase. Agreement between model parameters was very 451 

goodhigh for the plots of stations 1 and 2 so that the same model could be used whereas for 452 

station 3 other parameters values had to be applied. Variation in soil temperature explained 453 

on average more than 75% of variation in ECO2. Annual fluxes were calculated by summing 454 

up modelled daily values. Standard deviation of ECO2 is given as the variation between 455 

stations 1, 2 and 3.  456 

 457 

Also for N2O fluxes a simple linear regression model to soil temperature and water table 458 

depth was tested using daily mean values. Regression  was very low except for station 3 459 

(pearson r below 0.4),. Thus, no regression model was applied to extrapolate fluxes. To 460 

calculate annual flux balances, mean daily N2O and CH4 fluxes of the missing periods were 461 

interpolated between two consecutive measurements. Annual flux balances were derived by 462 

summing up daily fluxes for each station which were then converted to C equivalents using 463 

the GWP for a 100 year time frame of 298 (N2O) and 25 (CH4) and the respective molar 464 

masses of CO2 and C (IPCC: Forster et al., 2007). To quantify the uncertainty induced by 465 

gap-filling of N2O fluxes, we calculated the gap-filling uncertainty for each gap-filled day by 466 

taking the  respective standard deviation of the values used to fill the gap into account. The 467 

total flux uncertainty was quantified according to the Gauss error propagation scheme by 468 

using the standard deviation and the gap-filling uncertainty of each station (eq. 14).  469 

 470 
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Generally, the Gauss error propagation scheme was used to calculate total errors of variables 471 

consisting of several compounds (tree growth, NEEcalc, RSOM, Rres, N2O flux ) assuming that the 472 

respective components (as given e.g. in eq. 6a and 10a)  were independent:  473 

SE
tot

= SE
c1

2 + SE
c2

2 + SE
cx

2
     (14) 474 

where SEtot = propagated error, and SEcx= standard deviation of component 1…x.  475 

 476 

 477 

3 Results 478 

3.1 Abiotic data 479 

The year 2008 was considerably warmer (8.7 ˚C) than the 30 year average for Vänersborg 480 

(6.4 ˚C). Records from the EC tower in Skogaryd showed that early winter 481 

(January/February) air temperature rarely fell below 0 ˚C and just once in March it reached -7 482 

˚C (Figure 2a). From the beginning of May, the daily mean air temperature was always well 483 

above 10 ˚C apart from a short period in late May. The highest daily mean temperatures were 484 

recorded in late July (23.9 ˚C). Temperature dynamics of the second winter period 2008 485 

(November/December) were similar to the first period (January/February) and frost only 486 

occurred occasionally. The precipitation during 2008 at nearby weather station (Vänersborg) 487 

was above average (10-year average: 709 mm, 2008: 1006 mm) and relatively evenly 488 

distributed over the year, except during spring (April to June) when rainfall was 30% less 489 

(127 mm) than the 10-year average for that period (177 mm). A persistent snow layer of up to 490 

35 cm was observed for only two weeks in March (www.smhi.se).  491 

 492 

Annual average soil temperature varied across the site and was 4.9 °C, 5.8 °C and 6.9 °C for 493 

station 1, station 2, and station 3, respectively. Annual average water table depth for the 494 

whole site was 0.45 m  with only small variations between stations: 0.15 m to 0.85 m (Figure 495 

2b) .  496 

 497 

3.2 NEE as determined by micrometeorological methods 498 

 499 

The accumulated NEE in 2008 was -2.0 ± 0.3 t C ha-1 yr-1 and showed large seasonal 500 

variation. During the first winter period NEE ranged between 0 and 1.5 g C m-2 d-1 with a 501 

maximum release of 2.3 g C m-2 d-1. The NEE was positive from January 1st until March 29th 502 

when the ecosystem switched to being a C sink (Figure 2b). NEE decreased rapidly until 503 

http://www.smhi.se/
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mid-May but remained then constant until the end of June. The highest net CO2 uptake was 504 

reported in July (-5.3 g C m-2 d-1). In late September, the site returned to acting as a C source, 505 

with emissions ranging between 0 and 1.5 g C m-2 d-1. In November and December the NEE 506 

showed a strong negative correlation to air temperature (r2 = -0.78).  507 

The average gap filling error was estimated to 6 % and 14 % for daytime and night time 508 

values respectively, corresponding to an uncertainty of ± 13 g C m-2 for all gap-filled data. 509 

This corresponds to an uncertainty of ± 6.5% of the total annual flux. The gap filling 510 

procedure showed good agreement during the growing season although the night time fluxes 511 

were underestimated. During winter the night time fluxes were heavily overestimated by the 512 

gap filling model, although it did not contribute considerably to the total annual flux. 513 

 514 

During daytime, the source distance distribution around the tower peaked at 50-100 m and 515 

the 90 % limit was within 200 m both during daytime and night time (Figure 1c). During 516 

night time, the source area occasionally moved further away, but never more than 250 m. 517 

This, in relation to homogeneous fetch conditions, means that the measured fluxes were 518 

certainly dominated by the surrounding forest stand as the prevailing wind direction was S or 519 

SW (Figure 1b). 520 

 521 

 522 

3.3 Biomass production  523 

Standing biomass (including roots ≥ 1 cm) – calculated using the Minkkinen et al. (2001) 524 

equations – amounted to 259 and 273 t dm ha-1 in 2007 and 2008, respectively. The coarse 525 

root biomass (> 1 cm) was estimated to be 45.7 t dm ha-1 (2007) and 47.9 t dm ha-1 (2008). 526 

