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Abstract. Nitrous oxide (N,O) is a potent greenhouse gas with a high contribution from agri-
cultural soils and emissions that depend on soil type, climate, crops and management practices.
The N,O emissions therefore need to be included as an integral part of environmental assess-
ments of agricultural production systems. An algorithm for N,O production and emission from
agricultural soils was developed and included in the FASSET whole-farm model. The model
simulated carbon and nitrogen (N) turnover on a daily basis. Both nitrification and denitrifica-
tion was included in the model as sources for N,O production, and the N,O emissions depended
on soil microbial and physical conditions. The model was tested on experimental data of N,O
emissions from grasslands in UK, Finland and Denmark, differing in climatic conditions, soil
properties and management. The model simulated the general time course of N,O emissions and
captured the observed effects of fertiliser and manure management on emissions. Scenario
analyses for grazed and cut grasslands were conducted to evaluate the effects of soil texture,
climatic conditions, grassland management and N fertilisation on N,O emissions. The soils varied
from coarse sand to sandy loam and the climatic variation was taken to represent the climatic
variation within Denmark. N fertiliser rates were varied from 0 to 500 kg N ha™!. The simulated
N,O emissions showed a non-linear response to increasing N rates with increasing emission
factors at higher N rates. The simulated emissions increased with increasing soil clay contents.
N,O emissions were slightly increased at higher temperatures, whereas increasing annual rainfall
generally lead to decreasing emissions. Emissions were slightly higher from grazed grasslands
compared with cut grasslands at similar rates of total N input (fertiliser and animal excreta). The
results indicate higher emission factors and thus higher potentials for reducing N,O emissions for
intensively grazed grasslands on fine textured soils than for extensive cut-based grasslands on
sandy soils.

Introduction

Grasslands play a major role at both national and continental scales for the
total nitrous oxide (N,O) emission into the atmosphere (Jarvis 1997). The
global emission of N,O from grasslands is estimated at about 2.5 Tg N y ',

comprising 18% of total N emission (Lee et al. 1997).
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N-O is a potent greenhouse gas affecting the radiation balance of the earth
(Houghton et al. 2001), and it also contributes to depletion of stratospheric
ozone (Cicerone 1987). The emissions of greenhouse gases are regulated by the
Kyoto Protocol under UNFCCC (United Nations Framework Convention for
Climate Change). Nations under UNFCCC have to perform inventories of
greenhouse gases, including N,O, using the IPCC methodology (IPCC 1997).
Based on experimental data from UK and USA, a N,O emission factor of
12.5 g N,O-N per kg of N input was estimated (Bouwman 1996), and this
emission factor is presently recommended by IPCC. Nevertheless, nations
under UNFCCC are allowed to use locally adapted emission factors, provided
sufficient documentation exists (IPCC 2001).

Soil N,O production is influenced by a range of microbiological, chemical
and physical soil processes and properties (Venterea and Rolston 2002).
Nitrification and denitrification are generally believed to be the most important
microbiological sources for N,O production in the soil (Maag and Vinther
1996). In addition, N,O is produced by chemo-denitrification in neutral and
acidic soils, through a number of physical and chemical reactions leading to
N,>O formation largely controlled by soil pH (Bremner 1997). After a physical
redistribution of N,O between water and air phases within the soil pore space,
gaseous N,O is emitted into the atmosphere or transported as dissolved N,O
via groundwater (Yoh et al. 1997).

The emission of N>O from grasslands is closely linked to biogeochemical and
physical properties of the soils through microbiological processes (Conrad
1996) and affected by climatic conditions, type and rate of fertilisers/manure
and sward management (Frolking et al. 1998; de Klein et al. 2001). The
complex interactions between soil processes under different environmental
conditions and crop management makes it difficult to draw firm conclusions
about emission estimates from individual experiments. Modelling may there-
fore serve as a tool for interpreting experimental results and extrapolating to
new environmental and management conditions (Smith et al. 1997).

A number of simulation studies of N,O production and transport through the
soil profile have been published (e.g. Li et al. 1992; Parton et al. 1996; Potter
et al. 1997; Schmid et al. 2001). The models describe the production and
transport of N>O at hourly, daily or finer time scales, which is necessary to
capture the environmental influences on N,O production. The models also
describe microbiological processes leading to N,O emissions from the soil based
on Michaelis-Menten-Monod or zero/first-order kinetics. However, there are
other models in which N>O emission is described through physical distribution,
diffusion and leaching of N,O through the soil profile (Langeveld et al. 1997).

