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A B S T R A C T   

Climate change mitigation strategies have increased the demand for wood products, resulting in an urgent need 
to increase wood production. One approach is to fertilize forest land, but this can influence greenhouse gas 
(GHG) fluxes within the ecosystem. The aim of this study was to examine the effects of forest N fertilization on 
soil CH4 and N2O fluxes in young Norway spruce (Picea abies (L.) Karst.) stands in southern Sweden. The gas 
fluxes were measured using flow-through non-steady-state dark chambers. In the first, long-term, experiment, 
half of the stand was fertilized twice (once in 2014 and once in 2016) with 150 kg ha− 1 of N, and gas flux 
measurements were taken throughout 2014–2017. In the second, dose, experiment, 0, 150, 300, or 450 kg ha− 1 

of N was added to the stand in April 2016, and gas flux measurements were taken during April-December 2016. 
The dose experiment showed that the sink strength of CH4 decreased with increasing amounts of N; the long-term 
experiment indicated that repeated fertilization decreased the CH4 sink strength over time. Additionally, the 
long-term experiment indicated that, while significantly higher N2O emissions were recorded in the fertilization 
years, this was not detected in subsequent years, suggesting the effect to be short-lived. In the dose experiment, 
fertilization tended to increase the N2O emissions relative to the amount of fertilizer. However, despite the 
significant effects of fertilization on these GHGs, the summed fluxes were a fraction of the net uptake of C at the 
sites, as recorded in another study. These findings suggest that fertilizing forest land with commercial NP or NPK 
fertilizers corresponding to 150 kg ha− 1 of N, the level used in operational forestry in Sweden today, can be 
conducted without changing CH4 and N2O fluxes to any great extent.   

1. Introduction 

Climate change caused by rising levels of carbon dioxide (CO2) and 
other greenhouse gases (GHGs), such as methane (CH4) and nitrous 
oxide (N2O), in the atmosphere, is one of the greatest challenges of our 
time, and the risks of rising temperatures caused by GHG emissions are 
critical to life on Earth (IPCC, 2013). Trees sequester CO2 from the at
mosphere through photosynthesis, and wood is used by humans for a 
variety of products, including as a substitute for fossil fuels and energy- 
intensive materials. Independently of whether a forest is used to store 
carbon (C), or its wood utilized to replace fossil fuel or C-intensive 
materials, the growth rate of the forest is important to maximize its 
potential to contribute to climate change mitigation (Lundmark et al., 
2014). High growth rates provide more opportunities for capturing and 

storing CO2 in the trees or supplying more wood that can be used as a 
substitution resource (Poudel et al., 2012). 

Forest management impacts forest growth using tools such as seed
ling improvement, choice of tree species, and thinning regimes. How
ever, the impact of most silvicultural tools on forest growth is slow. One 
of the few ways to enhance tree growth quickly is nitrogen (N) fertil
ization. In Sweden, most fertilization of forest land comprises one or 
more applications of 150 kg ha− 1 of N during a rotation period (Hedwall 
et al., 2014) in middle-aged and older boreal forests. This method of 
fertilization can enhance stem growth by 13–20 m3 ha− 1 during a 10- 
year period (Nohrstedt, 2001), while more intensive fertilization re
gimes can result in much larger increases in wood production and thus 
further increase the potential to mitigate climate change. For example, 
biannual fertilization with 125–150 kg ha− 1 of N in young forest stands 
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can result in incremental increases of 7 m3 ha− 1 yr− 1 over a six-year 
period (Bergh et al., 2008). 

To understand the potential impact of forest fertilization on climate 
change, it is essential we understand how soil N levels affect GHG fluxes 
(Vuichard et al., 2019). Adding N via fertilization causes changes in the 
N cycle of the forest soil, which, in turn, may affect fluxes in CH4 and 
N2O, and cause reduced uptake or increased emissions of these gases 
(Aronson and Helliker, 2010; Liu and Greaver, 2009). The global 
warming potential (GWP) of CH4 and N2O is 34 and 298 times higher, 
respectively, than the warming potential of CO2 (Myhre et al., 2013; 
Bodelier and Steenbergh, 2014). In addition, the atmospheric lifetime of 
ca 12 years for CH4 and 120 years for N2O (Schimel et al., 1996) in
dicates that what we do today may influence the atmosphere for more 
than our lifetime. The trade-offs between higher volumes of wood and 
increased C sequestration after fertilization, and possible changes in 
GHG fluxes, therefore need to be addressed (Liu and Greaver, 2009). 

