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Preface

This report presents and discusses the results from a two-year study of N-O emissions from a
perennial grass crop according to nitrogen fertilization rate and weather conditions at a NIBIO
research site in Stjordal in Trgndelag.

The study was part of the project “Fertilization strategies for grasslands to reduce nitrous oxide
emission in cold and wet springs” (“Gjedslingsstrategier for eng som minimerer lystgassutslipp i
kjolige og vate varer”) financed by the Norwegian Research Funding for Agriculture and the Food
Industry (Forskningsmidlene for jordbruk og matindustri) from 2018 to 2020.

Shahid Nadeem has designed the study, conducted all laboratory analyses and the field measurements
in 2018. He has processed most of the data and been responsible for the report writing. Anne Kjersti
Bakken has managed the field and conducted the field measurements in 2019 and contributed to the
writing of the report.

The authors are thankful to the research technicians, advisors and researchers at NIBIO Kvithamar
who took part in accomplishing the research activities, especially Anne Langerud, Randi Wikdahl and
Dr. Lars Nesheim.

Moss, 26.03.21

Shahid Nadeem
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1 Introduction

1.1 The nitrogen cycle and background for N,O emission from
agriculture

Nitrogen (N) is the most abundant element in the atmosphere (78 vol% N.) where it is relatively stable
apart from negligible N oxidation during electrical discharge (lightning). Anthropogenic activities
seriously alter the N cycle (Sutton et al. 2011). Burning of fossil fuels, increased biological and massive
industrial N fixation, which converts inactive N to reactive nitrogen (Nr), cause the main
anthropogenic nitrogen loading of the biosphere (Galloway et al. 2004). The annual input of Nr to the
biosphere today is more than double compared to preindustrial times, due to anthropogenic N
fixation. This is mainly due to the escalating use of inorganic fertilizers needed to secure food
production and to keep pace with a growing human population and its dietary preferences. Nitrogen
application to the soil for increasing crop production could lead to high N losses to the atmosphere in
the form of gaseous nitrous oxide (N=0O) emission, and nitrate (NOs;-) leaching beyond the crop root
zone and runoff. All the N lost through leaching (NO;-) or other ways will ultimately contribute to N.O
emissions directly or indirectly, these indirect emission are sometimes even larger than the direct
emissions (Chadwick et al. 2011). An efficient utilization of added N by plants will help to keep the N-O
emission down (Olesen et al. 2006).

Nitrous oxide is one of the most important GHGs showing a steady increase in the atmosphere due to
anthropogenic sources including crop management practices, particularily inorganic fertilizer
application and fossil fuel combustion. Anthropogenic activities contribute more than 50% of total
N.O emissions on a global scale, to which agriculture activities have the biggest (81%) share (Isermann
1994). It is estimated that global annual N.O emissions from agriculture are about 6 x103 Gg N-O-N.
Direct N-O emission from cultivation of arable soils contributes 42%, while indirect emissions from
nitrate leaching, sewage, runoff and atmospheric N deposition account for 31% and animal production
is responsible for the rest of 27% (Nevison 2000, IPCC 2007). The atmospheric N=O concentration has
increased about 20% over the past century and rises steadily at the rate of 0.25% annualy. Figure 1
shows the increase in N.O concentration in the atmosphere from pre industrial times. Increasing
atmospheric content of N-O causes serious environmental concerns due to its high global warming
potential of nearly 300 times more than the carbon dioxide in a 100 years perspective (IPCC 2007).
Furthermore, high concentration of N.O in the atmosphere could lead to ozon depletion by its
breakdown to NO in the stratosphere (Crutzen & Lelieveld 2001, Ravishankra et al. 2009). In order to
reduce the environmental footprint of food production we need to reduce the GHG emissions related
to the crop production.
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Figure 1. Increase in N,O concentration in the atmosphere during the last century at 4 different measurement sites as
shown in figure legend. Adapted from IPCC 2007 data in Eds. B. Metz, O. R. Davidson, P .R. Bosch, R. Dave and
L. A. Meyer. Cambridge, UK; New York, NY: Cambridge University Press 2007.
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Nitrous oxide in soils is produced mainly through two different microbial processes of nitrification
and denitrification. Figure 2 summarizes the overall biological processes involved in the N fixation,
and the return of fixed N to the atmosphere.

