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ABSTRACT.

Manure application to grassland and arable land is an important source
of ammonia and nitrous oxide losses. For both gasses, national and
international policies have been developed with the objective of
reducing the emissions. Since the early 1990s, measurements have been
carried out in The Netherlands to assess the gaseous losses from
manure application, especially for ammonia. Measurements of nitrous
oxide emissions are relatively scarce. This paper presents the results of
these measurements with the objective of providing an updated
quantification of the effect of techniques for application and
incorporation of manure, and to assess influencing factors. The manure
application techniques differ in their spreading or placement of the
manure onto the grass or soil surface or into the soil. The following
techniques are treated in this paper: surface spreading, narrow-band
application, shallow injection with open slots on grassland, and surface
spreading, surface incorporation, deep placement on arable land. Low
emission techniques such as narrow band application, shallow injection,
incorporation or injection on arable land show a significant reduction of
ammonia emission compared to surface spreading. On grassland,
average emission factors (% of total ammonium nitrogen) were 74% for
surface spreading and 16% for shallow injection. On arable land, the
emission factors were 69% for surface spreading and 2% for deep
placement. However, the nitrous oxide emission factor from manure
applied with low ammonia emissions techniques is higher than the
emission factor for surface applied manures. In a whole farm context,
the higher nitrous oxide emission with shallow injection is partly offset
directly by reduced emissions from fertiliser savings and indirectly
from lower ammonia losses.
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1. INTRODUCTION.

1.1. General background.

For centuries, [ivestock manure has been utilised on farms as an important, if
not the only, source of nutrients for the growing of crops, The storage,
handling and use of these manures are associated with the volatilisation of
ammonia and other gasses, among which is nitrous oxide.

Ammonia (NH;) and nitrous oxide {N,O) emissions have in various ways a
negative impact on the environment. Gaseous ammonia contributes
importantly to the problem of acidification (Van Breemen efal, 1982). The
deposition of ammonia-nitrogen also contributes to the eutrophication of
forests and other natural ecosystems. An increased availability of nitrogen
(N), in combination with soil acidification, may cause a disturbed nutrient
balance and nutrient deficiencies.

Nitrous oxide (N;O) is a greenhouse gas with a Global Warming Potential
approximately 296 times higher than carbon dioxide (CQ,), and an
atmospheric lifetime of about 120 years (IPCC, 2007). Nitrous oxide also
contributes to the depletion of stratospheric ozone (IPCC, 1995). Atmospheric
concentrations of N,O have increased from approximately 270 ppb during the
pre-industrial era to 319 ppb in 2005.

1.1.1. Ammonia,

Manure application on farmland is an important source of ammonia (NH;)
volatilisation. In the 1980s air contamination by ammonia demanded a proper
quantification of ammonia volatilisation from field-applied manure and a
search started for tools to reduce the NH; volatilisation.

In the Netherlands livestock manure is by far the most important source of
ammonia losses (Buijsman ef al, 1987; Heij and Schneider, 1995). The annual
ammeonia volatilisation {rom animal manure was estimated to be more than
200 million kg in 1980 and was about 150 million kg in 1998 and 1999. In 1980
37% of the total ammonia volatilisation from agriculture originated from
animal housing, 56% from field application of manure and 7% from grazing
cattle. In 1999, the corresponding figures were 50%, 41% and 9% (Anon., 2000},

In the 1980s and early 1990s, the environmental problems associated with the
use of livestock manure became a major issue of the Dutch government's
environmental policy (Anon., 1984, Anon., 1993). The need arose for an
efficient recycling of nutrients to create a sustainable agricultural use of
manure. The reduction of ammonia volatilisation after manure application to
farmland received much attention, among other factors. The contribution from
this source was the largest, and measures to reduce ammonia volatilisation
after manure application seemed to be easy to introduce at relatively low
costs. Furthermore, the effects of measures fo reduce ammonia volatilisation
in animal housing and during storage would be relatively small, if no
measures to reduce volatilisation after field application were taken. Ammonia
saved in housing or storage would, after all, volatilise when applying the
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manure to farmland without volatilisation-reducing measures, Injection of
liquid manure into grassland and incorporation of manure into arable
land were the first measures considered for the reduction of ammonia
volatilisation. However, Wadman (1988) estimated that only 33% of the
grassiand in the Netherlands is suitable for deep injection. The conventional

eep injector worked at a depth of arca 25-30 cm and had lateral wings that
cut the soil horizontally underneath the sward. Unsuitability for deep
injection is caused by the required draught force and crop damage along the
slit on various soil types, and the remains of tree trunks in the soil, Therefore,
new application techniques for grassland had to be developed. The effect of
new techniques on ammonia volatilisaion and the suitability of new
techniques on different soil types under varying soil conditions had to be
evaluated. On arable land, the effect of the choice of implement to incorporate
the manure was insufficiently known and the effect of time delay between
application and incorporation needed to be assessed, because ammonia
volatilisation peaks directly after surface spreading,

The Dutch ministry of agriculture, farmers' organisations, research institutes
and manufacturers jointly worked on solutions to reduce ammonia
volatilisation. In other countries, ammonia volatilisation has attracted similar
attention in recent years, partly due to the national targets set by the EC
directive (EC, 2001). Thus the need emerged for knowledge about the
volatilisation of ammonia, and for practical measures to reduce ammonia
volatilisation from manure applied to farmland. In the Netherlands research
was initiated for liquid manures (sturry) from dairy and pigs, being the
dominant types of manure applied to farmland. Low emission application
techniques have been a requitement in the Netherlands since 1995, and
broadcast surface spreading is not allowed.

1.1.2. Nifrous oxide.

The agricultural sector contributes to global warming potential through the
emission of methane (CH,) and nitrous oxide. The major sources of methane
are enteric fermentation in ruminants and manure storages. Nitrous oxide is
emitted directly from soils and manure storage, and indirectly (ie.
downstream and downwind} through nitrate leaching and ammonia losses.
The soil emissions are related to different N inputs such as fertiliser, applied
animal wastes, animal excreta during grazing, mineralisafion of organic
matter, and crop residues. In this paper, the focus is on emissions from
applied animal manures.

Animal wastes applied to soils are an important source of direct N,O emission
from agricultural soils (Mosier efal, 1998). In the European Union (KU-13),
approximately 20% of the direct soil emission is attributed to manure
application (EEA, 2006). To put this into perspective: some 40% of the
emission is attributed to fertiliser application. In the Netherlands, the
contribution from applied animal manures is around 50% of the direct soil
emissions. Fertiliser, grazing excreta and cultivation of peat soils are the other
main sources.




Application of manure increases the contents of NHy" and mineralisable N
and carbon (C) in the topsoil, and thereby activates microbial activity in the
soil. This in turn may increase nitrification and subsequently denitrification
locally. The organic compounds in slurry and manure provide readily
available substrate for denitrifiers.