Mineral forest soils are generally sinks for CH4 (Gundersen et al., 
2012; Ullah et al., 2009), and there are indications that the sink strength 
has increased during the last few decades as a result of climate warming 
(Yu et al., 2017). The uptake of CH4 and levels of nitrate (NO3

− ) in the 
soil are positively correlated (Jang et al., 2006). N fertilization enhances 
the CH4 uptake when the dose is ≤ 100 kg ha− 1 yr− 1 of N (Aronson and 
Helliker, 2010). With higher doses, however, N fertilization tends to 
decrease CH4 uptake (Bodelier and Steenbergh, 2014; Jassal et al., 
2011). 

Mineral forest soils generally act as sources of N2O, even though the 
levels are usually low (≤200 kg ha− 1 yr− 1 of CO2 eqv) (Gundersen et al., 
2012; Aurangojeb et al., 2017). N2O fluxes are highly variable in both 
time and space (Gundersen et al., 2012), and studies of fertilization ef
fects on mineral soils have inconsistently shown that N fertilization 
enhances N2O emissions, decreases the uptake of N2O or no significant 
effects (Liu and Greaver, 2009; Jassal et al., 2011; Papen et al., 2001; 
Siljanen et al., 2020). 

Few studies on CH4 and N2O emissions from soils after fertilization 
have been conducted in managed forest ecosystems (Shrestha et al., 
2015). The majority of such studies have been based on peatland sites 
(Matson et al., 2009; Maljanen et al., 2010), and there is a particular lack 
of N2O flux data (Siljanen et al., 2020). Hence, the objective of this study 
was to investigate how the fertilization of young Norway spruce (Picea 
abies (L.) Karst.) stands on mineral soils affected CH4 and N2O fluxes. To 
achieve this, two experiments using chamber measurements were set up 
in southern Sweden. The hypothesis was that the forest soil CH4 and N2O 
fluxes would be marginally influenced by N fertilization with the stan
dard application of 150 kg ha− 1 of N from a commercial NP or NPK 
fertilizer, while larger applications would turn the forest soils from CH4 
sinks to sources, and lead to an increase in N2O emissions. 

2. Material and methods 

2.1. The site 

The site was located in the boreonemoral zone of southwest Sweden, 
at Toftaholm (N 57◦0′, E 14◦3′), close to Ljungby. The climate at the site 
is humid continental, with a mean annual temperature of 7.0 ◦C and 
mean annual precipitation of ca 750 mm during the years 2007–2016 
(SMHI, 2017). The soil is mainly mesic sandy moraine, with a bedrock of 
mainly acid granite with some ultrabasic rock, and very little variation 
in terrain elevation. Prior to fertilization, the mean C/N ratio in the top 
0–10 cm did not differ between the two stands used in the experiment 
(24.3 ± 0.6 and 24.5 ± 0.6 (±SE) in fertilized and unfertilized stands, 
respectively). Soil scarification and planting of the area with three-year- 
old seedlings of Norway spruce was carried out in 2005 and 2006. The 
stands were mixed, with naturally regenerated birch (Betula pendula and 
Betula pubescens) and planted spruce in the proportion of 60/40. 

2.2. Experimental design 

Two experiments, the long-term experiment (150 kg ha− 1 of N 
applied every second year, studied 4 years) and the dose experiment (0, 
150, 300, and 450 kg ha− 1 of N applied once, studied 7 months) (Ta
bles 1 and 2), were established to study how N fertilization influences 
soil emissions of the GHGs CH4 and N2O. The long-term experiment, 
supplemented a study of the effects of fertilization on ecosystem-level C 
fluxes and took place in two Norway spruce stands, one fertilized and 
one (the control) unfertilized. Fertilization, 150 kg ha− 1 of N plus other 
nutrients in granular form, was applied at a stand scale (>20 ha) using a 
helicopter, in April of every second year (2014 and 2016) (Table 1). 
Within each fertilized and control area, 10 rectangular collars of 
galvanized steel covered with plastic foil (Table 2) were placed at 
representative points to measure GHG fluxes from the soil surface. To 
ensure that the correct amount of fertilizer was applied within the col
lars, the fertilizer for each collar was weighed and distributed manually 
at the time of aerial fertilization. 