The resulting tree growth in 2008 corrected according to the BA factor and including fine 527 

root growth was 8.3 ± 3.9 t C ha-1  yr-1. 528 

 529 

3.4 NEE as determined by compartment fluxes 530 

Applying eq. (6a) to the measured data of soil processes and biomass production resulted in a 531 

NEE of 0.2 ± 4.5 t C ha-1 yr-1 (Table 4). The measured soil CO2 efflux, ECO2, in 2008 was 532 

13.0 ± 1.7 t C ha-1 yr-1. Fluxes were highest from station 3 (14.9 t C ha-1 yr-1) whereas fluxes 533 

from the other stations were 12.6 (station 1) and 11.5 (station 2) t C ha-1 yr-1. The reason 534 

behind the variation is likely the higher average soil temperature at station 3 since it could be 535 

shown by the regression analysis that measured heterotrophic soil efflux ECO2 responded 536 
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strongly to soil temperature whereas the inclusion of water table depth only slightly increased 537 

the fit of the regression model. The low response to water table depth was also observed by 538 

Ojanen et al. (2010) and Mäkiranta et al. (2008) and is likely to be caused by the generally 539 

high drainage level of below 30 cm. Fresh litter with the highest potential for decomposition 540 

is deposited on the soil surface so that the water table would need to rise considerably to have 541 

an effect on its decomposition. 542 

 543 

The respiration from decaying roots in the trenched plots amounted to 1.5 ± 0.3 t C ha-1 yr-1 544 

for fine roots and 0.7 ± 0.5 t C ha-1 yr-1 for coarse roots, resulting in a total Rdecay of 2.2 ± 0.4 t 545 

C ha-1 yr-1 (Table 1). The biomass of mycorrhizal fungal mycelia was very small, which is 546 

why their impact on the CO2 flux was ignored. The average annual litter fall was 2.9 ± 1.1 t C 547 

ha-1 yr-1 and the annual litter accumulation 0.2 ± 0.1 t C ha-1 yr-1, which sums to an annual net 548 

respiration from decomposing litter of 2.7 ± 1.0 t C ha-1 yr-1. As a result, the respiration from 549 

SOM, RSOM, was 8.1 ± 2.1 t C ha-1 yr-1.  550 

 551 

3.5 N2O and CH4 fluxes 552 

The measured CH4 flux was, on average, -4.4 ± 2.3 kg CH4 ha-1 yr-1, i.e. CH4 was taken up by 553 

the soil. In contrast, N2O fluxes constituted a major greenhouse gas source, averaging 11.0 ± 554 

9.3 kg N2O ha-1 yr-1 (see also Ernfors et al., 2011) which corresponds to 0.9 ± 0.8 t Ceq ha-1 yr-555 

1 (Table 2). The response of N2O fluxes to soil temperature and water table depth was low for 556 

all plots expect one (R2 < 0.4), so that no regression model was applied to extrapolate fluxes.  557 

 558 

3.6 Two approaches to determining NEE and overall GHG budget 559 

The measurements conducted in this study allow for a comparison of the two different 560 

approaches to quantify the NEE of an afforested organic soil: direct measurement by 561 

micrometeorological methods and indirect quantification via soil respiration and C 562 

accumulation in tree biomass. The two approaches are illustrated in Figure 3. The direct 563 

approach identified the site as a C sink of -2.0 ± 0.3 t C ha-1 yr-1 (NEEmeas). Since the 564 

understorey vegetation is sparse and therefore likely to exhibit negligible fluxes, the 565 

difference between the annual tree growth and NEEmeas gives an estimate of the respiration 566 

from SOM (Rres) of 6.2 t C ha-1 yr-1. In the second approach, the NEE is estimated indirectly 567 
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(NEEcalc) based on the difference between annual tree growth and measured soil efflux, 568 

corrected for the CO2 efflux from decaying roots and litter. The respiration from SOM (RSOM) 569 

was 8.1 ± 2.1 t C ha-1 yr-1 so that the NEEcalc became -0.2 ± 4.5 t C ha-1 yr-1 (Figure 3). 570 

When NEE was combined with fluxes of CH4 and N2O (see above) the total flux balance of 571 

GHGs using approach 1 and 2 became -1.1 ± 0.8 t Ceq ha-1 yr-1 and 0.7 ± 4.6 t Ceq ha-1 yr-1, 572 

respectively (Table 4). Thus, the GHG budget was almost in balance, but approach 1 573 

indicated a small net sink while approach 2 indicated a small net source.  574 

 575 

4 Discussion 576 

 577 

4.1 Quantification of the NEE and compartmental fluxes 578 

The two approaches used to quantify the NEE gave different results. The uncertainty 579 

associated with NEEcalc is much higher than the uncertainty associated with NEEmeas, 580 

although it must be kept in mind that the propagated error of NEEcalc was determined 581 

according to the Gauss’ error propagation scheme (eq. 13). Due to the nature of this 582 

calculation, a low standard error of the components of the equation will yield a relatively 583 

high propagated error estimate.  584 

 585 

Comparison of the NEE with that of other similar sites is hampered because of the scarcity of 586 

year-round measurements in the literature. To our knowledge, there are no similar studies 587 

from Sweden, but in Finland studies at similar site conditions (depth of the peat, vegetation, 588 

drainage level) and climate conditions (situated in the hemiboreal to boreal region) have been 589 

conducted. Lohila et al. (2011) found a NEE of -2.4 t C ha-1 yr-1 for a pine forest on a drained 590 

organic soil (Table 3). However, that site had no agricultural history and the soil had a much 591 

lower soil N content (C:N of 34 to 41) leading to lower C accumulation in trees and, in 592 

contrast to the site of the present study, a net accumulation of C in the soil due to limited peat 593 

decomposition. A young pine forest on former agricultural land was found to be a restricted 594 