The default IPCC emission factor, i.e. the percentage of applied N emitted as
N0, is 1.00%, irrespective of the type of fertiliser or manure (IPCC, 2006).
Also application time, application method and application level are not
considered. The default emission factor is based on an average of published
measurements on a wide range of soil types, crops, fertiliser types, N sources,
N levels and application times and methods (Bouwman, 1996; Bouwman ef al.,
2002; Stehfest and Bouwman, 2006). Individual countries can use a different
emission factor that corresponds to country-specific soil types or farm
management. The data used to derive the TPCC default ernission factor
originate predominantly from fertiliser experiments. The lack of experiments
with organic N sources is in contrast with the farming practice of intensively
managed grasslands in Europe, where manures are an important source of N
for crops.

In the Netherlands, the emission factor for applied manure depends on the
application technique (www.greenhousegases.nl). For surface spreading, the
IPCC default of 1% is used, but for low NH; emission application techniques a
factor of 2% is used. This distinction between application methods was based
on a review by Kroeze (1994). This is of significant importance, because in
1990, the referénce year for the Kyoto protocol, all manure was surface applied
to the soil. However, from the 1990°s onwards an increasing proportion of
manure was apphied with low NIH; emission techniques. According to the
Dutch monitoring protocol, this change in manure application techniques
resulted in higher direct N;O emissions from agricultural soils. In a second
literature review, Kuikman et al (2006) were unable to derive new emission
factors for these techniques. Their review included, amongst others, results
from Chadwick (1997), Sommer ef al. (1996) and Clemens et al. (1997). Where
Chadwick (1997) reported increased emissions from injection, the others did
not find any significant effect of application method.

1.2. Processes.
1.2.1. Ammonia.

Ammonia volatilisation is often determined by a combination of factors and
by interactions between these factors. The rate of ammonia volatilisation
decreases with time, when the ammonia source (the manure) becomes
exhausted by volatilisation and take-up in the soil. Ammonia fluxes
sometimes show a day and night cycle. Due to a low wind speed, low
temperature and high relative humidity, ammonia volatilisation may decrease
during the night, and may rise again in the daytime. However, in the long
term, the ammonia source becomes exhausted, the ammonia volatilisation rate
decreases to the background level, and the effect of weather conditions
disappears.



Table 1: Main factors affecting the volatilisation of ammonia from manure
(Huijsmans, 2003).

Factor Direction of change
Manure properties pH +
TAN ? content +

Water content -

Dry matter content +
Crusting® -
Meteorological factors Air temperature +
Solar radiation +
Wind speed +
Rainfall -

Relative humidity -

Crop and soil properties Presence of crop residues ® +
Soil moisture content +-
Infiltration rate -
CEC -
Soil pH +

Application technique Band application -
Injection ° .

Direct incorporation ; -

+ denotes that an increase of the magnitude of the factor increases ammonia volatilisation.
- denotes that an increase of the magnitude of the factor decreases ammonia volatilisation.
® TAN, fotal ammoniacal nitrogen {(NH," + NH;).

® The factors marked with a {*) are either present or absent; the effect of the presence of the

indicated factor is denoted as + or -, when the presence of the factor increases or
decreases ammonia volatilisation, respectively

A higher application rate increases the volatilisation rate (Horlacher and
Marschner, 1990; Thompson et al, 1990) due to a larger source of ammonia.
The higher application rate also stows down the infiltration of manure into the
soil. However, ammonia volatilisation, expressed as percentage of the total
ammoniacal nitrogen (N gugm + NHz.qn) applied to the field, may vary
between high and low application rates (Horlacher and Marschner, 1990; Pain
and Klarenbeek, 1988; Thompson etfal, 1990). The volatilisation percentage
may be even higher at low application rates, because a thin layer of manure
may dry faster, causing an increase of the total ammoniacal nitrogen (TAN)
concentration in the manure (Brunke ef af, 1988). Crust formation, however,



may hamper the diffusion of gaseous ammonia from the manutre (NHjg ) into
the air (NH3z,) (Thompson et al, 1990). Jarvis and Pain (1990) mention the
concentration of ammoniacal nitrogen, pH and dry matter content as the main
manure characteristics that determine ammonia volatilisation. Volatilisation
that occurs after field application of the manure will be influenced by factors
such as weather conditions, soil type and soil condition, presence of a crop,
and application rate. Furthermore, the application technique, dilution of the
manure, or supply of additives to the manure may affect ammonia
volatilisation. Interactions between these factors may be complex. Brunke
et al. (1988) suggested that ammonia volatilisation is more influenced by the
manure composition and application technique, than by any other factor. The
influence of application technique, manure characteristics, weather and soil
conditions is shown from statistical analysis of large number of field
experiments and model studies of the emission process (Bussink eral, 1994;
Géneremont and Cellier, 1997; Huijsmans and De Mo, 1999; Huijsmans ef al,
2001, 2003; Misselbrook etal, 2002, 2005; Smith etal, 2000; Sommer and
Hutchings, 2001; Sommer et al, 2003; Segaard ef al, 2002). The main factors
influencing ammonia volatilisation and their expected effects are summarised
in Table 1 (previous page).

1.2.2. Nitrous oxide.

Nitrous oxide is produced through different microbial soil processes. The
most important are thought to be nitrification, nitrifier denitrification and
denifrification. A short description, mainly taken from Wrage etal (2001) is
given below. Furthermore these pathways are shown in Figure 1.

o Nitrification is the stepwise oxidation of ammonium (NH,) or ammonia
(NHS,) to nitrate (NO,) via nitrite (NO). These reactions are carried out by
two groups of micro-organisms, together addressed as Nitrobacteriaceae.
These are aerobes and many are obligate autotrophs. N;O is formed
during NH; oxidation through chemical decomposition of intermediates
between NH; and NO, such as NH,OH or NO, itself.

o Denitrification is the stepwise reduction of NO; to N, Several
intermediates are developed which can be emitted. The reactions are
carried out by denitrifiers, which are widely distributed across the
bacterial taxa, including Iseudomonas, Baciltus, Thiobacillus, and
Propionibacterium. These predominantly heterotrophic micro-organisms
are facultative anaerobes that are able to use NO;~ instead of oxygen in
respiration under low-oxygen or anaerobic conditions. In contrast to
nitrification, N,O is a regular intermediate of denitrification. The portion
of the intermediate N,O that is released is higher if the pH is low. The
ratio N,O /N also rises if NOy~ is abundant in the soil. If some oxygen is
present, the ratio also increases. But at high O, concentrations, the aerobic
metabolism of denitrifiers is promoted so that the reduction of NO,~ does
not take place. In summary, NoO is an intermediate of denitrification,
which can be released in high quantities in low-oxygen environments
with sufficient NO;~ and metabolisable organic C.
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s In nitrifier denitrification, the oxidation of NH; to NO; is followed by the
reduction of NO, to N,O and N, (Figure 1). This sequence of reactions is
carried out by only one group of micro-organisms, namely autotrophic
NHi-oxidisers. Nitrifier denitrification should not be confused with
coupled nitrification—denitrification, where different groups of coexisting
micro-organisms can together transform NH; to N,. The term is used to
stress that NO, or NO; produced during nitrification can be utilised by
denitrifiers. This coupling between nitrification and denitrification can
take place in soils where favourable conditions for both nitrification and
denitrification are present in neighbouring microhabitats

Apart from these main processes, other pathways have also been identified,
but according to current knowledge, they are less important. Besides
autotrophic nitrifiers using nitrification as an energy source for fixing carbon
dioxide (CO,), heterotrophic nitrifiers are also known. These nitrifiers use
organic carbon (C) as a source of C and energy. Although heterotrophic
nitrification is generally considered to be only a minor source of N,O, it might
produce significant amounts of N;O under certain sets of circumstances such
as low pH, high oxygen amounts and availability of organic material. Finally,
chemo-denitrification is the chemical decomposition of intermediates from the
oxidation of NHy to NO, or of NQO; itself with organic or inorganic
compounds. It is a non-biological reaction usually taking place at a low pH.