The dose experiment took place in a third (unfertilized) area, adja
cent to the two areas used for the long-term experiment, with similar site 
characteristics regarding soil and land-use history. A complete block 
design was used, with six blocks placed 4–10 m apart, each with four 
circular plots (Ø 3 m). At the center of each plot, a circular collar was 
inserted permanently into the soil to measure CH4 and N2O fluxes. Four 
fertilization treatments (0, 150, 300, and 450 kg ha− 1 of N) were allo
cated randomly to the plots within each block. Fertilizer (YaraBela N27, 
27 % N, and 2.4 % Mg) was distributed evenly by hand across each plot 
in April 2016. The collar was covered during this procedure and fertil
ized separately to ensure the correct amount of fertilizer was applied 
within the collar. 

2.3. CH4 and N2O fluxes from the soil-surface 

In the long-term experiment, CH4 and N2O flux measurements were 
taken every second week from June to October, and monthly for the rest 
of the year, for the period 2014–2017. In the dose experiment, mea
surements were taken during 2016, every second week from mid-April, 
then once a week from the end of May to October, and once a month to 
November. 

For each CH4 and N2O flux measurement, a flow-through non-steady- 
state dark chamber was attached on top of the collar, ensuring an 
airtight seal (Table 2). To obtain a sequence of measurements from each 
collar, four air samples were collected at 10–20 min intervals without 
moving the chamber (Strömgren et al., 2016). In the dose experiment, 
all samples from one block were extracted within an hour; in the long- 
term experiment, all samples from five of the ten plots in both treat
ments were extracted within two hours. The first air sample was 
collected ten minutes after attachment to minimize the systematic errors 
in estimated soil N2O concentrations that occur when attaching a 
chamber to a collar (Pihlatie et al., 2014), and to avoid the effects of 
chamber placement (Christiansen et al., 2011). All samples were 
collected in 22-ml glass vials. To ensure a representative sample, a pump 
circulated the air between the chamber and the vial for 30 s before 
sample extraction. In the long-term experiment, the larger chambers had 
a fan installed to ensure air circulation. 

The CH4 and N2O content of the air samples was analyzed in a gas 
chromatograph (GC) (Clarus 500, PerkinElmer, Waltham, Massachu
setts, USA), equipped with a flame ion detector (FID) for CH4 and an 
electron capture device (ECD) for N2O analysis, as well as an automatic 
head-space injector (TurboMatrix HS 110, PerkinElmer, Waltham, 
Massachusetts, USA). 

In association with the air sampling, soil moisture and soil temper
ature were measured at a depth of 5 and 10 cm respectively, within 50 
cm of the collar, using a ThetaProbe soil moisture sensor (ML2x, Delta-T, 
Cambridge, UK) and a temperature sensor (STP1, PP-systems, Hitchin, 
UK), respectively. 
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2.4. N availability in soil 

Using PST-1 ion-exchange capsules (UNIBEST International, Walla 
Walla, Washington, USA), the relative amount of available N in the form 
of NO3 and NH4 was measured. Two capsules were buried 10 cm deep 
within 50 cm of each collar in late April 2016. At the end of November 
2016, they were excavated and sent for NO3-N and NH4-N (mg L− 1) 
analysis in KCl extract. The analysis was performed in an AutoAnalyzer 3 
Spectrophotometer (Omniprocess, Solna, Sweden). Two capsules from 
one of the 150 kg ha− 1 of N plots were missing. 

2.5. Data analysis 

CH4 and N2O fluxes were calculated from the linear slope of con
centration against time using all the analyzed gas samples except for a 
few with obvious errors, for example, because of leaking vials. A linear 
fit was chosen, even though it is known to underestimate GHG fluxes, 
because the low levels measured would not tolerate the higher uncer
tainty that exponential models confer (Pihlatie et al., 2013). The per
formance of the chambers had been tested previously (Clough et al., 
2020) in a chamber-comparison campaign with known N2O fluxes 
(Pihlatie et al., 2014), where the larger chambers tended to underesti
mate (15%) and the smaller chambers overestimate the fluxes (7%) 
when calculated by linear fit. 

The CH4 and N2O fluxes were corrected for air temperature and air 
pressure, and the eventual difference in active chamber volume caused 
by different heights of collar insertion, before further analysis, and two 
outliers were removed. The regional mean air temperature for the 

measurement days was calculated from hourly values between 9 and 18 
for the station Ljungby A (SMHI, 2017). 