C source of 0.5 t C ha-1 yr-1 (Lohila et al., 2007). In the latter study, the organic soil lost large 595 

amounts of C that could not be completely compensated for by the C accumulation in the 596 

trees. However, the forest was only 30 years old with a C accumulation of 2.4 t C ha-1 yr-1 597 

which did not include fine roots. Furthermore, the C balance at that site could not be 598 
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quantified completely and Lohila et al. (2007) stated that site possibly could be a C sink if C 599 

accumulation in ground vegetation and belowground litter production were included. Other 600 

studies on the NEE of forests on organic soils have been undertaken. by Dunn et al. ( 2007) 601 

and Flanagan and Syed (2011), but the comparability is limited, because site conditions differ 602 

considerably from our site with respect to vegetation (natural, not afforested), management 603 

history (no drainage) and the much higher forest age of 160 years. Overall, the NEEmeas from 604 

our study appears to be reasonable compared to values reported from Finland, whereas the 605 

NEEcalc seems comparatively high considering the high level of C accumulation in trees.  606 

 607 

The estimated tree growth of 8.3 ± 3.9 t C ha-1 yr-1 is higher than reported values for similar 608 

ecosystems in Sweden and Finland (Table 3). The study site at Skogaryd is very nutrient-rich 609 

due to its former use for agricultural crops. This, together with the fact that the site is well 610 

drained and located in the hemiboreal zone with a more favorable climate for tree growth, 611 

allows for a higher productivity compared to Finnish sites (Lohila et al., 2007, 2011, see 612 

Table 3). The lower annual tree growth observed on the nutrient-rich organic soil reported by 613 

von Arnold et al. (2005b) can probably be explained by tree age. The trees at their site were 614 

90 years old, and were already older than the age associated with maximum biomass 615 

production (Gower et al., 1996; Black and Gallagher, 2010).  616 

 617 

The high C uptake from the trees is to a large extent (approach 1) or completely (approach 2) 618 

compensated by the respiration from SOM. However, when determined by the chamber 619 

technique (RSOM, approach 2) respiration was about 30% higher compared to the residual flux 620 

Rres of approach 1. RSOM is higher than reported values from organic sites across Finland and 621 

Sweden (-0.8 to 6.7 t C ha-1 yr-1, see Table 3) and also higher than fluxes from nutrient rich 622 

agricultural sites (4.5 to 5.5 t C ha-1 yr-1, Kasimir Klemedtsson et al., 1997) whereas Rres 623 

ranges at the upper end of reported values. Generally, the heterotrophic soil CO2 efflux Rh is 624 

one of the largest fluxes in ecosystems (Hanson et al., 2000; Schlesinger et al., 2000), which 625 

implies that even small uncertainties in the components of this flux (see eq. 5) can equate to 626 

the size of the total net C flux  (Ojanen et al., 2012). The discrepancy between approaches 627 

points to some uncertainties associated with the methods applied which will be discussed in 628 

detail in section 4.5.  629 

 630 

4.2 Potential losses due to discharge  631 
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The export of C from the soil to streams and ditches is a factor with potential impact on the 632 

ecosystem C budget (Nilsson et al., 2008) that was not quantified in the present study. For 633 

afforested organic soils, total organic C (TOC) export ranges between 58 and 115 kg C ha-1 634 

yr-1 and depends on a variety of factors including the organic matter content, discharge during 635 

the spring melting period as well as the magnitude of winter precipitation (Laudon et al., 636 

2004; Köhler et al., 2008; Haei et al., 2010; Rantakari et al., 2010; Dyson et al., 2011). Due to 637 

the high C content and the high winter precipitation in 2008 the TOC export in Skogaryd was 638 

probably higher than that reported in studies by Köhler et al. (2008) and Dyson et al. (2011) 639 

where soils had a lower C content. However, there was no consistent snow layer in Skogaryd 640 

in 2008, so that the impact of the spring melting period was probably negligible. Total 641 

inorganic C (TIC) export reported in the literature seems to be of minor importance (<30 kg 642 

C ha-1 yr-1, Öquist et al., 2009, Rantakari et al., 2010; Wallin et al., 2010; Dyson et al., 2011). 643 

Overall, with reported maxima of 30 and 115 kg C ha-1 yr-1, the contribution of discharge C 644 

losses to the total C budget at Skogaryd is probably low as literature values constitute less 645 

than 2% of the annual tree growth and the respiration from SOM   646 

 647 

 648 

4.3. N2O and CH4 fluxes   649 

The measured CH4 flux was very low and always negative, i.e. CH4 was taken up by the soil. 650 

These results are similar to values previously reported for drained organic soils in Sweden, 651 

Finland, the UK and Germany for different types of coniferous forests (-0.18 and -2.0 kg C 652 

ha-1 yr-1) (e.g. Kasimir Klemedtsson et al., 1997; Minkkinen et al., 2002; Huttunen et al., 653 

2003; Maljanen et al., 2003a; von Arnold et al., 2005b; Yamulki et al., 20132). Due to the 654 

low magnitude of the flux, the contribution to the GHG budget is negligible (Table 4). The 655 

source potential at the site might be underestimated due to possible CH4 emissions from 656 

ditches, which were not considered in this study. Previous studies have shown that, 657 

depending on the water movement and water temperature, CH4 emissions can be 10 times as 658 

high as from neighboring soil (von Arnold et al., 2005b; Minkkinen and Laine, 2006). 659 