NOy
denitrification l | nitrification
/ biog
NO
b NH, OH
\ DNRA
anammox
N,
\ NH,*
N fixation S
ammonification assimilation

Organicnitrogen

Figure 2. Microbiological N cycle, indicating the names of different processes that respire or assimilate nitrogen. Adapted
from Thomson et al. (2012).

N:0 is formed as an intermediate product in the denitrification process. Additionally, N-O can also be
produced as a by-product in nitrification, nitrifier denitrification and dissimilatory nitrate reduction to
ammonia (DNRA). N-O emission from microbial processes of nitrification and denitrification is well
explained by the hole in the pipe model illustrated in figure 3.

r ' f [ ATMOSPHERE

Figure 3. The ‘hole in the pipe’ model, describing the regulation of NO and N,O flux: 1: The rates of nitrification and
denitrification (the flow rate through the pipes). 2: The ratios of end products (size of the holes in the pipes). 3:
Diffusion and consumption of gasses before they are lost to the atmosphere. Adopted from Firestone &
Davidson (1989).

In agroecosystems, both nitrification and denitrification are regulated by a number of complex
interlinked variables as shown in figure 4 and 5, which makes it difficult to predict N-O emissions
from agricultural soils in space and time due to these inter linked factors (Tiedje 1988, Beauchamp
1997, Stehfest & Bouwman 2006 ). Nitrous oxide emissions from cultivated soils are controlled by the
availability of mineral N and degradable organic matter (Kaiser et al. 1998, Baggs et al. 2000, Aulakh
et al. 2001), soil temperature (Stott et al. 1986, Smith et al. 1998), soil moisture (Marti 1984, Cheng et
al. 2014) and pH (Simek & Cooper 2002, Cuhel et al. 2010, Liu et al. 2010). Fertilization regime
(Eichner 1990, Bouwman 1996, MacKenzie et al. 1998, Smith et al. 1998, Tian et al. 2014), manure
application and tillage operations (Choudhary et al. 2002, Venterea et al. 2005, Yonemura et al.
2014) affect N-O emissions by directly or indirectly modulating these factors. Weather conditions in
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the field change from day to day which make these emissions variable from day to day and even within
a day, like diurnal variation related to the temperature.
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Figure 4. Different variables regulating the nitrification process in agroecosystems. Adapted from Beauchamp (1997).
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Figure 5. Different variables regulating the denitrification process in agro ecosystems. The importance of each of the
three main factors (O,, NO3™ and C) is indicated by the thickness of the arrows. From Tiedje (1988).

1.2 N,O emissions related to Norwegian agriculture

In Norway, GHG emissions from agriculture accounted for 9.2% of total annual emissions in 2015
(Snellingen Bye et al. 2016). CH,4 contributed 58%, while N-O contributed about 38% of total GHG
emissions. The National inventory report-2018-Norway documented that 74% of all N.O emissions in
Norway (Fig. 6) are related to the agriculture and agricultural soils being the most prominent
contributors. Figure 7 shows the long term (1990-2018) contribution of different sectors to the overall
N0 emissions from Norway, where agriculture is the prominent and constant contributor throughout

8 NIBIO REPORT 6 (183)



this period. One reason for that constant share, could be that limited field scale data are available
under Norwegian environmental conditions. Further, more than 90% of total NH; emissions originate
from agriculture (Snellingen Bye et al. 2016), and about 1% of this NH4-N turns into N-O-N (IPCC
2006), thus contributing to the total N.O share of GHG emissions.

Ruminant production systems have a dominant position in Norwegian agriculture. About 60% of the
cultivated area is under grassland production. Emissions from cultivated soil under grasslands
therefore constitute a considerable part of the total agricultural GHG profile in the country. N.O
emissions from that type of soils are controlled by many factors like soil pH, temperature, moisture,
cultivation and added N in the form of animal manure and mineral fertilizers. In most management
regimes for silage production, at least half of the yearly dosage of N is added in spring, when plants
are small and climatic conditions are cold and wet. The applied N may therefore be easily available to
the microbes in the soil, and there is a high risk of N losses in form of N-O.