Simulation of the N,O emission from grasslands is difficult, not only because
of the interlinked processes but also due to uncertainties in the accuracy of
experimental data for N,O emission, which hamper the development and
testing of models (Ambus and Christensen 1995; Frolking et al. 1998; Parton
et al. 2001). The sensitivity of the measurement technique, spatial and temporal
variability of the N,O fluxes and problems with determining the gases in



397

certain cases may lead to difficulties in obtaining reliable estimates of whole
field N,O emissions (van den Pol-van Dasselaar et al. 1998; Rudaz et al. 1999;
Williams et al. 1999). Emissions of N,O from soils is strongly dependent on soil
and crop management, which for most livestock farms not only depends on the
soil and the crop rotation, but also on the livestock and manure management,
particularly for livestock systems with grazed pastures.

The FASSET whole-farm model includes all major N-flows at the farm level
including a detailed dynamic simulation of the soil-plant-climate system at the
field level (Olesen et al. 2002). This makes the model suitable for evaluating
environmental consequences of changes in farm management (Berntsen et al.
2003). This environmental evaluation should include all relevant N losses from
agriculture, including N leaching, ammonia volatilisation, N, and N>O emis-
sion. The objective of the work presented here was to extend the FASSET
model with an algorithm for estimating N,O emissions from soils, and to
evaluate the effects of variation in management, soils and climate for N,O
emissions from grasslands in Denmark.

Materials and methods
FASSET model

The FASSET soil-plant-atmosphere model was taken as the basis for the
implementation of a denitrification and N,O emission model. The model,
which applies a daily time step, simulates N turnover and crop production
as affected by daily weather and availability of water and N (Olesen et al.
2002).

The soil model has a one-dimensional vertical structure and simulates
daily movement and plant availability of water and N. The soil is divided
into horizontal layers, and the transport of water and N between the soil
layers is calculated using the concepts of the Solute Leaching Intermediate
Model, SLIM (Addiscott and Whitmore 1991). The soil organic matter
(SOM) model is based on Petersen et al. (2005a, b). Briefly, an organic
residue that enters the model is split into two organic pools (AOMI1 and
AOM?2) depending on the type and quality of the residue. The AOM pools
are decomposed by two microbial pools (SMB) — a slowly growing SMBI
pool and a faster growing SMB2 pool. Residues from the SMB2 pool goes
to a soil microbial residue pool (SMR), while residues from the SMB1 pool
goes to a SOM pool (NOM). Part of the soil organic matter is inert (IOM).
Simulations of temperature, water content, nitrification, potential minerali-
sation, and ammonium and nitrate concentration in the soil layers were
taken as input for the denitrification and N,O emission model. Simulation
of grazing and growth of grass-clover was done according to Berntsen et al.
(2005).



398
N>0 modelling

The N,O emission model is based on the “Holes-In-the-Pipe” scheme
(Davidson et al. 2000), where the N intermediates from the nitrification and
denitrification processes are assumed to be sources for N>O production. Nei-
ther chemo-denitrification nor nitrifier denitrification are considered as sources
for N,O in the model.

Two steps are used to calculate the N,O emission. Firstly, for each soil layer
the N,O production potential is determined from the simulated nitrification
and denitrification by applying semi-empirical functions to estimate effects of
environmental factors. Secondly, the potential N>O emission is divided into N,
and N,O emission using semi-empirical relations to estimate the effects of soil
physical properties and soil diffusion (layer depth) on the efficiency by which
denitrification reduces N»>O to N». The actual N, and N,O emissions are then
calculated by summing the contributions from each soil layer.

N>O production potential

Both nitrification and denitrification are affected by several environmental
factors from which soil temperature is the most important factor (Bouwman
1996). The temperature response for both processes was taken from Kirsch-
baum (1995) and Petersen et al. (2005a):

Fr(T) = a,exp(b, + ¢, T[1 — 0.57/d,)) (1)

where a,, b,, ¢, d, (a, = 7.24, b, = —3.432, ¢, = 0.168, d, = 36.9) are
parameters, and 7 is mean daily soil temperature (°C).

The potential N>O production ¢y, (g N m 2 d ") is assumed to be the sum
of denitrification ¢, (g Nm 2d™") and a proportion of nitrification &,
(g Nm2d") rate:

é1*\120 = k”PFnT(T)QWfpén + éd (2)

where k,, represents the proportion of N intermediates resulting in N,O
emissions from nitrification. Qg is the soil water-filled porosity (v vh,
Owip = 0/P, where 0 is volumetric soil water content (v v~ 1) and P is total soil
porosity (v v_!). The temperature function F,(T) was parameterised using
experimental data from Ingwersen et al. (1999) and the temperature function
for nitrification from Li et al. (2000):

For(T) = min[1,exp(—0.5((T — 2a,)/a,)°)] (3)

where a, (a, = 17.1) is a constant.
The soil nitrification is described by first-order kinetics modified by soil
temperature and soil water potential:

én = knFT(T)Fl// (w)CNH4 (4)
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where Cnp, is the soil ammonium content (g N m~?), Fy(y) is the soil water
function and k, is the potential nitrification rate under optimal conditions,
which is set to 0.10 d~' (Hansen et al. 1990).