NO, —» NO — N,O —» N,
A

Denitrification

Figure 1: Transformations of inorganic nitrogen in soil (Wrage et al, 2001).

The environmental conditions favouring the different pathways of the N cycle
lead to complicated distribution of nitrification, denitrification and nitrifier
denitrification in soils. However, taking all pathways into account, the main
factors determining the amount of N;O production are temperature, pH,
moisture content and the availability of inorganic N and decomposable C
(Figure 2, overleaf). It has to be stressed that the relationships are not as clear
as Figure 2 might suggest. For instance, it is known that there is an optimal
range for the pH, but the exact values are uncertain. The N,O losses increase
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with increasing soil moisture content up to an optimum of around 60 to 80%
water-filled pore space. Short-lived -events of high rainfall can give sudden
increases in N;O production. Recently, Vermeulen and Mosquera (2009)
showed that soil compaction increases N, emission in arable systems.

‘__,Temperature

+— Inorganic N

— Moisture

Avaitable C

Nitrous oxide producticn

pH

i _—
Increasing value of factor

Figure 2: Factors determining the production of nitrous oxide (Van
Groeningen, 2007), '

1.3. Scope.

Since the early 1990s a large number of measurements have been carried out
in The Netherlands to assess the ammonia volatilisation from manure applied
by different manure application techniques to grassland and to arable land. In
the beginning these measurements were carried out specifically to assess the
difference in cumulative ammonia volatilisation following respectively
broadcast surface application of manure and manure application by various
low-emission techniques. Later on, when low emission techniques were
regulated by law (since 1995), measurements were carried out under various
conditions to reveal effects of characteristics of the manure, of the weather and
of the soil, on the ammonia flux. The results up to 1998 were reported by
Huijsmans et al {2001). Additional measurements on grassland, improvement
of statistical techniques and the need for solid general emission factors for
national emissions registrations including the detection of trends, required an
update of the analysis of data on ammonia emissions in the Netherlands.
Furthermore a good estimation of the nitrous oxide emissions when applying
manure with different manure application techniques was lacking.

This paper deals with the ammonia and nitrous oxide emissions following
manure application and incorporation on farmland in the Netherlands. The
objective of this paper is to provide an updated quantification of the effect of
techniques for application and incorporation of manure on these emissions
and to assess influencing factors, based on all available data for the
Netherlands.
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2. MANURE APPLICATION.

Manure application techniques differ in their placement of the manure onto
the grass or soil surface or into the soil. In the experiments to assess the
ammeonia or nitrous oxide emission, commercially available application
implements were used in all cases. Figure 3 shows the placement of the
manure by the various application techniques for grassland and arable land.

Manure placement - grassland

Broadcas! surface spreading. Manure spread
on top of the grass.

MNarrow band application by trailing shoe (or
foot). Manure in bands on top of the soil
between the grass leaves

Shallow injection open slot. Manure in slots in
the grass sod.

Manure placement - arable land

Broadcast surface spreading. Manure spread
on top of the soil.

%ﬁg % @ﬂ Qa

incorporation of surface applied manure or
injection of manure.

Figure 3: Placement of the manure when applying manure with different

application and incorporation methods.

On grassland and arable land surface spreading was carried out by a tanker
fitted with a splash-plate. The manure was pumped through an orifice onto a
splash-plate from where it was spread onto the soil and the grass. The net
working width was about 8 m.

The techniques for the application of manure in narrow bands and for manure
injection on. grassland have been described by Huijsmans et af (1998).

Narrow-band applicatior on grassland was carried out by trailing narrow
sliding feet {also called 'shoes’) over the soil surface, pushing aside the
grass cover but not cutting the sward. Each foot was 0.37 m long and
0.02m wide and was kept horizontal by a parallelogram construction.
Manure was released at the back of the feet leaving narrow bands of
manure on the soil surface. The bands had a width of about 0.03 m and
were spaced 0.20 m apart. Contamination of the grass with manure was
negligible. A tanker was equipped with 25 trailing feet with a total
working width of 5 m.

Shallow injection {open slot) was carried out with injection coulters.
Coulters and discs were used to cut vertical slots into the grass sward, The

11



vertical slot could be cut by an angled-disc coulter or a double-disc
opener, a thick-disc coulter, a disc coulter followed by a vertical injection
coulter, or a knife coulter followed by a vertical injection coulter. Manure
was released into the slots, which were left open. The slots were up to
0.05 m deep and were spaced 0.20 m apart. The total working width of the
implements used was 4.0 to 5.6 m. Depending on the application rate, the
slots were more or less filled with manure. Unlike the conventional deep
injector, the shallow injectors used had no lateral wings and did not cut
the soil horizontally underneath the sward.

On arable land different application techniques or incorporation techniques
were used in the experiments. Next to surface spreading the techniques could
be suitably grouped into two application methods, based on their positioning
of the manure on or into the soil: surface incorporation and deep placement.
Surface incorporation was defined as the treatment by which manure was
surface spread and, subsequently, incorporated into the soil. Conventional
tillage implements (cultivators with rigid tines, spring tines, discs, or harrows)
were used to incorporate the surface-applied manure into the topsoil directly
following the surface spreading. Deep placement was defined as the treatment
by which the manure was buried in the soil, either directly by an injector or
indirectly by ploughing with a mouldboard plough directly after surface
spreading, The arable land injector was equipped with spring tines, which
placed the manure directly underneath the soil surface at a depth of 15 to
30 cm. At the same time the injector carried out a tilling operation by covering
the manure with soil.

3. AMMONIA EMISSIONS FOLLOWING MANURE APPLICATION.

3.1. Measurements.

In the ammonia emissions analyses the only experiments taken into account
are those in which the volatilisation of NHj following manure application was
determined per plot using the micrometeorological mass balance method
(Denmead, 1983; Ryden and McNeill, 1984), as applied by Huijsmans et al.
(2001 and 2003). Measurements continued for 96 h after manure was applied.
During the first 12 h — when the rate of NH; volatilisation was highest ~ NH,
traps were replaced 4 to 5 times. Further replacement took place every morning
for the following 4 days. The amount of NH; volatilised during each interval
was calculated from the amount of NH; trapped and the airflow data.

Table 2: Number of ammonia observations (n) on grassland and arable land,
according to the various application techniques. |

Grassiand n Arable land n
Surface spreading 81 Surface spreading 26
Narrow-band application 29 Surface incorporation 25
Shallow injection 89 Deep placement 7
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The Dutch data of experiments on grassland from 1989 — 1993 and on arable
land from 1990 - 1998 are reported by Huijsmans efal (2001) and Huijsmans
et al (2003). Additional measurements were made on grassland from 1995-
2003. The total number of observations was 199 on grassland and 58 on arable
land, relating to various application techniques (Table 2).