Quantification of N.O emission from Norwegian agricultural soils is limited. Currently the IPCC
(2006) Tier 1 methodology is applied, which allows no differentiation according to regional and farm-
wise variation in soil characteristics and weather conditions. Previous studies conducted on grasslands
by Hansen et al. (1993), Rivedal et al. (2013), Hansen et al. (2014) and Sturite et al. (2014) have shown
great inter- and intra-annual variation in N.O emissions, and that water saturation/oxygen tension as
well as soil temperature can be important in regulating the N-O emissions under ample amount of
available N after fertilization. Still, it is no doubt that denitrifying microbes need easily available
substrate N. In phases of initial or slow grass growth and N uptake, and simultaneously high N
fertilization rates typically occurring in early spring in Norwegian grasslands, there might therefore be
high risks for peaks in N losses.

In the present report, we have summarized and discussed the results from an experiment being part of
the recent project “Fertlization strategies for grasslands to reduce nitrous oxide emission in cold and
wet spring” financed by Norwegian Agriculture agency (Landbruksdirektoratet).

The over all aim of the project was to contribute knowledge of how N-O emissions from Norwegian
grasslands can be reduced.

The specific aims of the experiment was to quantify emission rates in early phases of spring and
regrowth after cut when grass growth is slow and the soil N concentration is high after fertilization.
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2 Material and Method

2.1 Experimental site

A field trial was established in 2018 at a research farm (Kvithamar) of the Norwegian Institute of
Bioeconomy Research (NIBIO) in Stjordal, Trendelag (63°30 N, 10°54 E; elevation 30 m a.s.l. ). At
Kvithamar the long-term normal value (1961-1990) for annual precipitation is 896 mm, of which 416
mm occurs during the growing season (May to September), and the average growing season
temperature is 11.7 °C. The soil was a silty loam (21% clay and 63% silt) overlying silty clay loam,
classified as typic Cryaquoll (Soil Survey Staff, 1998), Mollic Gleysol (WRB 1998) and an Orthic Humic
Gleysol (CSSC, 1998). The plough layer contained 6-8% organic matter (by weight). The soil at the
experimental site has a pH of 6.2. Weather condition at the site during the experimental period are
shown in figure 8.

BBbssts

N el

i
W

Study site at NIBIO research station Kvithamar (Stjordal) ‘

2.2 Treatment description and crop establishment

A grass mixture of timothy (Phleum pratense L.) variety Grindstad and meadow fescue (Festuca
pratensis Huds.) variety Fure (0.8:0.2 by seed weight) was sown on 8 July in 2017 at a rate of 25 kg
per ha. Just before sowing, 50 kg N ha* was applied as NPK (22:3:10) compound fertilizer. All plots
were harvested on 4 September in 2017, and thereafter, another 50 kg N ha* was applied as compound
fertilizer.

A field trial with five fertilization treatments was established in spring 2018. There were three
replicates of each treatment arranged in three blocks. Each plot was 1.5 m x 7.0 m.

The fertilzation rates were 0, 240 (which is considered as normal fertilization rate in the area), 280,
300 and 320 kg N ha* yr supplied from a 22:3:10 NPK fertilizer. Treatment details are given in table
1. In 2018, the zero N-treatment was supplied with 70 kg N ha after the second harvest to sustain
grass growth and prevent weed and clover invation.

NIBIO REPORT 6 (183) 11



The dates for fertilizer application in 2018 and 2019, respectively, were 2 May and 26 April in spring,
26 and 7 June after 15t harvest and 29 and 22 July after 2nd harvest. All plots were harvested three
times per year in June (26 and 7), July (29 and 22) and August/September (11 September and 30
August) in 2018 and 2019.

Table 1. Nitrogen fertilization rate (kg N ha') on field plots in 2018 and 2019.