To calculate CO2 equivalents, GWP values of 34 and 298 were used 
for CH4 and N2O, respectively. To calculate CO2 equivalents per treat
ment and year for the long-term experiment, the means of the CO2 
equivalents per treatment and date of measurement were used. Each 
date represented a period corresponding to half the period between the 
previous and next measurement date, except the first and last date, 
which represented the period from the start and end of the year, 
respectively, as well as half the period to the nearest measurement date. 
For the dose experiment, the measurement period was used to calculate 
CO2 equivalents instead of the full year. 

Treatment effects on CH4 and N2O fluxes were tested using linear 
mixed models (LMM) using R 4.0.2 (R Core and Team, 2020) and the 
lme function in the nlme package (Pinheiro et al., 2020), followed by an 
anova test (the anova function in R) of the models to obtain a P-value for 
each explanatory variable. For both experiments, the individual flux 
measurements (per measurement occasion and collar) were used as the 
response variable. For the long-term experiment, treatment, year and 
the interaction between treatment and year were fixed effects, while 
collar identity was a random effect. In the case of a significant interac
tion effect, the model was reformulated to estimate coefficients and P- 
values for the treatment effect within a year. For the dose experiment, 
treatment was a fixed effect, and collar nested within a block a random 
effect. The measurement date was weighted to allow for 
heteroscedasticity. 

3. Results 

3.1. N availability in soil 

In the dose experiment, analyzes of the ion-exchange capsules show 
that fertilization had a significant effect on both NO3

− (P < 0.001) and 
NH4

+ (P = 0.0004) levels in the soil (Fig. 1). The mean level of NO3-N in 
the control (0 kg ha− 1 of N) plots was 3 mg L− 1 (in capsules KCl extract) 
and rose in correlation with the amount of fertilizer added (150, 300 
and, 450 kg ha− 1 of N), with means of 160, 261 and, 321 mg L− 1 

respectively. The mean level of NH4-N in the control plots was 14 mg L− 1 

and rose in correlation with the amount of fertilizer added (150, 300 
and, 450 kg ha− 1 of N), with means of 103, 184 and, 247 mg L− 1 

respectively. The levels of available N after fertilization varied between 
2 and 516 mg L− 1. 

3.2. CH4 and N2O fluxes from the soil-surface 

In the long-term experiment, the LMM anova indicated significant 
effects of fertilization (P = 0.022), year (P < 0.001), and the interaction 
between fertilization and year (P < 0.001), on CH4 flux. In the first year 
of fertilization (2014), the CH4 uptake was significantly higher (P =
0.013) in the fertilized treatment compared with the control, but not so 
in the years 2015–2017 (Fig. 2c). It is worth emphasizing that fertil
ization was applied prior to the growth season in years 2014 and 2016 
but was not applied in the years 2015 and 2017. 

In the dose experiment, the LMM anova indicated significant effects 
of fertilization on CH4 flux (P < 0.001), with a negative trend between 
the uptake of CH4 and the dose of N (Fig. 2d). The effect was significant 

Table 1 
Fertilizer applied in the long-term experiment for two years of fertilization. Nutrient content is presented as the total amount supplied per hectare (kg) and as per
centage weight (%).  

Year Trade name N P K S B Mg Ca Se 

2014 Skog-can + Yara Superfosfat P20 (kg) 150 111  6.67  0.11  13.3 27.8   
Skog-can + Yara Superfosfat P20 (%) 27 20 – 1.2  0.02  2.4 5  – 

2016 YaraMila 23–3-8/S + B (kg) 150 19.6 52.2 19.6  0.13  – –  0.01  
YaraMila 23–3-8/S + B (%) 23 3 8 3  0.02  – –  0.0015  

Table 2 
Comparison of the basic materials and methods for the two experiments. The 
demarcation between summer and winter was set to 15 April and 15 October, 
respectively.   