Table 3: Mearns and ranges (in parentheses) of various characteristics of the

conditions during the experiments on grassland.

. Surface Narrow-band Shallow
Variable spreading application injection
TAN ® content (g/kg) 24(15-64) 28(1.8-6.4) 2.1(1.6-6.3)
Application rate (m*/ha) 15 (8 — 25} 14 (¥ — 28) 22 (10 — 45)
Wind speed (m/s) 3.3 (0.4 -B.7) 3.4(04-72) 3.0(04-73)
Radiation (J/cm?/h) 103 (0 — 318) 100 (0 — 300) 105 (0 — 375)
Air temperature (°C) 15 (2 - 32) 15 (3 -32) 16 (0~ 32)
Relative humidity (%) 73 (16 — 100) 72 (34 - 100) 73 (24 — 100)
Grass height (cm) 7(4-142) 7(5-12) B(5-14)
Soil moisture content (%) 34 (13-67) 34 (24 - 67) 30(13-61)
pH 7.2(68-80) 7.2(69-80) 7.3(6.7-8.0)
Dry matter content of manure (g/kg) 80 (46 — 119) 83 (56 —113) 80 (52 - 113)

* TAN, total ammoniacal nifrogen (NH,™ + NH,) at time of application.

Table 4. Means and ranges (in parentheses) of various characteristics of the
conditions during the experiments on arable land.

Variable sﬁ?er;?i(i::g incir;ﬁ:teion plalz:zleinpent
TAN ? content (g/kg) 44(2.4-81) 45 (2.8-6.9) 49(2.8-6.1)
Application rate (m*ha) 22 {14 -39) 25 (12 - 43) 27 (19-38)
Wind speed (m/s) 4.1(0.5-8.6) 38(05-87) 3.5(0.5 - .6)
Radiation {J/em?/h) 88 (0 - 298) 73 (0 - 270) 56 (0 - 230)
Air temperature (°C) 14 (0 - 34) 14 (5 - 25) 13 (7 - 26)
Relative humidity (%) 78 (22 - 100} 81 (55 - 100) 82 (58 - 98)
Stubble height (cm) 5(0-18) 7(0-18) 6(0-12)
Soil meisture content (%) 18 (9 - 28) 18 (9-29) 15 (10-21)
Dry matter content of manure (g/kg) 86 (55 - 153) 83 (55 - 136) 89 (64 - 107)

*TAN, total ammoniacal nitrogen {(NH,' + NHj) at time of application.
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A number of characteristics of the manure, the weather conditions and the
field were recorded. Cow manure and pig manure were used on grassland
and pig manure only on arable land. Wind speed, air temperature, relative
humidity and global radiation were recorded every 10 minutes, but were
averaged over the duration of each interval that NHj volatilisation was
measured. The means and ranges of various data are presented in Table 3
(grassland) and Table 4 (arable land) on page 13.

3.2, Data analysis.
3.2.1. Application method comparisons.

The original scope of the research was to reveal the reduction of the
cumulative ammonia volatilisation following various low-emission manure
application and incorporation methods, compared with traditional surface
spreading. For this purpose, the cumulative volatilisation (expressed as % of
TAN applied with the manure) was statistically analysed. The basis for
modelling was a saturation curve (Figure 4), describing the NH; volatilisation
in the period following application by the following equation (Huijsmans
et al, 2001; Huijsmans et al, 2003):

Hit) =t/ (ﬁoi + ﬂﬁt) . - .- - - Equation 3.1.

where 4t} is the expected value of the cumulative volatilisation at time £ for
treatment 7, #the time lapsed since the manure was applied, B, the inverse of
the slope of the curve for treatment 7 at the start of the experiment, B the
inverse of the intercept of the asymptote on the ordinate of the curve for
freatment £

100 ~
1/B0;
1/8y;

80 o

60 ~

4o-r

Volatilisation
(% of TAN applied).

20 4

0 : : ; ;

a 20 40 60 80 100
Time after application (h)

Figure 4 Ammonia volatilisation as the calculated cumulative emissions
with the initial volatilisation rate (1/8y) and the total emission (intercept,

1/By).
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After linearisation of the equation, the REML procedure (Payne efal, 1993),
with 1/f and treatment factor as fixed terms was used to estimate the
treatment parameters (B and B,)) and the random effects (with 'experiment’ as
random term in both slope and intercept) in a linear mixed model (LMM). The
total cumulative volatilisation of treatment 7 when ¢#approaches infinity, was
calculated as &; = 1/5,; and was used as the basis for testing the differences
between methods (Huijsmans et al, 2001; Huijsmans ef al, 2003). In this paper
the low-emission methods were analysed pair-wise using sets with data from
only those experiments in which the application or incorporation method was
simultaneously compared with surface spreading.

3.2.2 Effects of characteristics of manuzre, soil and weather.

The analysis of the effect of characteristics of the manure, of the weather
and of the soil on the ammonia flux focused on modelling the declining
volatilisation rate (expressed as kg NH;-N/ha/h) after application depending
on time itself, characteristics of the manure and the soil, and weather
characteristics during a 96 h time span after application. As the change in
TAN content of the manure (depletion of the source due to volatilisation)
could be calculated from the data, the adjusted total ammoniacal nitrogen
content (ATAN) was used in the analysis. Other data on changes in
characteristics of the manure or the soil, such as TAN lost from the available
pool by infiltration, adsorption or biochemical changes, were not available,
The analysis was carried out on all available data for arable land and
grassland, separately for each method of application. The basic equation used
to describe the logarithm of the volatilisation rate z at time ¢ after application
is:

In'z(t) = % + &4 In() + Z Oxpy . . . . Equation 3.2.

where @ is a constant, #the time lapsed since the manure was applied, & the
coefficient for the term In(8, &, the coefficient for the term X, Xn: the model
term for explanatory variable m af time £

The logarithm of time after manure application was included in the model
because the decline of the volatilisation rate with time could not be fully
explained from the change in NH; content (ATAN). Other factors analysed for
inclusion into the equation were weather conditions {wind speed, air
temperature, relative humidity and radiation), soil type (sand, sandy loam,
clay and peat), soil moisture content, manure characteristics (ATAN content
and dry matter content), application rate, and stubble/ grass height.

The REML procedure, with factors and terms as described in Equation 3.2,
and 'experiment' as random term, was used to estimate the constant and the
coefficients of models with various explanatory variables. Wald tests (Payne
et al, 1993) were used for model selection to identify influencing variables that
contribute significantly to the explanation of the experimentally-found
volatilisation rates (< 0.05).

In = natural logarithm.
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3.2.3. Emission factors per method.

The earlier estimates of the cumulative emission per method were taken from
the tests on difference between application methods (Huijsmans et al, 2001;
Huijsmans el al, 2003). These estimates were calculated as the reciprocal of
the mean of 5, However national estimates and balances of emissions
preferably use mean values of cumulative emissions calculated as the average
of the cumulative emission per event. Moreover, the estimates were based on
a restricted dataset with the purpose of pair-wise comparisons between
methods. The best estimate on a national level should be based on all available
data per method. Therefore, for each application method, relevant cumulative
emission figures were derived by fitting the saturation curve through the
measured cumulative emissions per observation, estimating the total emission
per observation by the reciprocal of f; The emission factor was calculated as
the average of the total emission values per observation for each application
method, based on all available data.