ON 240N 280N 300N 320N
Spring 0 100 125 135 145
After 1% harvest 0 70 85 95 105
After 2" harvest 0 70 70 70 70
SUM 0 240 280 300 320

2.3 Gas sampling

Nitrous oxide (N-O) emissions were measured by manually operated static chambers (Nadeem et al.
2012), consisting of quadratic aluminium frames (51 cm x 51 cm, 20 cm depth) and chambers (51 cm x
51 cm x 19.5 cm (height)). In spring 2018, the frames were inserted into the field by pushing 10-15 cm
into the soil in each plot. The metal frames had a groove (3 cm x 3 cm) on top, which was filled with
water prior to deploying a chamber to ensure an air tight connection between frame and chamber
(Maljanen et al. 2003). Aluminium chambers were equipped with a 3-way stop cock sampling port and
a 3 mm diameter pressure equilibrium tube. N.O flux measurements were carried out by deploying the
chambers on the frames for 45 minutes, and taking 15 ml gas samples with 20 ml polypropylene
syringes at regular intervals (0, 15, 30 and 45 min). The air inside the chamber was well mixed by
pulling and pushing the plunger of the syringe 3-4 times to obtain a well-mixed sample from the
chamber. The sample was transferred to a pre-evacuated 12 ml glass vial crimped with a butyl rubber
septum. Gas sampling was done weekly or biweekly during the growing seasons of 2018 and 2019.
Frames were removed just before harvesting and placed back shortly after. Samples were sent to
Norwegian University of Life Sciences (NMBU) and were analysed by gas chromatography (Model
7890A, Agilant, Santa Clara, CA, US) using a 30 m wide-bore Poraplot Q (0.53 mm) column at 38 °C
with back flushing and He as a carrier gas. The electron capture detector (ECD) conditions were 375 °C
with 17 ml min-t ArCH, (10/90 vol%) as makeup gas. N-O emission rates were calculated from the
linear or quadratic change in chamber gas concentration using the equation

Fnxe0 = dN20/dt XVC/AX Mn/VrnX 60

where Fx20 is the emission flux of N.O in pug N-O-N m= h-, dxo the rate of change in N-O
concentration (ppmv min~) in the chamber headspace, V. the volume of chamber (L), A the area
covered by the chamber (m2), Mn the molecular mass of N in N-O (g mol?) and Vi the molecular
volume of gas at chamber temperature (L mol-). Cumulative N.O emissions (kg N-O-N ha- period-)
were calculated assuming average flux between two measurement dates.

2.4 Soil sampling

Soil samples (0-20 cm) were taken at every date of gas sampling by a 30 mm diameter soil corer to
determine soil moisture and in some instances mineral N (NH4+ and NOjs-) content. In both years, 4
soil cores were sampled per plot and pooled to one composite sample. Soil moisture was determined
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by drying 20 g fresh soil at 105 °C until constant weight. Water filled pore space (WFPS) was calculated
as (gravimetric soil moisture x bulk density)/soil porosity, assuming a soil density of 2.65 g cm-3. Soil
mineral N (NH4+, NO5-) was determined by extracting 45 g fresh soil with 50 ml 2M KClI solution. Soil
extractants were centrifuged at 10,000 g for 15 minutes at 4 °C. NO3- and NO.- concentrations in the
supernatant were determined by colorimetry using a microplate reader (Infinite F50, TECAN Austria
GmbH) at 540 nm. Both NO;- and NO: were measured by Griess reaction (Keeney & Nelson 1982),
with NOs- being converted to NO-- by vanadium chloride (Doane & Horwath 2003).

2.5 Weather data

Weather data were collected from a nearby station located at the same research farm (Kvithamar,
Stjerdal). Weather conditions in spring varied greatly between the two study years with 2018 being
very dry and warm, while 2019 being cold and wet.
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Figure 8. Weather data from Kvithamar weather station during the growing seasons 2018 and 2019. Dates for
fertilization are indicated by arrows.