 660 

In contrast to CH4, significant N2O fluxes of 11.1 ± 9.3 kg N2O ha-1 yr-1 were observed which 661 

are higher than reported values (0.4–8.1 kg N2O ha-1 yr-1: Maljanen et al., 2003b; von Arnold 662 

et al., 2005b; Alm et al., 2007; Yamulik et al., 2012). Comparing the 2008 flux estimate to 663 

the preceding and following year (2007: 9.7 ± 8.9 kg N2O ha-1 yr-1, 2009: 5.1 ± 2.6 kg N2O 664 
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ha-1 yr-1) shows that fluxes were above the three-year average of 8.5 kg N2O ha-1 yr-1 although 665 

similar to the values in 2007. In 2008, also air temperature and precipitation were above 666 

average, so that especially in August and September warm and wet conditions have 667 

stimulated N2O emissions (data not shown). Therefore, fluxes in 2008 were exceptional, but 668 

reasonable with regard to climatic conditions. The in general high N2O emissions from the 669 

present site can be explained by the relatively low soil C:N ratio of 22 to 23. Klemedtsson et 670 

al. (2005) found that N2O emissions rapidly increase with reductions in the soil C:N below a 671 

threshold ratio of 25. Although water table has been identified as one of the determining 672 

factors for N2O emissions, especially for oligothrophic soils, (Martikainen et al., 1993) the 673 

response of N2O fluxes to the water table depth in our study was only low as tested by a 674 

regression model. The same applies to the soil temperature. One reason behind is probably 675 

the only fortnightly measurement frequency. Furthermore N2O emissions seem to respond 676 

strongly to intermediate soil moisture conditions (Jungkunst and Fiedler, 2007), which means 677 

that changing water table depths creating frequent changes between drier and wetter 678 

conditions could stimulate N2O production so that no clear correlation can be found.   679 

 680 

Our numbers corroborate the N2O effluxes summarized in a review by Alm et al. (2007), 681 

where an efflux of up to 10 kg N2O ha-1 yr-1 was reported for nutrient-rich well-drained pine 682 

fens and spruce mires. Together, these results indicate that the value of the default emission 683 

factor in the 2006 IPCC Guidelines for nutrient rich drained organic forest soils are probably 684 

too low: 0.9 (0.25–3.7) kg N2O ha-1 yr-1.  685 

 686 

 687 

4.4. Overall GHG balance 688 

Considering all GHG fluxes, the calculated GHG budget is negative (-1.1 ± 0.9 t C ha-1 a-1) 689 

when determined according to approach 1 or positive when determined by approach 2 (0.8 ± 690 

2.8 t C ha-1 a-1, Table 4). The GHG budget estimations by the two approaches differ by 2 t C 691 

ha-1yr-1 but the high uncertainties associated with them do not allow for concluding that they, 692 

in fact, are different. Our results contrast with the findings of Ojanen et al. (2012) who 693 

compared the EC technique and the chamber technique and balance calculations to determine 694 

soil C balance. They found only marginal differences between the soil effluxes using the two 695 

different methods. However, they pointed out that the chamber estimation depends largely on 696 
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assumed turnover rates of fine roots to calculate belowground litter production. Using the 697 

lowest values of their given range, the EC and the chamber approach by Ojanen et al. (2012) 698 

differed by almost 2 t C ha-1 yr-1. Furthermore they did not, to our knowledge, correct for the 699 

decay of roots and mycelia vin trenched measurement collars. These factors can lead to either 700 

an underestimation (e.g. due to missing mycelia litter input) or an overestimation of the soil C 701 

losses (e.g. due to an overestimation of the measured heterotrophic flux) so that it is difficult 702 

to estimate the net effect.  703 

The difference between approaches and the high uncertainty of NEEcalc point to some 704 

potential uncertainties which are associated with the method used to estimate the respective 705 

compartmental fluxes. 706 

 707 

 708 

4.5 Uncertainty in the terms of the C balance 709 

4.5.1 Biomass 710 

Both approaches used in this study to quantify the NEE of a nutrient-rich afforested organic 711 

site rely on correctly estimating tree growth on the basis of biomass equations. Uncertainties 712 

involved in the application of such equations can in principle be distinguished between model 713 

uncertainty, sampling uncertainty and measurement uncertainty (Melson et al. 2011; Chave et 714 

al. 2004; Jenkins et al., 2003). Model uncertainty is caused by an inappropriate set of 715 

allometric functions and parameters to describe the forest stand and its’ species composition 716 

accurately. However, Iin our study, the application of the Minkkinen et al. (2001) equations 717 

is the most appropriate model available. First, the equations were specifically developed for 718 

species common in Swedish forests, i.e. for the species studied (Norway spruce, Scots pine 719 

and silver birch), site fertility and site climate. Second, the Minkkinen et al. (2001) equations 720 

account for the effect of the soil type (organic) on root growth, which has been shown to be 721 

higher in organic than in mineral soils (Laiho and Finer, 1996). Sampling uncertainty is 722 

related to the size of the study plot. In this study the systematic selection of 16 plots (0.01 ha 723 

each) in a grid around the EC tower, was shown to underestimate the BA compared to a 724 

measurement of all trees in a larger area (90 x 90 m) around the EC tower and could be seen 725 

as a random error. We corrected this effect by applying a regression model and introducing a 726 

correction factor which was assigned an uncertainty corresponding to the coefficient of 727 

determination. Furthermore, the uncertainty induced by measurement errors was quantified 728 
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by assuming an error in dbh and tree height of 5% and 10%, respectively. The overall 729 

uncertainty of the annual tree growth amounted to almost 50% of the tree growth estimate:  730 