Particularly for the shallow injection method on grassland, a trend seemed to
be visible in the data that the total emissions increased since the observations
of the total emission started, in 1989. For all application methods for grassland
an analysis was carried out to determine whether or not the ammonia fluxes
to the atmosphere increased since the start of the experiments. For this
purpose, a new variable y, being the number of years since 1988 was
calculated for each observation. Variable y was added as a factor in the final
model (Equation 3.2) for each application method, thus preventing possible
changes in application conditions being responsible for the observed trend.

3.3. Results.
3.3.1. Application method comparisons.

Table 5: Estimated reciprocal of the cumudative ammonia volatilisation (B),
number of measurements (n) per application method using the data sets
for pair-wise comparison of low emission methods with surface spreading,
and least significant difference (P <0.05) between the methods.

Low emission Surface isd
method spreading
B n By n
Grassland
Narrow band application 0.0417 19 0.0145 15 0.0109
Shallow injection 0.1437 25 0.0179 30 0.0440
Arable
Surface incorporation 0.0415 22 0.0147 14 0.0433
Deep placement 0.7742 7 0.0287 7 0.2606

Table 5 shows the estimated reciprocal of the total ammonia volatilisation, A,
for each method when comparing the various low emission methods directly
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with surface spreading. In all cases, NHj; volatilisation is significantly reduced
by using the low-emission method.

3.3.2. Effects of characteristics of manure, soil and weather.

The analysis of the factors that influence the volatilisation rate (Table 6)
revealed that the decrease of the volatilisation rate with time (t) after
application was significant for all methods. This indicates that the source of
ammonia for volatilisation depletes not only by volatilisation itself, which is
accounted for by the term ATAN, but also by other factors that were not
measured, for instance take-up of arnmonia in the soil. The volatilisation rate
was affected by temperature, wind speed and the manure application rate for
all methods except deep placement of manure on arable land. No factor except
In(t) affected the volatilisation rate when the manure was deeply placed into
the soil on arable land. ATAN, relative humidity, incoming radiation, grass
stubble height and soil type affected the volatilisation rate for some methods
only. Dry matter (DM) content of the manure showed not to be a significant
factor.

Table 6: Results of the analysis by method of factors that influence the
volatilisation rafe.

Grassland Arable land
Factor 1 surface narrow  shallow | surface surface deep
spreading band injection | spreading incorporaion  placement
in{t) - - - - - -
Adjusted TAN (ATAN) ns + ns + + ns
Application rate + + + + + ns
Wind speed + + + + + ns
Air temperature + + + + + ns
Relative humidity - - - ns ns ns
Incoming radiation + ns ns + + ns
Grass/stubble height - - ns ns ns ns
DM content of manure ns ns ns ns ns ns
Soil type: sand a | . a a a a
clay a a b b a a
sandy loam floam . . . b a a
peat a a ab « . .
% of variation accounted for 84 78 B9 89 80 57

ns = not significant (P<0.05);

a, b = different letters indicaie significant difference (P <0.058);
- = negative correlation with volatilisation rate;

+ = positive correlation with volatilisation rate;

- = ne data available.
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3.3.3. Emission factors per method for grassland and arable.

The emission factors, defined as the average total emission per method in % of
TAN applied with the manure, based on all available data (Tables 1 and 2) are
presented in Table 7, including the ranges in total emission per method.

Table 7: Emission factors (% tofal ammoniacal nitrogen [TAN] applied) and
range in the data per application method.

Method Total e(:):assmn Mln;r/:um Max;:'num

Grassland

surface spreading 74 28 100

narrow band 26 9 52

shallow injection (average) 16 1 63

shallow injection (trend} 19 - -
Arable land

surface spreading 69 30 100

surface incorporation 22 3 45

deep placement 2 1 3

The trend analysis revealed that measured volatilisation rates after shallow
injection on grassland had increased significantly since 1989 when the
experiments started (Figure 5). As a possible explanation for the increased
volatilisation, it is suggested that the furrows made during shallow injection
became less deep over the years, thereby gradually shifting towards the
method of manure placement using the narrow band application method.
Because the year 1999 was the last year with many observations of the total
volatilisation for shallow injection, the estimated total volatilisation in this
year, being 19%, was taken as the most representative emission factor (Table 7,
shallow injection, trend). No effect of time since 1989 on the total ammonia
volatilisation was found for surface spreading and narrow band application
on grassland.

4. NITROUS OXIDE EMISSIONS FOLLOWING MANURE
APPLICATION.

Measurements of nitrous oxide emissions of applied manure are surprisingly
scarce in the Netherlands, given the amounts of animal manure applied to
grassland and arable land. On an annual basis, approximately similar
amounts, nearly 300 mio t N, are applied from fertiliser and animal manure. A
series of laboratory and field experiments have been carried out between the
years 2000 and 2002. Recently, new experiments have started in 2007, and at
present these are still running,
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Figure 5. Ammonia volatilisation from field-applied manure by shallow
injection on grassland,

4.1. Field experiments.

Field experiments were carried out to establish the year-round N,O emissions
of current fertilising and manuring practices in the Netherlands.

4.1.1. Methods.

The experiments were mainly carried out on grassland sites on sandy soils
in the vicinity of Wageningen (Schils ef af, 2008). One experiment was located
at an arable site on a clay soil in the northern parts of the Netherlands
(Van Groenigen etal, 2004). The experiment consisted of a comparison
of treatments receiving either nothing, only fertiliser, only manure, or a
combination of fertiliser and manure. The fertiliser used was calcium
ammonium nitrate (CAN, 13.5% NH,-N and 13.5% NQO3-N), which is the most
commonly used fertiliser type in the Netherlands. The cattle manures were
liquid slurries with an average total N content of 4 to 5 g/kg, of which 45 to
50% was NHy-N. Fertiliser was broadcast applied by hand. The cattle slurry
was applied, according to common practice on mineral soils in the
Netherlands, with low emission techniques. On grassland a shallow injection
technique was used, applying the cattle slurry in open equidistant slits
(20 cm), approximately 2 cm wide and with a depth of 5 to 10 em. On arable
land, the slurry was surface spread in rows, and directly incorporated.

Nitrous oxide fluxes were measured throughout the year. The measuring
frequency was up to three times a week after fertiliser and cattle shury
application and two to four times a month in the remainder of the growing
season. To prevent effects of diurnal variation, all emission measurements
were carried out between 09.00 and 12.00 hours.
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The N,O concentrations were measured in the headspace of vented closed
PVC flux chambers, with a diameter of 16 cm and a height of 15 cm, using a
Briiel and Kjeer photo-acoustic spectroscopic infrared gas analyser {Velthof
and Oenema, 1995a). The flux chambers were placed onto semi-permanent
rings, inserfed into the soil to a depth of 2 cm. The rings remained in the soil
during each harvest cycle, and were moved to new positions after each
fertiliser and cattle slurry application. On grassland, the placement of the
rings on the plots receiving cattle slurry received special attention in order to
achieve the correct proportion between applied and non-applied surface
within the flux chambers. Therefore the centre of the rings was placed at a
distance of 6 cm from the application slit.