2.6 Crop yield and nitrogen content

All plots were harvested with a Haldrup experimental harvester at a stubble height of 7 cm. Raw
weights from each plot were recorded and representative sub samples were taken to determine the dry
matter content and plot dry weight. The sub samples were dried for approximately 48 hours at 60 °C.
Sub samples from the dried plant material were chopped and grinded, and N content (crude protein
content/6.25) was determined by NIRS analyses at NIBIO Lgken (Fystro & Lunnan 2006).
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2.7 Statistical analyses

Cumulative N.O emissions within season, and yields of dry matter and nitrogen for each harvest and
in sum for all harvests within season were analysed according to analyses of variance, with fertilization
treatment as fixed effect and block as random. Means were separated by a post hoc Tukey test if the
ANOVA model turned out significant (p<0.05).
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3 Results

3.1 Dry matter and N yields

Dry matter yield (kg ha?) of all the three harvests in the two production years are presented in table 2.
Dry matter yield was significantly higher in fertilized than in zero N treatments, but it did not vary
significantly between the fertilized treatments in 2018. In the second harvest in 2019, however, the
treatment with the highest N application rate returned higher yields than the rest of the treatments.

Table 2. Dry matter yield (kg ha') of grass in three harvests in 2018 and 2019. Presented values are averages of three
replicates. Means within rows marked with different letters were significantly different according to a Tukey

test (p<0.05).

Treatment ON 240N 280N 300N 320N
2018

1%t harv. 3330° 4750P 4550P 4580P 4820P
2" harv. 320° 2440° 2980° 3120° 3080°
3" harv. 1920° 2280% 2350% 2750° 2560%
SUM 5580° 9470P 9880P 10450° 10460°
2019

1% harv. 1930° 5010° 4850° 4680P 4420P
2" harv. 1340° 3690° 3730° 3880° 4770¢
3" harv. 490? 1460° 1510° 1530° 1420°
SUM 3770° 10160° 10090° 10090° 10610°

Total N content in harvested plant biomass (N yields) are shown in table 3. Nitrogen uptake by plants
increased with increasing fertlization rate, but total N uptake with increasing fertilizer was less than
the applied extra N, thus leading to extra N available in soil (Figure 14). The N balance was negative
(less N taken up in plants than applied as mineral N) in the warm and dry production year of 2018. In
2019, the proportion of applied N that was taken up by the grass crop seemed to be higher.

NIBIO REPORT 6 (183)
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Table 3. Nitrogen content in grass yield (kg N ha?) in three harvests during 2018 and 2019. Presented values are
averages of three replicates. Means within rows marked with different letters were significantly different
according to a Tukey test (p<0.05).

Treatment ON 240N 280N 300N 320N
2018

15t harv. 502 89b 93k 9P 96b
2" harv. 42 36° 53¢ 52bc 57¢
3" harv. 43° 542b 592b 68° 632b
SUM 972 179° 205b¢ 210¢b¢ 215¢
2019

1%t harv. 322 110° 116° 122°b 116°
2" harv. 228 82b 82° 81b 109°
3" harv. 112 39b 3gb 39b 41°
SUM 652 231°b 236P 242° 266°

3.2 Temporal variation in N,O emissions after fertilization

Figure 9 shows the temporal variation in N.O emission during spring and early summer of 2018. N.O
emissions increased rapidly after fertlization in the warm and wet spring, and remained high for two
weeks after fertilization until it returned back to what seemed to be the normal background level. In
the warm and dry summer of 2018 (Figure 8), we did not observe any emission peak after the 2nd
fertilization in June (Figure 9).

Figure 10 shows the N.O emission pattern in 2019 over most of the growing season. Rather than high
emission peaks after fertlization in spring we observed a slow and small increase over time in the cold
and wet spring (Figure 8). However in late spring with high temperature and wet weather we observed
high emission peaks right after the 2nd fertilization, which stayed high for the next 4 weeks (Figure 10).
This year we prolonged our measurements into late summer to monitor residual effects of high
fertilization rates on N=O emission after the 2nd harvest, when all plots were supplied with equal
amount of fertilizer. During this period, soils were very dry (Figure 13), and the emission were very low
in all treatments (Figure 10).