3.9 t C ha-1 a-1 of which the largest part is attributed to the measurement uncertainty. 731 

 732 

4.5.2 Approach 1:  quantification of the NEE by eddy covariance 733 

The accuracy of the EC method depends upon a number of random and systematic errors 734 

related to sampling and theoretical issues as well as to site specific matters such as limited 735 

fetch or topographic constraints. However, with a careful system design and the correct field 736 

installation, most errors are generally small. Based upon our own experience, errors related to 737 

gas analyzer calibration and signal dampening in tubes are both typically within 2-3%, while 738 

errors due to sensor separation are less than 2% (Berger et al., 2001). Random errors in EC 739 

measurements are generally considered to be less than 7% during daytime and less than 12% 740 

during night time conditions but for longer time periods they typically decrease to ± 5% due 741 

to the increasing number of samples (Baldocchi, 2003). In addition to random error, 742 

uncertainties due to gap filling, limited fetch conditions and potential impacts of advection 743 

flows need to be considered. Advection occurs mainly during stable night time conditions, 744 

periods we have filtered out by the u* threshold method, which has been shown to be the best 745 

available approach (Aubinet et al., 2010). We estimated the uncertainty introduced by the gap 746 

filling to be ± 13 g C m-2 on an annual basis which is in the same order of magnitude as the 747 

error estimated by Moffat et al. (2007) ( ±25 g C m-2 year-1).  748 

Errors related to limitations in the fetch and topographical constraints are more difficult to 749 

quantify. In Sweden, afforested organic soils are often located in small valleys within a 750 

mosaic landscape, which means they are not ideal for applying micrometeorological 751 

techniques. This does apply to the Skogaryd research catchment but, since the source area 752 

was determined to be by 90% within 200 m in all directions of the tower and potentially 753 

moved further away only occasionally at night time (at maximum 250 m), the potential 754 

influence of fetches of different vegetation and soil properties could only have been minor.   755 

Thus, considering the errors in calibration, spectral correction, gap filling and the fact that the 756 

footprint was well within the homogeneous part of the forest, we estimated the total error of 757 

the NEE measurements to be within ± 15% which gives a range of 1.7 to 2.3 t C ha-1 year-1. 758 

 759 
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Whereas in approach 2 the respiration from SOM was determined according to chamber 760 

measurements (and balance calculations), in approach 1 respiration from SOM was 761 

determined as the residual between NEEmeas and tree growth. For both approaches, the fluxes 762 

differed by almost 30%. The uncertainty estimates of both fluxes demonstrate that they agree 763 

to each other within their uncertainty range. However, besides the errors induced by the 764 

respective flux components, the discrepancy in the average flux might be induced by a 765 

mismatch of the measurement period between flux measurements and tree growth estimation. 766 

Tree growth in spring is often initiated by re-mobilization of stored carbohydrates which 767 

were assimilated during the preceding autumn. This could imply that the measurement 768 

periods of NEE and chamber fluxes and tree growth do not overlap precisely which would 769 

lead to a bias in the estimation of Rres. Barford et al. (2001) and Gough et al. (2008) assign 770 

this time lag as reason for the bad agreement between biometric and flux measurement for 771 

short time periods but for the good agreement when long periods are considered. Thus, when 772 

short term periods are considered as in this study, this potential mismatch cannot be 773 

excluded.  774 

 775 

4.5.3 Approach 2: On the indirect quantification of the NEE 776 

The magnitude of NEEcalc in approach 2 is heavily based on precise quantification of the 777 

respiration from SOM (RSOM.). Due to the use of a trenching experiment, the measured soil 778 

CO2 efflux (ECO2) had to be corrected for the CO2 flux from the litter layer (RLL) as well as 779 

the decay of roots (Rdecay, (Table 1). This correction accounts for 38% of the measured efflux.   780 

 781 

Uncertainties in the CO2 flux from the litter layer are difficult to evaluate. The assumption of 782 

a linear accumulation of litter since afforestation potentially induces a bias since year to year 783 

accumulation is likely to differ and accumulation rather follows a linear curve after canopy 784 

closure. Calculating litter accumulation since canopy closure (assumed to occur 10, 15, 20, 785 

and 25 years after afforestation) changed the average annual accumulation between 0.34 and 786 

0.9 t C ha-1a-1. Another source of uncertainty is induced by a potential measurement error in 787 

the litter layer C storage. However, assuming an error of ± 20% in the measured dry weight 788 

only had a minor effect on the calculated total respiration from the litter layer: RLL ranged 789 

between 2.7 ± 1.1 and 2.77 ± 1.1 t C ha-1 yr-1.  790 

An alternative method applied previously to quantify the respiration from SOM is to remove 791 

the litter layer before the experiment and install a mesh to exclude fresh litter (Mäkiranta et 792 
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al., 2007). However, besides generating  uncertainty in quantifying the amount of C removed 793 

this methods provokes artifacts due to changes in soil surface conditions, such as 794 

temperature, humidity and, consequently, priming effects (Kuzyakov, 2002; Mäkiranta et al., 795 

2012).  796 

Uncertainties in the correction terms for root decay were smaller and derive from potential 797 

errors in the applied root decomposition rates (see Table 1). Root decomposition is closely 798 

related to root turnover, which has been shown to be highly variable depending on tree 799 

species and also on site-specific and climatic conditions (Finer et al., 2011; Brunner et al., 800 