The soil water function F, () is taken from Petersen et al. (2005a):

0.6 Y>-9.81-10"°
0.6+0.4-log,(—/9.81-107°)/1.5 —9.81-10° >y >-3.1-107°
F,(Y)=¢ 10 —3.1-1073 >y >-3.1-10"2
1.0— (log,o(—/9.81-107°)=2.5)/3.0 —3.1-107° >y >—3.1-10°
0.0 —3.1-10' >y

()

where i/ is soil water potential (m H,0).

The denitrification potential & 4 (2 N m~2d~') was assumed to be propor-
tional to the SOM mineralisation rate £, (2 C m~2d™"), and to depend on soil
clay content:

¢4 = (aq + by Clay)g, (6)

where a,; and b, (a; = 0.151 gNgC*l, b; = 0.015 gNgC*I) are constants esti-
mated from Drury et al. (1991), Clay is clay content (%), and the potential
mineralisation rate is estimated by the FASSET SOM model using first-order
kinetics (Petersen et al. 2005b).

The denitrification rate was assumed to depend on soil temperature, water-
filled porosity, and nitrate concentration Cno, (mg N kg™ "):

i = EFr(T)Fo(Qy,) Fr(Cros) (7)

where Fp(Qwrp) defines the dependency of denitrification on water-filled
porosity, and this function was estimated from data by Del Grosso et al.
(2000):

Fo(Qurp) = max{0, min[1, ap + bo /(1 + exp(—(Qug, — ¢o)/do))l}  (8)

where ap, bQ, Co and dQ (ClQ = 0.01 16, bQ = ]36, Co = 0815, dQ = 00896)
are constants. Fyo(Qwrp) has three different fragments. When Q. is less than
ca. 0.6 the function has a value near zero, which, possibly reflects a good
aeration of the soil. For Qyg, above ca. 0.6 the function increases exponentially
up to a maximum value of 1, which is attained when Oy, has a value of about
0.9. The nature of the function is in agreement with experimental data by
Grundmann and Rolston (1987) and Johnsson et al. (1991).

Fy(Cno,) describes the dependency of the denitrification rate on nitrate
concentration using the Langmuir’s isotherm:

Fy(Cno,) = max{0, min[l, ayCno,/(by + Cno,)]} (9)
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where ay and by (ay = 1.17, by = 32.7) are constants, which were estimated
from experimental studies (Wijler and Delwiche 1954; Nommik 1956; Weier
et al. 1993; Henault and Germon 2000).

N>O emission

The actual N>O emission {no (g N m 2 d~ ') was estimated as the N,O pro-
duction potential ¢y, modified by functions of environmental variables and
soil depth, as the ratio of N, to N,O depends on reduction potential in the soil
and on the diffusion path to the soil surface (Yoh et al. 1997):

&0 = Suofwr(T)(1 = Fo(Qugy)) Fe(Clay) Fp (Depth) (10)
The empirical temperature function Fy7(T) was based on Vinther (1990):
Fyr(T) = 1/(1 + exp(ar + b7 T)) (11)
where a7 and by (ar = —0.64, by = 0.08) are constants.

The N,O emission profile with soil depth Fp(Depth) was taken from data for
a loam soil (Yasukazu et al. 2000), and adapted to soils with different clay
content F(Clay) using the data from Letey et al. (1980):

Fp(Depth) = max{0, min[l,ap — b, Depth — cp, Depth?]} (12)

Fc(Clay) = max{0, min[l, ac exp(bc Clay ) —cc)|} (13)

where Depth is soil depth (m) and ap, bp and ¢p (ap = 1.0008, bp = 0.0343,
¢p = 3.1816), ac, bc and cc (ac = 1.26, b = —0.0116, c¢c = 0.249) are
constants.

The N, emission &y, (g N m 2 d~") was then estimated as the difference
between potential and actual N,O emissions:

&Ny = &0 — SN0, (14)

Experimental data for model evaluation

Experimental data from three North European sites (Table 1) were used for
evaluating the N>O emission model. The data included measurements of soil
water and mineral N contents and N,O emissions from the soils. Additionally,
data on soil texture, initial soil C and N contents, daily meteorological data
and grassland management were used in the model simulations.

Site 1. An experiment at Jegersborg in 1981 on a grass lawn (soil clay
content 9%) with three treatments: control (UN) with no fertilisation,
application of mineral N (MI) with 200 kg N ha~! of NH4NO5 twice a year,
and injection of cow slurry (SL) with a total 492 kg N ha™' (Christensen
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Table 1. Location and normal annual climatic conditions for the experimental sites used for
model validation.

Site Location Geographical coordinates Precipitation (mm) Temperature (°C)
Jegersborg East Denmark  56.50° N, 09.58° E 630 7.6
Jokioinen  South Finland  60.82° N, 23.50° E 636 5.7
Devon South-West UK 50.70° N, 04.87° W 1141 10.3

1983b). The N,O fluxes were determined by drawing air through chambers
inserted into the soil surface and measuring N,O content by gas chromatog-
raphy (Christensen 1983a). The total N,O emissions during May to August
were calculated from hourly measurements.