3.3 Cumulative N,O emissions

Cumulative N.O emissions over the study period were significantly higher in fertlized grass as
compared to the zero N treatment (Figure 11). An increase in the fertilization rate from 240 to 320 kg
N ha doubled the total N.O emission. In average, 0.6% of applied N was lost as N.O during the 3
months of study in both years. Total dry matter yield did not increase with increasing fertlization rate
above 240 kg N hat (table 2), while total cumulative N.O emissions increased significantly from 240 to
320 kg N ha! (Figures 11 and 12).
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Figure 9. Temporal variation in N,O emission from a grass field under different fertilization regimes during spring and
early summer in 2018. Presented values are averages of 3 replicates.
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Figure 10. Temporal variation in N,O emission from a grass field under different fertilization regimes during spring and
early summer in 2019. Presented values are averages of 3 replicates.
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Figure 11. Cumulative N,O emissions from grass swards according to fertilization regime over the measurement periods
of 83 and 96 days during 2018 and 2019, respectively. Columns within years marked with different letters
were significantly different according to a Tukey test (p<0.05).
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Figure 12. Relationship between the N,O emission, total DM yield and fertilization rate during the two years of study.
Presented values are the average of 3 replicates in each treatment.
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Figure 13. Soil temperature and volumetric water content (VWC) at 5 cm depth during the two years of study. Data
were collected from loggers installed at the experimental site.
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Figure 14. Mineral N (NHs*and NOs’) content in soil during the study period of 2018 and 2019. Presented values are the
average of three replicates of each treatment.
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4 Discussion

4.1 N,0 emissions according to soil moisture and temperature

Weather plays a significant role in controlling the magnitude of N-.O emissions from agricultural soils.
It has previously been shown that N-O emission rates are highly dependent on soil moisture content
(Marti 1984, Cheng et al. 2014) and temperature (Stott et al. 1986, Smith et al. 1998). Smith et al.
(1998) confirmed that the increase in N.O emissions rates with increasing temperature also is related
to the increasing respiratory demand for O-, resulting in more and larger anaerobic zones.

The weather conditions were very different beween the two years of study on the present investigation
site. Emissions rates were highest in spring 2018 and after first cut in 2019 when soil moisture and
temperature were high, whereas low emission rates were observed when soils were cold and/or dry
after 15t harvest in 2018 and in early spring in 2019, thus shows the importance of weather conditions
in controlling the N-O emissions between the seasons and years.

Optimum soil moisture conditions favouring denitrification and its higher N.O:N. product ratio are in
the range of 60-80% water filled pore space (WFPS) depending on the soil type (Davidson et al. 2000,
Skiba & Smith 2000). At higher soil moisture content (over 80% WFPS) the N.O:N-: product ratio of
denitrification decreases and the major end product will be N. (Weier et al. 1993, Butterbach-Bahl et
al. 2013). At very low soil moisture content (more aerated conditions) nitrification is the main
dominating process, which has lower N-O:N product ratio than denitrification. In our study, peak N.O
emission were observed when the volumetric water content were in the range of 0.30 — 0.35 (60-70%
WEPS), which is in agreement with numerous previous studies. Regarding the soil temperature in our
study, high emissions were only observed at temperatures above 10°C, which shows that microbial
activity is retareded at low temperature.

If this knowledge was to be applied for the development of fertilization regimes that prevent N.O
emissions, one might in first hand suggest that N should be applied in early spring when soil
temperatures are low. However, under such conditions, plants will deplete the pool of mineral N in the
soil very slowly which leaves surplus substrate for denitrifying microbes for a longer period of time.
Thus, the best option will likely be to apply the N in periods with rapid plant growth although they may
coincide with periods with high risks of denitrification and N-O emissions. This dilemma will probably
also occur if springs will be warmer and even wetter in future (Hanssen-Bauer et al. 2015).

The effects of soil water content on N.O emission rates may have been indirect via N availability in the
soil as well. If it is too dry, fertilizer granules will be slowly dissolved and the diffusion and bulk flow of
nitrogen solved in water will also be retarded. This might have been the situation at the application of
fertilizer after the first cut in 2018. Although there were a few rain showers and a sudden and short
increase in soil water content around the fertilization date, a large water deficit had accumulated after
a long periode of high temperatures and no precipitation. Both the mineral N content in the soil and
the N-O emissions were shown to be low, giving some support to the hypothesis of low substrate
availability due to diffusion constraints. However, the concentration of both NO;- and NH,*was as high
as under the high emission episodes in spring the same year (Figure 14).