The NLO concentration was measured before the chambers were closed and
approximately 45 to 60 minutes after closing. The analyser was attached
directly to the flux chambers by two Teflon tubes. A soda lime trap was
installed at the inlet of the analyser to prevent undesired accumulation of
carbon dioxide (CO,). The analyser was fitted with optical filters for selective
measurement of N;O, CO, and water vapour. Any remaining CO, was
automatically corrected for, The accuracy of the analyser was approximately
5% in the range of 300 to 5,000 ppb.

The N-O flux was calculated as the difference between ambient concentration
and the concentration in the closed chamber, assuming a linear relationship
between concentration and time (Velthof and Oenema, 1995b), which was
occasionally checked during the experiment. The accumulated fluxes were
calculated by linear interpolation between measurement days. Emission
factors (EF) are calculated from the N,O emission of fertilised and/or
manured plots (NO fert), the N2O emission of control plots (N;O zero) and
the amount of total N applied, all expressed in kg N/ha:

EF [%] = (N,O fert - N,O zero) * 100 / N applied

4.1.2. Results.

Overall, the emission factors in this experimental series ranged between
0.10 and 1.21% of total applied N (Figure 6). On grassland, nitrous oxide
emissions from manure were generally equal or slightly higher than those
from calcium ammonium nitrate fertiliser. The emissions on arable land were
higher than those on grassland, but this effect was linked with the effect of soil
type. The grassland experiments were all carried out on sandy soils, while the
arable experiment had one location on sand and another location on clay. On
sandy soils the average level of emission was lower, but manure emitted more
nitrous oxide per kg N than calcium ammonium nitrate. On clay soils, the
average level of emission was high, but there was no difference between
manure and calcium ammonium nitrate.

On sandy soils, the observed N,Q emission levels were rather low compared
to the IPCC default emission factor of 1.0%. It is suspected that the low values
of water-filled pore space (WFPS) during the experiment is the driving factor
for the low N,O emissions, in line with findings in literature (Del Prado ef al,
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2006; van Groenigen efal, 2005), that suggest maximal N;O losses at 70 to
80% WEFPS. The sparse WFPS measurements in the experiment are not
conclusive, but the observed range between 18 and 55% suggests poor
conditions for N,O production.
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@ grassland A maize-sand A maize-clay

1.2 -

1.0

0.8 4

0.6 4

EF cattle slurry (%)

0.4 4

0.2 4

O,U T T T T T T 1
0.0 0.2 0.4 0.6 2.8 1.0 1.2 1.4

EF fertiliser (%)

Figure 6: Emission factor (EE %) for application of cattle slurry to grassland
and arable land (forage maize), compared to emission from calcium
ammanium nitrate (CAN) fertiliser.

The emissions showed a temporal variation that was mainly driven by
fertiliser and cattle slurry application events. Emission peaks generally
occurred within the first week following application of fertiliser and cattle
shurry (Figure 7, overleaf). This is in agreement with other studies on
intensively managed grasslands (Velthof and Oenema, 1995b). Grasslands can
rapidly absorb the applied N, and soil mineral N contents usually decrease
quickly within two weeks of application. Therefore the period of highest N,O
emission risk on grasslands are found within the first two weeks after
application.

The emission factors were calculated from the treatmenis receiving only
fertiliser or only manure. This is in contrast with the farming practice of
intensively managed grasslands in Europe, where both fertiliser and cattle
slurry are usually applied shortly after one another. In those cases,
interactions between those different N sources should be considered. Higher
N;O losses may be expected due to enhanced denitrification through the
simultaneous availability of fertiliser derived nitrate {NO3) and cattle slurry
derived easily degradable carbon (C). Therefore these experiments also
included treatments with combined application of fertiliser and manure.
However, this expected effect was not apparent in these experiments. Only in
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one case (grassland, 2001) were the observed emissions from fertiliger higher
due to the addition of cattle slurry. This is in contrast o the results of other
researchers (Clayton etal, 1997; Dittert etal, 2005; Stevens and Laughlin,
2001, 2002). They reported higher N,O emissions when fertiliser and cattle
slurry where applied simultaneously than when they were applied separately
or with a larger interval between the applications. However, these other
experiments were all carried out with surface application of manure, which
involves a more direct contact between fertiliser and slurry,

50 -
o]

45 }

N20 emission (g N/ha/d)

—es—CANG —o— CAN 100 cooo-- CS 0 ---e-- G5 100

Figure 7: Nitrous oxide emissions during a grassland experiment of four
selected treatments. (Control: CAN (), fertiliser orly: CAN 100, cattle slurry
only: C5 0, fertiliser and cattle slurry: CS 100). Vertical lines represent the
application dates of fertiliser and cattle slurry.

4.1.3. Current experiments.

In 2007, new field experiments were started to verify the difference in nitrous
oxide emissions between surface application and low emission application of
manures (Mosquera ef al, 2009). The experiments were carried out on a sandy
soil near Wageningen on a grassland site and an arable site, cultivated with
forage maize. The experiments continued until the end of 2009. The treatments
were: no fertiliser, calcium ammonium nitrate, surface applied cattle slurry
and low emission applied cattle slurry. On grassland the low emission
technique was shallow injection, while on arable land the slurry was injected
into the soil. The N application level of the fertiliser treatments was
approximately 55% of the N application level of the manure treatments. This
is to account for differences in the effectiveness of fertiliser and manure N.

22



The nitrous oxide measurements were carried out in the same way as in the
previous experiments,

The application of CAN fertiliser on grassland resulted in higher N,O
emissions compared to emissions from cattle slurry (Figure 8). On maize, the
opposite was observed, with higher N,O emissions from cattle slurry.
Compared to surface spreading, the use of low ammonia emission manure
application techniques resulted in higher N;O emissions, both for grassland
and maize.
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Figure 8: Tofal N,O emissions measured during the period April 2007 to
March 2009.

4.2. Laboratory experiments.

Experiments under controlled conditions were carried out to determine the
effects of manure type and composition on N,O emissions.

421 Methods.

Incubation experiments (Velthof ef al, 2003) were carried out with 500 g moist
sandy soil in 1 litre jars at 15°C. Nine manures were selected which included
liquid and solid manures with both low and high C and N contents (Table 8).
The manures were collected from farms in the Netherlands and analysed for
dry matter, pH, total and mineral N content, and total C contents. Fluxes of
N0 were measured 30 times over a 98-day period. The concentration of N,O
in the headspace was measured 1 h after closing the jar. The N;O flux was
calculated assuming a linear relationship between the NyO concentration in
the headspace and time which was checked several times (Velthof and
Oenema, 1995a).
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Table 8: Chemical composition and application rate (100 mg N/kg) of the

manures,

DM TotalN NH#N NO;~N  TotalC | Mineral N C/Nratio Applin;ation

Manure %of organici PH fate
g/kg product totai N matter gikg soil

Cattle slurry, traditional farming

114 5.31 1.66 0 51 31 14 6.67 19
Cattle slurry; organic farming

1086 3.74 1.33 ] 44 36 18 68,75 27
Young cattle slurry

106 5.93 255 0 44 43 13 7.71 17
Liguid pig manure; traditional farming

19 2.48 1.47 0 7 60 7 7.23 41
Liquid pig manure; organic farming

144 512 1.48 0 58 30 16 6.26 20
Liguid sow manure

20 1.9 0.98 0 7 52 7 7.16 53
Layer manure

644 3272 291 0 256 8 g 5.73 3
Broifer-breeder manure

689 518 3.98 a 255 8 5 6.22 2
Duck manure

255 8.44 1.8 0 103 21 15 7.73 12

4.2.2 Results.

The total N.O emission varied considerably between the fertilisers and
manures (Table 9).