Site 2. Three years of continuing N,O measurements at Jokioinen on cut
grassland on a clay (CL) and a loamy sand (LS) soil, with clay contents of 57.3
and 9.7% and SOM contents of 5.2 and 5.4%, respectively (Pihlatie et al. 2004;
Syvisalo et al. 2004). Mineral N was applied at rates of 200-250 kg N ha~' in
two to three annual applications. Emissions of N,O were measured 2—6 times
per month from three replications during July 2000 to August 2002 with
opaque chambers. Based on these values the seasonal N>,O emission budgets
during the 2 years were estimated by linear interpolation.

Site 3. Measurements of N,O emissions were performed in 2002 at 2 farms in
Devon on permanent grasslands with intensive grazing under conventional
(CF) and organic (OF) management (Petersen et al. 2005¢). The N applications
were 65 kg N ha~! in animal manure and 25 kg N ha™! from grazing for the
OF treatment and 78 kg N ha™' in mineral N fertiliser, 187 kg N ha~' in
animal manure and 113 kg N ha™' from grazing for the CF treatment. The soil
type was loam with a clay content of ca. 20%, and the C:N ratio of SOM was
9.3 and 8.3 for CF and OF, respectively. The N,O emission was measured in
six replicates approximately twice a month during February to November 2002
with the static chamber technique. Seasonal N,O emissions were estimated by
linear interpolation.

Validation procedure

The FASSET model was used to simulate N,O emissions from the three
European experimental grassland sites using the observed management
(fertilisers/manure, grazing and cutting). Grazing was simulated as described
below for the scenario analyses. Standard long-term daily meteorological data
(minimum and maximum temperature, precipitation and global radiation)
were obtained for the Danish, Finnish and UK sites. The soil hydraulic
properties were predicted using pedotransfer functions based on the HYPRES
database of European soils (Wosten et al. 1999). These semi-empirical func-
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tions were used in the FASSET model as parameters for the Mualem—van
Genuchten equation (Schaap and Leij 2000).

The model behaviour was checked by comparing observed and simulated
values of crop biomass, yield, soil water and soil mineral N, which indicated no
systematic deviations (data not shown). The model’s ability to predict
the observed N,O emissions was estimated by regression analysis. In addition,
the root mean squared error (RMSE), the coefficient of model efficiency (EF),
the coefficient of model determination (CD) and the sample correlation test
(r-test) were calculated according to Smith et al. (1997).

Scenario analysis

The response of simulated N, and N,O emissions to changes in grassland
management and variation in climatic and soil conditions were evaluated for a
range of scenarios.

The calculations were performed for a crop rotation with 1 year of spring
barley undersown with ryegrass followed by 2 years of grass. This is the typical
way of establishing rotational grassland in Denmark. The emission results were
taken from the second year grassland only, and the two first years of simula-
tions were thus used for initialising soil pools. The grasslands were either
grazed with heifers or treated as a cut-based system (four cuts per year) with
removal of the grass. During grazing the heifers were assumed to remove all
crop material above 9 cm. Of this material 20% is immediately deposited on
the soil surface. This simulates several loss processes, such as spillage during
grazing and treading of plants by the cattle. It was assumed that 84% of the N
in intake was excreted, while the remaining 16% were used for growth. During
the first year 300 kg N ha~! was applied as mineral fertiliser (NH,NO;, 50:50),
whereas in the second year the applied mineral N ranged from 0 to
500 kg N ha™' in steps of 50 kg N ha~'. The simulations were carried out
using climate data from Research Centre Foulum (56.30° N, 9.34° E) with an
average annual temperature of 7.3 °C and precipitation of 704 mm for the
period 1961-1990 (Olesen et al. 2000) in combination with three different soil
textures with topsoil and subsoil textures from Table 2. For estimation of the
average emissions of N, and N,O, 30 independent calculations were performed
by starting the simulations in different years within the climatic datasets, which
spanned the years 1961 to 2004.

Additional scenarios were performed for the cut-based system in which soil
organic C, temperature and precipitation were varied. Soil organic C was
increased by 0 to 60% relative to the original soil profile. Temperature was
changed by adding a constant value to the observed daily temperature, and
precipitation was changed by scaling the observed daily precipitation.
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Table 2. Soil textures used for the scenario analyses.