4.2 N,0 emissions according to fertilization rates and regimes

The yield response to N application above 240 kg ha* was low or absent in both years in the present
experiment, whereas N-O emission rates increased considerably in all intervals between 240 and 320
kg ha-t. This illustrates that the option of balancing N application rates to crop growth potential stands
as a valid practice for reducing N.O emissions, both in absolute terms and relative to crop yield. This
holds even if the “balancing dosage” applied in spring (100 kg N) or after regrowth (70 kg N) is far

20 NIBIO REPORT 6 (183)



higher than what is taken up by the grass crop during the following 2-3 weeks, when surplus N is easily
available for the microbes to nitrify and denitrify and cause gaseous N losses as N.O and N.. Although
all fertilization rates from 240 to 320 kg N ha-* caused high N surplus relative to plant uptake in spring
and after cut, it seemed to be very important for total N-O emissions how large surpluses were. Total
emissions were twice as high at 320 kg N ha as at 240 kg N ha-1.

When evaluating the environmental burden of food and feed production, it might also be relevant to
express N-O emission intensity per crop yield and not only per area farmed land. In the present study,
this ratio was lower for the 240N treatment than for the oN treatment. It should, however be noted
that this holds only for emissions during the growing season. We have only accounted for emissions in
non-continuous periods from late April until August, and not for those occurring during autumn and
winter. Residual N accumulated in soil and remaining plant parts were likely higher in the 240N
regime than in the zero N regime, and Sturite et al. (2014) have demonstrated that these pools can be
sources for high N.O emission from grassland during winter time and may account a substaintial part
of total annual N.O emissions.

Total N=O emissions during the current measurement period (three months) amounted to nearly 0.6
% of the N applied as fertilizer in both years. These results are in line with previous findings in cereal
production in south east Norway (Nadeem et al. 2015), where N-O emissions ranges from 0.5-0.6%
during the growing season (May-October). This proportion (0.6%) is lower than the IPCC emission
factor of 1%, but again we have to take into regard that the present study has covered only one fourth
of the year, and that the N.O measurements were not continuous. Annually, total N.O emissions are
mainly controlled by event driven peaks, like after fertilization, drying-rewetting, freezing-thawing,
and soil cultivation (crop residue incorporation) ete, most of them were not captured in this study.

In order to lower the N dosage that is applied in early phases of spring growth and regrowth, which
implies risks for high N.O emission rates, split fertilization within growing periods may be an
alternative, at least for the part of N supplied from mineral fertilizers. Late spreading of animal
manure implies risks for contamination of silages with unwanted microorganisms, and will probably
involve damage and lodging of the crop, irrespective of spreading method. Broadcasted granulated
fertilizers supplied according to plant demand by use of precise and high capacity centrifugal
spreaders under optimal weather conditions may, however, be an option with acceptable trafficking
in the standing crop.
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5 Conclusions

Critical conditions for N-O emissions from soil were warm and wet periods after fertilization,
before small plants efficiently absorbed added N.

Moderate N fertilization could reduce N-O emissions to some extent.
Heavy fertilization in spring did not lead to increased grass yield but increased total N-O emissions.

Under the predicted warm and wet spring conditions in Norway in future, heavy fertilization would
imply high risks for N losses and N.O emissions.

Late or split fertilization according to predicted grass plant N uptake capacity could be a preventive
measure, but will be difficult to implement.

Avoiding heavy fertilization during periods of high soil temperature and moisture content could be
another preventive measure to reduce N.O emissions. Such a practice will, however, likely imply
risks of suboptimal nitrogen supply when growing conditions are good.

This study, covering only parts of the year, gave no basis for suggesting adjustments of the official
N-O emission factor of 1% of added nitrogen.

Animal manure application and clover inclusion in the perennial crop would probably have added
significantly to total N-O emissions.
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