2012). We assessed this uncertainty by calculating the root decay for different decomposition 801 

rates as given by Ngao et al. (2007) and Chen et al. (2001). The calculated fine root mass loss 802 

was 25% of the initial mass for the first year after trenching. Comparability to studies from 803 

the boreal zone is limited due to the scarcity of studies but is within the range reported in 804 

studies from other zones, e.g. Epron et al. (1999) for a beech forest in France (26%), Diaz-805 

Pinez et al. (2010) for a mixed spruce forest in Austria (30% in the first two years) (see also 806 

review by Subke et al., 2006). An alternative approach to estimate the impact of trenched 807 

roots was applied by Comstedt et al. (2011). Using a modeling approach based on a trenching 808 

experiment, they quantified the overestimation of the measured respiration due to decaying 809 

roots and mycelia to be 16 % in the first year. However, their model uses the CO2 flux in the 810 

second year after trenching as a reference, assuming that the direct “decomposition effect” 811 

can be discounted that early. This is in sharp contrast to the results of Mäkiranta et al. (2010), 812 

who showed that the impact of decaying roots and mycelia can be considerable even in the 813 

third and fourth year after trenching. The estimation is, therefore, probably too low. Comstedt 814 

et al. (2011) furthermore pointed to the impact of trenching on the water table depth, which 815 

rises due to reduced root uptake so that microbial activity in the trenched plots may decrease. 816 

They concluded that this effect leads to an overestimation of the measured soil CO2 efflux of 817 

29%. In this study we did not observe any change of the water table depth after trenching, so 818 

this effect will have been minor. 819 

 820 

4.5.4 On N2O and CH4 fluxes 821 

The uncertainty estimate of the average annual N2O flux constituted about 85% of the flux 822 

itself. To this, the standard deviation between stations contributes by more than 50% which 823 

points to the challenge of measuring N2O fluxes in a heterogeneous environment like organic 824 
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soils. Only a high measurement frequency and high spatial resolution could narrow this 825 

uncertainty. Also, the fortnightly measurement frequency might provoke that certain 826 

emission peaks are not captured. However, this would mean that the actual N2O flux estimate 827 

of 11.0 ± 9.3 kg N2O ha-1 is too low. A further bias of the N2O flux estimate introduced by 828 

the fortnightly measurement frequency is the interpolation of measured fluxes for missing 829 

periods. We assessed this uncertainty by assuming a standard deviation of the daily gap-filled 830 

flux corresponding to the standard deviation of the data used to fill the gap. This bias 831 

contributed by about 40% to the total error.   832 

 833 

One concern with regard to the application of the chamber technique is that the technique 834 

itself creates artifacts (Livingston and Hutchinson, 1995) which are discussed in detail 835 

elsewhere (e.g. Pumpanen et al., 2004; Forbrich et al., 2010; Levy et al. 2011).  A lack-of-fit 836 

of the regression model for the increase of gas concentration over time in the measurement 837 

chambers is considered to be the largest source of uncertainty and especially the use of a 838 

linear model has been proposed to underestimate fluxes (Levy et al., 2011). Also, the use of a 839 

chamber without ventilation seems to underestimate fluxes (Christiansen et al., 2011). In 840 

contrast to these findings, a recent publication by Wang et al. (2012) demonstrated that CH4 841 

fluxes as determined by the chamber method (without ventilation) and the eddy covariance 842 

agreed very well to each other. It must be emphasized, that a potential bias caused by the 843 

assumption of a linear regression and the use of a chamber without ventilation again rather 844 

point to a potential underestimation of fluxes.  845 

 846 

4.6 Comparison of approaches and long-term GHG balance 847 

 848 

Although the average NEE determined by the two approaches differs by 2 t C ha-1, both 849 

approaches are consistent given the large uncertainty associated with NEEcalc of approach 2. 850 

Due to the limitations of the methodology applied for approach 2 as discussed above, we 851 

consider approach 1, the EC technique, to be the more reliable tool in this case to obtain 852 

precise estimates of the ecosystem C budget although comparability between the biometric 853 

tree growth measurements and the EC methodology to receive an estimate of Rres is limited 854 

due to the time lag between CO2 assimilation by the trees and tree growth as discussed in 855 

Gough et al (2008) and Barford et al. (2001). The study demonstrates, that future research is 856 

needed to narrow uncertainties related to the approach 2, especially with regard to the 857 
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determination of SOM respiration by the chamber technology. Although the approach is too 858 

uncertain to provide a precise quantification of the GHG budget, the analysis of the 859 

compartmental fluxes provides estimates of their magnitude and can improve process 860 

understanding.  861 

Approach 1 indicates that the study site is a GHG sink of -1.1 ± 0.9 t Ceq ha-1a-1 and that the 862 

N2O efflux offsets about 50% of the C sink strength (Table 4). Although the N2O flux 863 

estimate is associated with high uncertainty induced by the heterogeneous soil conditions and 864 

gap-filling, the comparison to the previous and following year show, that fluxes were only 865 

slightly above average which could be explained by climatic conditions. Furthermore, 866 

additional biases, which are difficult to assess, would lead rather to an underestimation than 867 

an overestimation of the flux.  868 

 869 

It must be stressed that we only present measurements for a single year.. so that no evidence 870 

can be provided to elucidate the long-term GHG budget of this site. A few studies, however, 871 

can give some indication:. Using snap-shot measurements and modeling, Hargreaves et al. 872 

(2003) showed that young forests of about 4 to 8 years act as a net C source but then 873 

transform into C sinks when the C accumulation in trees exceeds the soil C losses due to 874 

decomposition. Gower et al. (1996) estimated the age of boreal evergreen forests associated 875 

with maximum biomass production to about 60 – 70 years. With increasing age, i.e. after 876 

canopy closure, the C sink potential declines again because of the decomposition of harvest 877 

residues and the lower C accumulation by trees (Gower et al. 1996; Ågren and Hyvönen, 878 