Soil texture Sand 20-2000 Silt 2-20 Clay <2 Soil organic
pm (%) pm (%) pm (%) C (%)
Topsoil (0-25 cm)
Coarse sand 87.5 8.8 3.7 2.19
Loamy sand 66.0 26.2 7.8 2.25
Sandy loam 51.0 30.6 18.4 2.06
Subsoil (25-50 ¢m)
Coarse sand 92.7 39 34 1.29
Loamy sand 68.2 24.5 7.3 1.28
Sandy loam 53.4 26.8 19.8 1.15
Result

N,>O emission model

To determine the k,, value, the potential nitrification was estimated from a
pasture experiment at Risg (Denmark) twice in April and July 2001 by mea-
surement of nitrification rates and N,O emission in soil cores using '’N isotope
technique (Per Ambus, personal communication). Based on these experimental
data, k,, was estimated as 0.047. In the scenario analysis the N,O production
by nitrification from loamy sand varied between 0.25 and 0.65% of the nitri-
fication rate, which agreed with experimental values reported by Maag and
Vinther (1996). They showed that despite differences between the soils, the N,O
production was generally between 0.28 and 0.48% of the nitrification rate, and
Billore et al. (1996) found an interval between 0.64 and 1.00% across several
grassland soils.

Experiments

The model simulations captured most of the variation in the measured N,O
emissions, which was caused by the different fertiliser and manure treatments
for the Danish and UK sites (Figures 1 and 3). On a seasonal basis there was
also a good correspondence between the observed and simulated values
(Table 3), both of which in the Danish experiment gave the lowest emissions for
the unfertilised treatment (UN), higher emissions for the mineral N treatment
(MI) and the highest emissions from the slurry treatment (SL). However, the
model underestimated the N,O peaks from the SL treatment.

For the Finnish site the simulated N,O emissions generally followed the
trends of the measurements for the CL (clay soil) and LS (loamy sand soil)
treatments (Figure 2 and Table 3), except for the measured spring peaks in 2001
and 2002, which were not found in the simulated data. However, the observed
and simulated values for N,O emissions broadly agreed on a seasonal basis.
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Table 3. Observed and simulated seasonal N>O emissions (kg N ha™").

Site Experiment Period Observed Simulated
Jegersborg UN May-Jul 1981 0.43 0.10
UN Jul-Aug 1981 0.24 0.12
MI May-Jul 1981 1.32 1.52
MI Jul-Aug 1981 1.06 1.01
SL May-Jul 1981 1.65 0.97
SL Jul-Aug 1981 7.70 2.48
Jokioinen CL Jul-Dec 2000 0.46 0.80
CL Jan-Dec 2001 0.96 1.15
CL Jan—-Aug 2002 1.33 2.19
LS Jul-Dec 2000 0.49 0.41
LS Jan—Dec 2001 1.51 0.58
LS Jan—Aug 2002 0.82 0.56
Devon CF Feb—Nov 2002 5.97 9.82
OF Feb-Nov 2002 2.42 2.84

The measurements of N>O emissions for the grazed grasslands in the UK site
showed a large spatial variation, in particular on days with high emissions
(Figure 3). There were also large variations between replicates in the observed
daily emissions, which the model was not designed to simulate. The simulated
seasonal N,O emissions from the CF treatment were higher than the observed
interpolated measurements.

Regression analysis showed that the simulated emissions explained 69% of
the variation in observed seasonal emissions. The intercept was not signifi-
cantly different from 0, and the slope was not significantly different from 1. For
all experiments presented in Table 3 the RMSE is equal to 1.79 kg N ha™', the
EF is small but positive, and CD is greater than 1. The r-test shows a positive
correlation between observed and simulated values (Table 4).

Scenario analysis

The average simulated daily N>O emissions are shown in Figure 4 for cut and
grazed grasslands with application of 200 kg N ha~! in mineral fertiliser
(NH4NO3, 50:50). The grazed treatment gave higher N,O emissions through-
out the season, even before the start of the grazing period. This reflects the
residual effect of the previous year with grazing. The grazing period contrib-
uted with 72 and 74% of the annually emitted N,O for cut and grazed
grassland, respectively, which accumulates to 79% for both types of grassland
when this period was extend with the first N application. Peaks in the N,O
emission were simulated after each fertiliser application, and most clearly in the
cut treatment. The longest average N,O emission peak was obtained after the
last fertiliser application, even though the same amount of mineral N fertiliser
was applied at each application. For the grazed grassland, the late spring and
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Simulated (lines) and measured (points) daily N,O fluxes from January to December
1981 for a grass lawn on the Jegersborg site for unfertilised (UN), mineral fertiliser (MI) and slurry
(SL) treatments. Short and long arrows indicate mineral and organic N applications, respectively.
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Figure 2. Simulated (lines) and measured (points) daily N,O fluxes from January 2000 to
December 2002 on the Jokioinen site for a cut grassland on clay (CL) and loamy sand (LS) soils.
Arrows indicate mineral N applications. The bottom graph shows temperature (line) and precip-
itation (bars).

autumn N,O emissions were considerably higher than the mid-summer emis-
sions. Despite averaging of 30 years of simulations there remained a consid-
erable variation in simulated N,O emissions due to the daily variation in
weather conditions.