The composition of the animal manure had a large effect on the emission of
N,O. The N;O emissions were higher from the three pig manures (7.3 to
13.9%), than from the cattle slurries (1.8 to 3.0%) and poultry manures
(0.5 to 1.9%). Regression analysis indicated that both mineral N and total C
contents of the applied manures were major factors controlling N;O emission,

In these incubations there was no removal of N by plant uptake or leaching, so
that the mineral N content in the soil was relatively high throughout the
whole experimental period. This may have resulted in higher N,O emissions
than under field conditions, especially for grassland. However, in arable
farming systems, manures are often applied several weeks or months before
the crop is grown.
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Table 9: Total NuO emission from soil for all fertilisers and manures. Different
Jetters indicate statistically significant differences (=0.05) in log-
fransformed N> emission between treatmenis.

N,O emission

Treatment
mg N/kg soil % of N applied

Control 0.6 a -
Ammeonium sulphate - (NH4)504 4.6 cd 4.0
Ammonium nitrate - NH;NO, 2.7 be 2.1
Liquid pig manure; traditional farming 7.9 de 7.3
Liquid pig manure; organic farming 8.1 hde 7.5
Liguid sow manure 14.5 e 13.9
Cattle slurry, traditional farming 38 cd 3.0
Catte slurry, organic farming 2.4 bc 1.8
Young cattle slurry 25 be 1.2
Layer manure 2.5 hc 1.9
Broiler manuse 1.1 ab 0.5
Duck manure 12 ab 0.6

A separate study under controlled conditions has been undertaken to
determine the effect of nitric-acid-treated cattle slurry (Velthof and Oenema,
1993). Acidification of slurries was tried in the early 1990s to reduce NHj
ernissions, but is no longer permitted. Untreated slurry was compared with
nitric-acid-treated shurries with pHs of 6.0 and 4.5, respectively, and with
CAN fertiliser. The N,O losses from acidified slurries were more than tenfold
higher than with the untreated slurries. However, the differences between
treated slurry and fertiliser were only very small. So apparently, the amount
of nitrate was the determining factor for N,O emission.

5. DISCUSSION AND CONCLUSIONS.

Narrow band application and shallow injection on grassland, and
incorporation and injection on arable land were shown to reduce ammonia
emissions significantly. Compared to surface spreading the placement of the
manure is different and in some cases deeper in the soil. In theory this could
increase the risk that roots may not reach the nutrients in time. The savings on
mineral N fertiliser could be lost and extra leaching might occur. However,
experiments with deep injection (20 cm) did not show higher leaching losses
on sandy soil, as long as the increased N utilisation was compensated by a
lower fertiliser application rate (Jansen, 1990).
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Recent experiments on grassland show that the N utilisation is higher after
shallow injection than after surface spreading (Figure 9). The Nitrogen
Fertiliser Replacement Value (NFRV} ( =apparent N recovery of manure/
apparent N recovery of fertiliser) after shallow injection was circa 20% (range
15%-28%) higher than after surface spreading. This confirms results of earlier
research, taking into account that the earlier research was more focused on
deep injection (Wouters ef af, 1994). Little research has been carried out on the
N utilisation of narrow band application. Wouters ef al. (1994) showed a N
utilisation of 12% and 49% after surface spreading and narrow band
application, respectively. The difference in N utilisation is mainly caused by
the lower ammonia emission after shallow injection or narrow band
application. However, other effects like sward damage may affect the N
utilisation as well. The level of ammonia emission, however, may also depend
on the weather conditions shortly after manure application and the TAN
content of the manure, in addition to the application technique (Huijsmans
et al, 2001). As for phosphorus (P), placement of manure too deep may have a
negative effect on the availability of I’ at early growth stages where P is most
needed when demand per unit root length is high (Neeteson ef al, 2006).
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Figure 9: Nifrogen fertiliser replacement value of manure applied to
grassiand (i.e. kg mineral fertiliser N saved per 100 kg manure N applied)
on sandy soils as a function of the application technique (surface spreading
and shallow Injection) and the TAN fraction (NH N/ total N) in the
manure (Schils and Kok, 2003 Geurink and Van der Meer, 1995; Schréder
etal, 2007},

Nitrogen utilisation on arable land is also improved by the low emissions
application techniques. Furthermore the P utilisation may be improved by
these techniques due to better placement of the manure close to the rows.
{Schroder, 2005).
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The present study shows that reduction of NH; volatilisation can be achieved by
incorporation of the manure into the soil and that the degree of reduction
depends on the method of incorporation. Direct burying with a mouidboard
plough (deep placement) yielded more reduction of NH; volatilisation than
incorporation by a rigid tine cultivator (surface incorporation). Huijsmans and
De Mol (1999) showed that incorporation by a mouldboard plough does not
always result in lower NHj volatilisation than incorporation by a rigid tine
cultivator, The present study does not account for the effect of a time-lag
between surface spreading and incorporation on the NI, volatilisation. On the
experimental plots the manure was immediately incorporated and the time-lag
was minimal. In practice on a whole field scale, immediate incorporation is not
always achievable. There will always be some time between surface spreading
and incorporation and during this time volatilisation of NH; from the surface-
applied manure takes place. The study of Huijsmans and De Mol (1999) showed
that the time-lag between spreading and incorporation should be considered
when assessing NH; volatilisation from manure applied and incorporated on
arable land. In case of deep placement by injection the time-lag is zero and low
volatilisation rates can be achieved, as shown in the present study.

Low-emission manure application techniques have been compulsory in The
Netherlands since the mid 1990s. Broadcast surface spreading of manure has
been banned since then. In a recent evaluation the side-effects of low emission
application were studied (Huijsmans et al, 2008}. The study showed that low
emission application, in general, does not harm soil structure, soil life nor the
crop compared to surface spreading. The breeding season of meadow birds
and periods most suitable for manure application may coincide in some years.
In that situation low-emission application causes the loss of more clutches.
However, the strong decline of meadow bird numbers in The Netherlands is
mainly caused by other agricultural interventions. The well-drained farm
land, moderate precipitation, flat land and an effective network of contractors
to apply manure are part of the wide acceptance of low-emission applications
in the Netherlands.

Low emission application techniques are a part of the abatement of ammonia
emissions from agriculture. To assess and control ammonia emissions the
whole farm system should be considered. The feeding strategy, housing,
manure handling and storage, grazing management and fertiliser use also
affect the ammonia emissions on farm and national scale (Huichings etal,
2001; Misselbrook efal, 2000; Reidy and Menzi, 2007; Velthof etal, 2009;
Webb and Misselbrook, 2004; Webb ef al, 2005). Abatement technigues in
these areas affect the available TAN applied to farmland and therefore affect
the emissions after field application. Furthermore weather conditions during
and after manure application significantly affect ammeonia emissions.