Long-term experiment Dose experiment 

Planted (year) 2005 + 2006 2005 
Year of fertilization treatment 2014 + 2016 2016 
Fertilizer granulate SkogCan + P20 (2014) 

YaraMila 23–3-8/S + B 
(2016) 

YaraBela N27 

Treatments (kg ha− 1 of N) 0, 150 0, 150, 300, 450 
Method of fertilizing the 

stand/plot 
helicopter manually Ø 3 m 

Method of fertilizing the collar manually manually 
Collar material galvanized steel PVC 
Collar (cm2) 1880 (34,5 * 54,5 cm) 263 (Ø 18,3 cm) 
Chamber (cm3) 47,500 (36,5*56,5*23 cm) 4640 

(Ø18,3*16,7 
cm) 

Airtight seal collar-chamber water rubber gasket 
CH4 & N2O sampling, chamber 

with a fan 
yes no 

Period of measurement Jan. 2014 - Dec. 2017 Apr. 2016 - Nov. 
2016 

Number of measurements 
(summer:winter) 

46:16 22:2 

CH4 & N2O sampling, minutes 
after attaching the chamber 

10, 20, 40, 50 10, 20, 30, 40 

Estimation of vegetation 
coverage per plot 

no yes  
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after adding 300 and 450 kg ha− 1 of N (P = 0.025 and P = 0.001 
respectively), but not after adding 150 kg ha− 1 of N (P = 0.206). 

In the long-term experiment, the LMM anova showed significant 
effects of fertilization (P = 0.012) and the interaction between fertil
ization and year (P < 0.003) on N2O flux, but not year (P < 0.944). N2O 
emissions were significantly increased in the fertilized treatment 
compared with the control during the two years of fertilization (P <
0.001 in 2014 and P = 0.003 in 2016), but not in 2015 (P = 0.737) or 
2017 (P = 0.669), indicating that fertilization caused elevated emissions 
of N2O only in the years the stand was fertilized (Fig. 2a). 

In the dose experiment, there was a tendency towards higher emis
sions of N2O with increasing additions of fertilizer (Fig. 2b); however, 
the fluxes were very low and the LMM anova did not show any signifi
cant effects of fertilization (P = 0.505). 

The CH4 and N2O flux measurements were recalculated as CO2 
equivalents (kg ha− 1 yr− 1) for both the long-term and dose experiments 

Fig. 1. Relative N availability in soil, as NO3-N, and NH3-N, for each treatment in the dose experiment, presented as the means of two ion-exchange capsules per plot, 
with a total of twelve capsules per treatment. 

Fig. 2. Predicted flux levels for CH4 (c, d) and N2O (a, b) in the long-term experiment (a, c) and dose experiment (b, d). Error bars correspond to a 95% confidence 
interval. Treatments are presented as kg ha− 1 of N. Positive values indicate gas emission from, and negative values imply a gas uptake in, the soil. 

Table 3 
Yearly CH4 and N2O fluxes as CO2 equivalents for the long-term experiment. 
Calculated from the mean flux for all plots and dates of measurement, including 
95% confidence intervals (CI). Each measurement date represents half the 
period before and half the period after the next date of measurement, except for 
the beginning and the end of the year, for which the first and last dates represent 
the full start and end period, respectively.   

CH4 (kg ha− 1 yr− 1 of CO2 eqv) N2O (kg ha− 1 yr− 1 of CO2 eqv)  

Control Fertilized Control Fertilized 

Year Mean CI Mean CI Mean CI Mean CI 

2014 − 16 11 − 37 15 62 122 178 116 
2015 − 22 12 − 31 15 − 2 89 − 14 65 
2016 − 29 7 − 24 13 − 14 37 48 103 
2017 − 17 9 − 24 4 20 44 14 43  
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(Table 3 and Table 4, respectively). The flux levels were low in both 
experiments, and in both control and fertilized treatments. 

4. Discussion 

The effects of N fertilization on soil CH4 and N2O fluxes were 
examined using chamber measurements from mixed stands of young 
spruce and birch on mineral soils in southern Sweden. Our study adds to 
the scant literature on fluxes of these potent GHGs from mineral soils, as 
previous work has primarily been carried out on organogenic soils 
(Maljanen et al., 2010; Matson et al., 2009; Ojanen et al., 2019; Shrestha 
et al., 2015; Siljanen et al., 2020), and provides new information about 
how CH4 and N2O fluxes are affected by forest fertilization of mineral 
soils. 