Mean simulated N,O emissions increased with increasing N fertilisation
rates in a non-linear way such that the slope of the response curve increased at
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Figure 3. Simulated (lines) and measured (points) daily N,O fluxes from January to December
2002 for grassland on conventional (CF) and organic (OF) farms in Devon. Short and long arrows
indicate mineral and organic N applications, respectively. The bottom graph shows temperature

(line) and precipitation (bars).

higher N rates (Figure 5). Emissions were lowest for the coarse sandy soil and
highest for the sandy loam. The N,O emissions were higher for the grazed
treatment throughout the range of applied fertiliser N, but with the highest
emission increase from grazing at high N fertiliser rates (Figure 5b).

The emission factors for N,O were estimated as the slope of the N,O
emission curve at two levels of mineral fertiliser N, low (200 kg N ha=' y™")
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Table 4. Selected statistics for comparison of observed and simulated seasonal N,O emissions
(kg N ha™1).

Data source RMSE EF CD r-test

All experiments 1.79 0.29 1.41 0.69

RMSE: the root mean squared error; EF: the coefficient of model efficiency; CD: the coefficient of
model determination; r-test: the sample correlation test (Smith et al. 1997).

and high (400 kg N ha~' y~!). Due to the non-linearity only the two simula-
tion results surrounding these N input levels were used in the estimation.
Emission factors increased with increasing N rate and soil clay content
(Table 5). The emission factors were considerably higher for the grazed
treatment compared with the cut treatment, when estimated from the fertiliser
N input only, but the difference almost disappeared when estimated from the
total N input (fertiliser plus animal excreta). The total N input was
449433 kg N ha™! for the low N treatment and 683+44 kg N ha™' for the
high N grazed treatment.

The relative importance of denitrification for N,O emissions increased with
increasing soil clay content and N input (Figure 6a, b), and the simulated
denitrification constituted on average an almost constant fraction of total N
input (mineral fertiliser plus animal excreta). The ratio of N,O to total gaseous
N (N,O + N,) emissions decreased with increasing soil clay content and in-
creased slightly with increasing N rate (Figure 6c¢). Nitrification was a signifi-
cant source for N,O emissions only for the coarse sandy soil (Figure 6d), and it
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Figure 4. Simulated mean daily N,O emissions with climate data from Foulum for a grassland
using 200 kg mineral N ha~'. Thin and thick solid lines indicate cut and grazed treatments,
respectively. Arrows indicate dates of N application, x indicates dates of cutting, and vertical
broken lines indicate the grazing period.
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Figure 5. Simulated mean annual N,O emissions at increasing rates of mineral N input for (a) cut
and (b) grazed management. Thick solid lines indicate sandy loam, thin solid lines indicate loamy
sand, and dashed lines indicate coarse sand soils.

was less important for the grazed treatment compared with the cut treatment at
similar N fertiliser rates (data not shown).

The effects of changes in soil organic C content, temperature and precipi-
tation on N,O emissions were simulated for a cut grassland with

Table 5. Simulated mean N,O emission factors as % of N input at low (200 kg N ha~') and high
(400 kg N ha~") mineral N application rates.

Soil texture Cut (% of Grazed (% of Grazed (% of
applied N) applied N) total N)
Low High Low High Low High
Coarse sand 0.53 0.68 1.33 1.58 0.61 0.95
Loamy sand 0.92 1.34 2.57 3.24 1.15 1.89

Sandy loam 1.91 3.24 4.73 6.73 2.18 3.96
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solid lines indicate sandy loam, thin solid lines indicate loamy sand, and dashed lines indicate
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300 kg N ha~' in mineral fertiliser (Figure 7). Generally, the N,O emissions
were largest for the sandy loam and the response to changes in soil organic C
and climate was also largest for this soil type. The N,O emission increases
linearly with soil organic C content with a mean factor of 0.82, 1.57 and
3.90 kg N,O-N ha™' % of soil organic C~' for coarse sand, loamy sand and
sandy loam soils, respectively (Figure 7a). The temperature response is slightly
curvilinear (Figure 7b). A temperature increase of 2 °C at the mean annual
temperature of 7.3 °C increased the N,O emissions by 0.22, 0.41 and
0.93 kg N,O-N ha~' °C™! for coarse sand, loamy sand and sandy loam soils,
respectively. There was a more complex curvilinear response of the N,O
emissions to changes in precipitation (Figure 7c). The N,O emissions generally
decreased with increasing precipitation above an annual precipitation of
400 mm. A doubling of the normal annual precipitation led to emission
reductions of 0.002, 0.003 and 0.007 kg N,O-N ha~! mm™! for coarse sand,
loamy sand and sandy loam soils, respectively.