2003; Black and Gallagher, 2010). As a consequence, the overall net GHG uptake of the 879 

investigated site in the Skogaryd research catchment is likely to be limited to a rather short 880 

time when the forest is at its maximum productivity. Furthermore, the observed and estimated 881 

N2O and CO2 fluxes from the soil range at the upper end of or are higher than reported 882 

values. This implies that the overall GHG balance is very sensitive to changes in the tree C 883 

accumulation and that minor changes in the C assimilation could turn the ecosystem into a 884 

GHG source.   885 

 886 

Afforested, nutrient-rich organic soils might therefore be net GHG emitters for a rather long 887 

period. Emissions of CO2 and N2O can be high, as has been shown in previous studies (e.g. 888 

von Arnold et al., 2005b; Alm et al., 2007) and can compensate or exceed the C accumulation 889 
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in trees. The afforestation of former agricultural soils in order to turn the ecosystem into an 890 

overall long-term GHG sink might therefore not be an effective strategy.  891 

 892 

 893 

 894 

5 Conclusion  895 

We investigated the total GHG budget of a spruce forest on a nutrient-rich organic soil using 896 

the chamber technique to quantify N2O and CH4 fluxes and applying two approaches to 897 

determine the C balance: an indirect balance calculation approach based on chamber 898 

measurements and the direct measurement of the NEE by eddy covariance. Due to 899 

accumulated uncertainties that remains to be resolved using the indirect method, the direct 900 

method was considered to be the more reliable tool for obtaining precise estimates of C and 901 

the overall GHG budget. According to the EC method, the site is currently a GHG sink due to 902 

high C uptake by the actively growing forest; this is, however, offset to a large extent by N2O 903 

emissions. We conclude that during peak forest production, the nutrient rich forest ecosystem 904 

is a GHG sink, but it will probably be a GHG source over the remaining time, hence 905 

contributing to global warming. According to Klemedtsson et al. (2005) and Ernfors et al. 906 

(2008), organic soils with a low C:N ratio (<25), as typical for former agricultural soils, cover 907 

about 60% of the total area of drained organic forestland in Sweden, so that the GHG balance 908 

of these sites is of major importance for the national GHG inventory. The long-term GHG 909 

sink potential of these sites must, therefore, be seriously questioned and it is recommended 910 

that future GHG mitigation strategies take site-specific properties into account.  911 
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 912 

APPENDIX A 913 

Table A1 Overview of the instrumentation applied at the Skogaryd research catchment: 914 

Measured environmental parameter or technical equipment, height of the instrument at the 915 

eddy flux tower or soil depth of the instrument, information on applied software or 916 

instrument, producing company.  917 

Parameter/ technical 

equipment 

Instrument 

height/depth 

(m) 

Instrument Manufacturer 

ground abiotic data: recorded every 30 minutes   

air temperature  1.5 Campbell 107 Temperature Probe  Campbell Scientific, 

Logan UT, USA 

radiation shield   UT12VA 12-Plate Radiation Shield Campbell Scientific, 

Logan UT, USA 

soil moisture -0.05 to -0.6 CS616 Water Content reflectometers  Campbell Scientific, 

Logan UT, USA 

soil temperature -0.05 to -0.6 copper-constantan thermocouples, 

Temperature probes 107 

Campbell Scientific, 

Logan UT, USA 

 

water table level  CS-420-L Submersible pressure 

transducer 

Campbell Scientific, 

Logan UT, USA 

 

logger    CR10X logger, AM16/32A multiplexer Campbell Scientific, 

Logan UT, USA 

 

EC flux system 

CO2, H2O concentration 27 infrared gas analyser LI-6262 Li-Cor Inc., Lincoln 

USA 

3D wind speed, air 

temperature 

27 sonic anemometer Gill R3 Solent, UK 

 

meteorological  data: recorded every 10 minutes 

air temperature,  

air humidity 

22 MP101A probe in 

ventilated radiation shield 

Rotronic, USA 

global radiation  27 pyranometer SP-series Apogee SP, Logan, 

USA 

net radiation 27 net radiometer NR-Lite  Kipp & Zonen, Delft, 

Netherlands 

PAR 27 PAR sensor SQ-series Apogee SP, Logan, 

USA 

logger  CR10X logger Campbell Scientific, 

Logan UT, USA 

 918 

 919 
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Table A1 (continued) 920 

    

Parameter/ technical 

equipment 

Instrument 

height/depth 

(m) 

Instrument Manufacturer 

Soil respiration: automatic closed chambers (0.24m3), ventilated by fan, automatic lid closure before 

measurement 

Actuator for lid opening   Linear Actuator LA12 LINAK A/S, Nordborg, 

Denmark 

logger system    CR10X logger, AM16/32A multiplexer, 

SDM-CD16 relay control port module 

Campbell Scientific, 

Logan UT, USA 

Infrared gas analyser   SBA-4 OEM CO2 Analyzer PP Systems, Amesbury 

MA, USA 

 

N2O and CH4 flux: dark chamber technique, gas sampling 4, 8, 16, and 32 minutes after chamber closure by 

means of extracting a gas sample with a syringe inserted into a rubber septum in the chamber lid. Chamber 

volume: 0.017 m3  

determination of gas 

concentration of samples 

  Varian 3400 gas chromatograph Agilent Technologies 

Inc., Satna Clara CA, 

USA 

flux calculation   STAR Varian 
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Table 1 Biomass in autumn 2007 (t C ha-1) and respective parameter values of fine roots, 1207 

coarse roots, and fungal mycelia used for the calculation of the respiration from decaying 1208 

roots and mycelia (Rdecay). If not stated otherwise, parameter values were used as given in 1209 

Ngao et al. (2007). α = microbial efficiency, kr = decomposition constant. 1210 

  1211 

 
Biomass   

(t C ha-1) 

Determined by 

method 
α 

kr  

(yr-1) 

Calculated flux  

(± stand. dev.)  