4.1. CH4 fluxes 

Large amounts of N (≥300 kg ha− 1) in single applications signifi
cantly decreased the uptake of CH4 (Fig. 2d, Table 3, Table 4), albeit at 
low levels. This is in accordance with earlier studies, which have shown 
that fertilization decreases oxidation of CH4 and correspondingly de
creases the uptake or increase in emissions (Aronson and Helliker, 2010; 
Gundersen et al., 2012; Le Mer and Roger, 2001; Liu and Greaver, 2009; 
Shrestha et al., 2015), even if these effects are short-lived (<1 year) 
(Börjesson and Nohrstedt, 2000). In the dose experiment treatment with 
the lowest N addition, no significant effect was observed on the CH4 flux, 
which agrees with an earlier study on mineral soil that found no sig
nificant effect on CH4 uptake with an N supply of 200 kg ha− 1 (Maljanen 
et al., 2006). 

The results of the long-term experiment possibly corroborate the 
minor effect of fertilization at the lowest N dose on CH4 fluxes, except 
during the first year, when a higher CH4 uptake was observed in the 
fertilized compared with the unfertilized treatment (Fig. 2c, Table 3). 
The dose fertilization treatment was not replicated in the long-term 
experiment, so it is difficult to distinguish a treatment effect from a 
possible initial difference between the stands. The CH4 uptake with the 
fertilized treatment decreased over the years, which could potentially be 
attributed to the repeated fertilizer treatment but could also represent 
natural yearly variation. However, as the CH4 uptake was low for both 
treatments throughout the long-term experiment, we suggest that a 
single dose of ≤150 kg ha− 1 of N does not affect the forest’s CH4 balance 
to any great extent in boreal and cold-temperate coniferous forest 
ecosystems. 

4.2. N2O fluxes 

Fertilization had a significant effect on N2O emissions in the long- 
term experiment, with higher N2O emissions from the fertilized stand 
than the control stand in years with fertilization, but not in the years 
after fertilization (Fig. 2a). This is in accordance with previous studies 

indicating that the effect of fertilization is short-lived (1 year) (Jassal 
et al., 2010). The increase in N2O emissions in the long-term experiment 
corresponded to 120 and 60 kg ha− 1 yr− 1 of CO2 eqv in the years with 
fertilization, which is considerably less than the emissions recorded by 
Maljanen et al (2006) (400 kg ha− 1 yr− 1 of CO2 eqv or 1.2–1.4 kg ha− 1 

and yr− 1 of N2O) after the addition of 200 kg ha− 1 of N in a boreal 
Norway spruce forest on moraine soil. 

For the dose experiment, there was a tendency towards a positive 
relationship between the amount of fertilizer and N2O emissions, which 
partly confirms our hypothesis, and in accordance with the study by 
Bowden et al. (1991), who applied 50 and 150 kg ha− 1 yr− 1of N, and 
Cheng et al. (2016), who applied nine levels (0–140 kg ha− 1 yr− 1) of N 
addition. The latter study found a significant increase in N2O flux after 
adding >60 kg ha− 1 yr− 1 of N. Studies of agricultural land indicate an 
exponential increase in N2O emissions with increasing N addition 
(Shcherbak et al., 2014). However, to confirm the tendency shown by 
our dose experiment, and to relate the results to agricultural land, more 
detailed studies of N2O fluxes at higher levels of fertilization, and 
repeated levels of fertilization, are needed. 

For national reporting of N2O emissions caused by forest fertiliza
tion, an emission factor is often used that assumes 1% of the added N is 
emitted as N2O-N (IPCC, 2006). In the long-term experiment, where 150 
kg ha− 1 of N was added on each occasion, this implies that N2O corre
sponding to 700 kg ha− 1 of CO2 eqv would be emitted. This estimate is 
much higher than the values of 8 to 120 kg ha− 1 of CO2 eqv obtained in 
our study (Table 3). The emission factors varied between 0.01% and 
0.17%, depending on the experiment and year, and were lower than 
those reported for three spruce experiments by Gundersen et al. (2012), 
which varied between 0.13% and 0.67%. This indicates that the 
currently used emission factor can generate large overestimations when 
applied to conventional forest fertilization in northern conditions. A 
possible explanation for this discrepancy is that northern forest eco
systems are generally N limited (Tamm, 1991), while the IPCC emission 
factor was derived from a few studies on agricultural land (IPCC, 2006) 
with considerably larger N availability. 