Discussion

The comparison between simulated and observed N,O emissions is compli-
cated by the large temporal and spatial variation in the measured emissions. In
cases of sparse measurements this may invalidate the application of any
interpolation (linear or non-linear) for estimation of seasonal fluxes. The
experimental data used here from grasslands in Finland, Denmark and
UK were believed to have sufficient data to allow such a linear interpolation,
although there was a large spatial and temporal variation in emissions. The
spatial variation was particularly large for the UK site, which in contrast to
the other sites was grazed. It is possible that the heterogeneity caused by the
grazing and by the urine and dung patches may have increased the spatial
variation in N,O emissions. This effect was not included in the present model
study.

The FASSET model captured the increase in N,O emissions with increasing
N input in the Danish and UK experiments (Table 3). Similar increases in
emissions with increasing N input have also been found in other grassland
experiments (e.g. Bouwman 1996). The statistical tests also showed a good
predictability of the model in general (Table 4).

The response of the model to application of mineral fertiliser (MI) versus
slurry (SL) was tested for an experiment in Denmark, and the model predicted
the MI treatment well, but underestimated seasonal emissions in SL
experiment (Table 3). The daily emission were well simulated for the MI
treatment, but underestimated for two periods for the SL treatment (Fig-
ure 1c). The July to August period for the SL treatment is based on two very
high peaks. During the May to July period the simulations also miss the N,O
peaks due to slurry application. This coincides with a simulated decrease in the
ratio of the mean N, to N>,O fluxes (N,:N,O) with increasing in temperature.
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Rudaz et al. (1999) also found that the highest N,:N>O ratio occurred at low
soil temperatures.

The model was unable to capture the high spring N,O fluxes in 2001 and
partly in 2002 for the Finnish site (Figure 2). Part of this can be explained by
the use of a tipping-bucket model for simulating soil water transport in
FASSET. This type of model will tend to overestimate water infiltration rates
during periods of high rates of water input such as during thawing in spring.

The model was generally able to capture effects of nitrogen availability, soil
temperature and soil water content on N,O emissions found in many experi-
mental studies (Castaldi and Smith 1998; Smith et al. 2003). These effects are
also included in other simulation models, which have shown similar simulated
seasonalities in N,O emissions and demonstrated similar if not worse
performance in simulating actual emission peaks from grasslands (e.g. Schmid
et al. 2001; Xu-Ri et al. 2003; Saggar et al. 2004). These differences between
simulated and measured emissions are often caused by the natural spatial
variation in emissions due to heterogeneities in the spatial (horizontal and
vertical) location of organic substrates and inorganic N. Much of this spatial
heterogeneity is not included in the models, and probably never will be. This
gives a general limitation as to how well observed emission peaks can be
replicated by a simulation model. Models should therefore not only be
evaluated in terms of their ability to replicate the measured time course of N,O
emissions, but also their ability to capture the influence of environmental
conditions and management on emissions.

The importance of soil texture for N>O emissions was clearly illustrated in
the scenario analyses showing higher emissions with increasing soil clay con-
tent from coarse sand to sandy loam soils (Figure 5). This is in line with results
from experimental data, which have shown that fine textured soils and
restricted drainage favour N,O emissions (Velthof and Oenema 1995).
The model predicted a higher N,:N»O ratio for the fine textured soils, which is
in line with experimental evidence showing higher ratios at high water-filled
pore space (Weier et al. 1993). The simulated N,O:(N,O + N,) ratio were lar-
gely unaffected by N input, but was considerably lower for the fine textured
soils as has also been found in experimental studies (Malone 1996). Higher
N,O:(N,O +N,) ratios are characteristic of “better aerated" soils, in which
N>O can easily diffuse away, and thus is not further reduced to N, via deni-
trification (Webster and Hopkins 1996). The model also predicted that the role
of nitrification for N,O emissions is smaller for fine textured soils and that this
role decreases with increasing N input, because of the increased availability of
nitrate as a substrate for denitrification.

The N,O emissions responded to both temperature and precipitation, but in
different ways (Figure 7b, c). The largest non-linear responses were seen for
variation in precipitation. Periods of high rainfall will increase N,O emissions
from denitrification. However, increased precipitation will also increase grass
growth and possibly nitrate leaching and thus will reduce soil nitrate concen-
trations, which will tend to reduce N,O emissions. At low precipitation, the
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effect of increasing precipitation on denitrification probably dominated,
whereas the effect of precipitation on nitrate leaching dominated at high pre-
cipitation and temperatures (Malhi et al. 1990). For a sandy loam soil Li et al.
(1992) found a reduction in N>O emissions of 0.003 kg N>O-N ha~' mm~' for
an increase of 20% of the mean annual precipitation and an increase in N,O
emissions of 0.31 kg N,O-N ha™' °C~! for an increase of 20% in mean annual
temperature. Smith et al. (1998) found an increase in N,O emissions with
increasing soil temperatures of 0.97 kg N,O-N ha~' °C™! for temperatures in
a range of 14-24 °C. These sensitivities to temperature and precipitation are
similar to the sensitivities obtained with the FASSET model. The simulated
response of N>O emissions to changes in soil organic C (Figure 7a) in coarse
sand and loamy sand soil textures is in line with the interval of 0.99—1.55 kg
N,O-N ha~' % of soil organic C~' found by Freibauer and Kaltschmitt (2003)
and of 1.04 kg N,O-N ha~' % of soil organic C~' found by Li et al. (1992) for
loam soil. The higher simulated responses for the sandy loam reflect the
importance of including clay content in the model.