(t C ha-1) 

Fine roots  

(< 1cm) 

6.2 measureda 0.4 b 0.5 1.5 (0.8)c 

Coarse roots 23.4 Minkkinen et 

al. (2001) 

0.3 0.045d 0.7 (0.5)c 

Fungal 

mycelia 

0.023 measured a 0.4 b 0.5 <0.00 

a by R.G.Björk (personal communication) 
b microbial efficiency was assumed to be higher for fine roots and fungal mycelia compared to coarse roots.  
c standard deviation was determined as the uncertainty in the calculated flux for a decomposition rate kr of 

±50% 
d kr was adapted for coarse roots and determined acc. to Chen et al. (2001) 

1212 
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Table 2 CH4 (kg CH4 ha-1 yr-1) and N2O (kg N2O ha-1 yr-1) fluxes and the corresponding flux 1213 

in C equivalents (t Ceq ha-1 yr-1) (±stand.dev.)uncertainty) at the Skogaryd research catchment 1214 

for 2008. C equivalents were calculated based for a 100 year time frame based on their 1215 

respectively global warming potential (IPCC: Forster et al., 2007) 1216 

 1217 

 station 1 station 2 station 3 mean flux 
C equivalents 

(tCeq ha-1 yr-1) 

N2O flux  
(kg N2O ha-1 yr-1) 

3.5 11.1 18.7 11.0 ± 9.3 0.9 ± 0.8 

CH4 flux  
(kg CH4 ha-1 yr-1) 

-5.8 -1.7 -5.5 -4.4 ± 2.3 -0.08 ± 0.04 
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Table 3 Annual tree growth, NEE and respiration from SOM determined at comparable 1218 

organic sites. If not stated otherwise, units are t C ha-1 yr-1. A negative sign indicates an 1219 

uptake from, a positive a release to the atmosphere. 1220 
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Table 4 Total GHG budget at the Skogaryd Research Catchment, presented as C equivalents 1221 

determined by the measured N2O and CH4 flux and two different approaches to determining 1222 

the NEE. All units are t Ceq ha-1 yr-1. 1223 

 1224 

  
Approach 1 

(GHG flux ± stdev) 

Approach 2  

(GHG flux ± stdev) 

Plant CO2 flux       

Tree growth ΔB -8.3 3.9 -8.3 3.9 

Soil CO2 fluxes      

Measured soil flux ECO2   13.0 1.7 

Respiration from 

litter layer 
Rl   2.7 1.1 

Decay from roots  Rdecay   2.2 0.4 

Soil net efflux Rres/RSOM 6.3 4.0 8.1 2.1 

Net ecosystem  

CO2 flux 
NEE -2.0 0.3 -0.2 4.5 

Other GHG       

CH4 flux  0.0 0.0 0.0 0.0 

N2O flux   0.9 0.8 0.9 0.8 

total GHG flux 

balance 
  -1.1 0.8 0.7 4.6 
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 1226 

 1227 

Figure 1 (a) Position of the flux tower and of the three chamber measurement stations at the 1228 

Skogaryd research catchment. The dotted line indicates the area of the 90 x 90 m plot in 1229 

which trees have been sampled for quantification of biomass growth. White circles indicate 1230 

the distance to the tower (100 m, 200 m, and 300 m, respectively) (b) Relative wind 1231 

frequency for each wind direction (0 – 360°) and (c) Results of the footprint analysis.  1232 

Formatiert: Schriftart: Nicht Fett
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 1233 

 1234 

Figure 2 Daily precipitation (mm) from the Vänersborg SMHI weather station and average 1235 

daily air temperature (˚C) (A), average water table level (B) and net ecosystem exchange 1236 

(NEE: g C m-2 d-1). The grey shadowed area indicates periods (>3 days) where data have been 1237 

gap- filled (C). 1238 
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 1239 

Figure 3 Net ecosystem C exchange at the Skogaryd research catchment as determined by 1240 

two approaches. In approach 1 (left), NEE is measured directly by the EC technique and the 1241 

respiration from SOM (Rres ) is determined as the residual flux of the measured NEEmeas and 1242 

the calculated tree growth. In approach 2 (right), the NEE is calculated as the residual flux 1243 

NEEcalc based on the quantification of the respiration from SOM (RSOM, see text for details). 1244 

Measured gross fluxes are given as red numbers, calculated gross fluxes as black numbers, 1245 

calculated net effluxes as italics. Fluxes determined as residuals are given in grey boxes. All 1246 

fluxes in t C ha-1yr-1 1247 

2.7 
(±1.0)

+13.0 (±1.7)

-2.0 (±0.3a) -0.2 (±4.5b)

Decay of roots 
and mycelia

+8.1 (±2.1b)

Decay of 
plant litter

-8.3 
(±3.9)

NEEmeas
NEEcalc

Approach 1 Approach 2

+6.3

-

Measured respiration 
from SOM: RSOM

Residual respiration 
from SOM: Rres

2.2(±0.4)

a assuming 15% data uncertainty
b propagated error estimates are calculated by the Gaussian error propagation 

scheme assuming that components are independent 