4.3. Chamber measuring methods 

Flux levels tend to be underestimated by chamber measurements 
(Pumpanen et al., 2004), especially in low-volume chambers (Pihlatie 
et al., 2013; Christiansen et al., 2011). Furthermore, flow-through non- 
steady-state chambers usually underestimate N2O flux when linear 
calculation models are used (Pihlatie et al., 2014). After completion of 
our fieldwork, attempts to rectify chamber measurements of CH4 and 
N2O were published (Pavelka et al., 2018; Clough et al., 2020), identi
fying the need to know the site, purpose of the study, and the behavior of 
the chamber in use, to make results more comparable across sites and 
experiments. Both types of chambers used in this study were flow- 
through non-steady-state chambers and fluxes were calculated using a 
linear relationship, hence there was a risk of underestimating the flux 
values, although differences between the experiments could also be a 
consequence of the different chambers used. Both types of chambers 
have been experimentally tested against a known flux: flux values from 
smaller chambers were slightly overestimated, while the values from 
larger chambers were underestimated (Pihlatie et al., 2014). These dif
ferences are, however, of minor importance in this study, where the 
focus is on the relative effects of fertilization, not the gas levels per se 
(Rochette and Eriksen-Hamel, 2008). 

N2O fluxes tend to vary greatly in both time and space (Parkin, 1987; 
Groffman et al., 2009; Gundersen et al., 2012), and by using chamber 
measurements short peaks in emissions may go unregistered and lead to 
underestimations of flux values. However, the measurements were 
conducted once a week or once a month and throughout the year, hence 
with different moisture and temperature conditions, which helped 
mitigate the risk of underestimations. 

Table 4 
CH4 and N2O fluxes as CO2 equivalents for the measurement period (April- 
November) of the dose experiment. Calculated from the mean flux for all plots 
and dates of measurement, including 95% confidence intervals (CI). Each 
measurement date represents half the period before and half the period after the 
next date of measurement, except for the beginning and the end of the period, for 
which the first and last dates represent the full start and end period, respectively.  

Treat CH4 (kg ha− 1 period− 1 of CO2 

eqv) 
N2O (kg ha− 1 period− 1 of CO2 

eqv) 

(kg ha− 1 of N) Mean CI Mean CI 

0 − 37 4 − 4 38 
150 − 32 10 4 38 
300 − 28 6 28 42 
450 − 17 5 33 34  
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4.4. Comparing CH4 and N2O emissions with other sources and sinks 

A cubic meter of stem wood corresponds to the uptake and storage of 
ca 1.4 Mg of CO2 if other parts of the trees are included (Petersson et al., 
2012). A one-time fertilization with 150 kg ha− 1 of N thus facilitates an 
increased CO2 uptake in the stand of approximately 20 Mg ha− 1 through 
increased growth (Bergh et al., 2020). When fertilizing forest land, N2O 
and CO2 emissions into the atmosphere also arise from the production of 
the fertilizer (9 kg CO2 eqv kg− 1 of N applied) and spreading by heli
copter (0.022 kg CO2 emission kg− 1 fertilizer) (Sathre et al., 2010), 
hence adding 150 kg ha− 1 of N results in an increase in CO2 emissions of 
approximately 1.4 Mg ha− 1. However, these emissions, as well as the 
level of N2O emission (<180 kg ha− 1 yr− 1 of CO2 eqv) and CH4 uptake 
(≤-17 kg ha− 1 yr− 1 of CO2 eqv) after fertilization in the long-term 
experiment, are low (≤1%) compared with both the estimated 
increased uptake in biomass and the net uptake of ≈ 18 Mg ha− 1 yr− 1 of 
CO2 measured at the site in 2014 (Grelle et al., in prep.). 

4.5. Conclusions 

This study indicates that fertilizing forest land in Sweden with ≤ 150 
kg ha− 1 of N, to increase wood production and meet the future demand 
for forest products, does not significantly decrease the uptake of CH4 nor 
the increase in N2O emissions. However, further studies on CH4 and N2O 
fluxes in boreal forest mineral soils are needed to further our under
standing of the long-term effects of continued forest fertilization. This 
study also shows that the IPCC emission factors greatly overestimate the 
real N2O flux after fertilization in this kind of forest, creating the need to 
develop more accurate emission factors for the fertilization of forests. 

CRediT authorship contribution statement 

Charlotta Håkansson: Methodology, Formal analysis, Investiga
tion, Data curation, Writing – original draft, Visualization. Per-Ola 
Hedwall: Conceptualization, Methodology, Formal analysis, Investiga
tion, Data curation, Writing – review & editing, Visualization, Funding 
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