The scenario analysis showed a non-linear response to fertiliser N input, in
particular for the grazed treatments (Figure 5). Similar non-linearities were
found at high N rates in a simulation study for a cut grass-clover pasture in
Switzerland (Schmid et al. 2001). This non-linearity effect mainly occurred
after many years of different N application in the Swiss study. However, in the
current study the effect resulted from differences in N rates applied within the
same year. The non-linear effect can most probably be ascribed to higher
mineral N concentrations in the soil at high N rates, where the N uptake
capacity of the plants will be exceeded. This non-linear response to increasing
N fertiliser rates has also been found experimentally for grasslands in the
Netherlands (Velthof and Oenema 1995; Velthof et al. 1997).

Grazing increased N>O emissions considerably in the simulations. In the
second year, this increase in the emissions from grazing occurred even before
the start of grazing in spring, which could be due to higher total C and N
recycling in the previous year. The higher N,O emissions from grazing have
often been attributed to the effect of dung and urine patches on N,O pro-
duction and the effect of treading and soil compaction on soil oxygen status
and thus on denitrification and N,O emissions (Velthof et al. 1997; Saggar et
al. 2004). However, the effect could simply be explained by a higher total C and
N input under grazing and possibly the non-linear effect of increasing N input
rates on the emissions. When the N input was estimated on the basis of total N,
including the amount of animal excreta, the simulated emission factors were
slightly higher for the grazed versus the cut system (Table 5). The cut treatment
had very sharp simulated N>O peaks following each N application (Figure 4).
However, as mentioned by Rudaz et al. (1999), it is difficult to quantify the
contribution of individual effects of N input and cutting on N,O emissions,
because they occur simultaneously. The grazed treatment showed low N,O
emissions during mid-summer, probably due to dry conditions. The N,O
emissions increased at the end of season due to an increase in the importance of
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denitrification and respectively sensitivity to the N>:N>O ratio. Rudaz et al.
(1999) found higher amounts of available C at the end of growing season,
which could stimulate N>O emissions. The scenario analyses did not include
the long-term effect of increased input of N in SOM for the grazed grassland,
which will increase the emissions over time (Schmid et al. 2001).

The IPCC methodology for N>O emissions inventory applies a fixed emis-
sion factor of 1.25% for N in fertiliser and manure and 2% for N excreted by
grazing animals (IPCC 1997). This difference between N in fertiliser and N
from grazing was smaller in the simulations with the FASSET model, when the
two systems were compared at similar total N input. It may therefore be that
the difference in the emission factors between the two systems is exaggerated in
the IPCC methodology.

The current study along with other simulation and experimental studies have
shown a non-linear response of N,O emissions to total N input. Thus based on
data in Schmid et al. (2001) increasing the application of NH4NOj3 for cut
grassland from low (200 kg N ha™") to the high (400 kg N ha~") N input level
increased the N,O emission factor for a sandy loam by 32%, where the
FASSET model simulated an increase of 69% (Table 5). This effect is not
included in the emission factor approach used by IPCC. The effect is that a
given reduction in N input based on the IPCC methodology will yield the same
reduction in the emissions irrespective of N input level, whereas in reality the
highest emissions reductions will be obtained by reducing excessive N inputs. It
may thus be more effective to reduce N input in high input intensive conven-
tional farming systems than in low input organic farming systems. The study
also shows the importance of including the effect of soil texture in the emission
inventories. According to the current simulations, the effect of a given reduc-
tion in N input on N,O emissions will be larger on sandy loam soil than on a
coarse sandy soil. In practice this emission reduction needs to be weighed
against other environmental effects of N input, such as the effect on N leaching,
which will be higher on a coarse sand compared with a sandy loam soil.

Conclusions

The N,O emission model in FASSET was capable of predicting the measured
seasonal patterns and temporal variability in N,O emissions for the most of the
studied treatments from grassland experiments in Northern Europe (UK,
Finland and Denmark). However, further testing against field data will be
needed to improve the performance of the model for various types of N input.

The model simulations showed that within a country like Denmark, differ-
ences in soil textures are much more important for N,O emissions than the
climatic variation and in some cases even larger than variation in N input. A
non-linear relation was found between N input and N,O emissions, in par-
ticular at high N inputs and for fine textured soils. This has implications for the
implementation of effective mitigation measures and for the emissions
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inventory methodology, which currently relies on a constant emission factor
irrespective of soil type and management.
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