Low emission manure application affects the availability of mineral N and
may affect the amount of oxygen around the applied manure. Lack of oxygen
in deeper soil layers and/or in wet conditions may stimulate denitrification.
The results of recent ongoing experiments seem to confirm the higher N,O
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emission with shallow injection on grassland and injection on arable land. The
analysis focused on emissions from manure application. However, manure
application is only one of many sources of ammonia and nitrous oxide
emissions. When considering options to reduce NH; or N,O emissions, they
should always be viewed in a whole farm context. This is necessary to prevent
any negative trade-offs in the N cycle via fertiliser, soil, crop, feed, animal and
manure. This can be illustrated with an analysis of nitrous oxide emissions
from manure application.

Table 10: Comparison of nitrous oxide (N2O) emissions from manure applied
to grassland (30 t/ha), either with shallow injection or surface application.

Shallow injection  Surface spreading

Application rate (tha) 30 30
Total N in slurry (kgit) 4.2 4.2
N application (kg N/ha) 126 126
Manure NFRV (%) 50 25
Effective N from manure (ka/ha) 63 32
NH3 emission factor (%) 8 37
NH; emission (kg N/ha) 10 47
Fertiliser (kg N/ha) 187 219
Emission factor (%}
Fertiliser application 1 1
Fertiliser production 6.5 0.5
Manure application 2 1
NH; deposition 1 1

Nitrous oxide (kg N/ha)

Fertiliser application 1.8 22
Fertiliser production 0.9 1.1
Manure application 25 1.3
NHa deposition 0.1 0.5
Total 5.4 50

Table 10 compares an application of 30 tonnes of cattle slurry to grassland
with shallow injection or with surface application. In both cases, the total N
application is 126 kg N/ha. The ammonia-N losses are 10 kg/ha for shallow
injection and 47 kg/ha for surface application. The higher NFRV of shallow
injection reduces the fertiliser requirement. In this example, a total annual N
application of 250 kg/ha is assumed. Shallow injection requires a fertiliser
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supplementation of 187 kg/ha, while surface application requires a
supplementation of 219 kg N/ha.

As shown in this paper, the direct N,O emissions are higher with shallow
injection. In this case the losses are twice as high as with surface application.
However, the N;O emissions from the use and production of fertiliser are
higher for surface application. Furthermore the indirect NoO emissions,
arising from the ammonia losses are also higher for surface application. In a
whole farm context, there is still an advantage for surface application, but
smaller than the difference of manure application alone.

5.1. Conclusions.

Low emission techniques like narrow band application and shaliow injection
on grassland and incorporation or injection on arable land show a significant
reduction of ammonia emission compared to surface spreading. These
techniques also show a better N utilisation than surface spreading, which is at
least partly caused by the reduction of ammonia emission.

The nitrous oxide emission factor from manure applied with low ammonia
emissions techniques is higher than the emission factor for surface applied
manures. The N,O emission of manures increases with increasing contents of
nitrogen and easily degradable carbon. Therefore, the observed emission of
pig shurries is higher than the emission of cattle slurries.

6. ACKNOWLEDGEMENTS.

Funding for these studies were provided by the Dutch Ministry of
Agriculture, Nature and Food Quality (LNV), Ministry of Housing, Spatial
planning and the Environment (VROM), the Reduction Programme Non-CO;
Greenhouse Gases and the Programme Climate changes Spatial Planning
(Project ME1).

7. REFERENCES.

Anon, (1984). The problem of acidification. De problematiek van de verzuring.
Tweede kamer der Staten-Generaal, vergaderjaar 1983-1984, 18 225,
nrs. 1-2, 90 pp. The Hague, The Netherlands, SDU Publishers (in Dutch).

Anon, (1993). Governmental document on manure and ammonia policy third
phase. Notitie mest- en ammoniakbeleid derde fase. Tweede kamer der
Staten-Generaal, vergaderjaar 1992-1993, 19 882, nr. 34, 55 pp. The Hague,
The Netherlands, SDU Publishers (in Dutch).

Anon, (2000). Milieucompendium 2000. Het milieu in cijfers. Emission of
ammonia by agriculture 1980-1999. Update 30 November 2000, National
Institute of Public Health and the Environment (RIVM), Bilthoven, and
Statistics Netherlands (CBS), The Hague. {www.rivm.nl}.

29

R



Bouwman, A.F. (1996). Direct emission of nitrous oxide from agricultural soils.
Nutrient Cycling in Agroecosystems 46, 53-70.

Bouwman, A.F., Boumans, L.J.M. and Batjes, N.H. (2002). Emissions of N,O
and NO from fertilized fields: Summary of available measurement data.
Global Biogeochemical Cycles 16.

Brunke, R., Alvo, P., Schuepp, P. and Gordon, R. (1988). Effect of
meteorological parameters on ammonia Joss from manure in the field.
Journal of Environmental Quality 17: 431-436,

Buijsman, E., Maas, HEM. and Ashman, W.ATT. (1987). Anthropogenic NH,3
emissions in Europe. Aémospheric Envirormment21: 1009-1022.

Bussink, ID.W., Huijsmans, J.F.M. and Ketelaars, ].J.M.H. (1994). Ammonia
volatilization from nitric-acid-treated cattle slurry, (surface} applied to
grassland. Netherlands Journal of Agricultural Science 42: 293-309.

Chadwick, D.R. (1997). Nitrous oxide and ammonia emissions from grassland
following applications of slurry: potential abatement practices. In: Jarvis,
S.C. and Pain, B.F. (Eds.) Gaseous nitrogen emissions from grasslands.
CAB International, Wallingford. pp 257-264.

Clayton, H., McTaggart, LP., Parker, ]., Swan, L. and Smith, K.A. (1997).
Nitrous oxide emissions from fertilised grassland: A 2-year study of the
effects of N fertiliser form and environmental conditions. Biology and
Fertility of Sorls 25, 252-260.

Clemens, ]., Vandre, R., Kaupenjohann, M. and Goldbach, H. (1997).
Ammonia and nitrous oxide emissions after landspreading of slurry as
influenced by application technique and dry matter reduction .2, Short

term nitrous oxide emissions. Zertschrift Fur Pflanzenernahrung Und
Bodenkunde 160, 491-496.

Del Prado, A., Merino, P., Bstavillo, .M., Pinto, M. and Gonzalez-Murua, C.
(2006). NLO and NO emissions from different N sources and under a range
of soil water contents. Nutrient Cycling in Agroecosystems 74, 229-243.

Denmead, O.T. (1983). Micrometeorological methods for measuring gaseous
[osses of nitrogen in the field. In: J.R. Freney and J.R. Simpson (Eds.),
Gaseous Loss of Nitrogen from Plant-Soil Systems. Kluwer Academic
Publisher, Dordrecht, pp.133-157.

Dittert, K., Lampe, C., Gasche, R., Butterbach-Bahl, K., Wachendorf, M.,
Papen, H., Sattelmacher, B. and Taube, F. (2005). Short-term effects of
single or combined application of mineral N fertilizer and cattle sturry on
the fluxes of radiatively active trace gases from grassland soil. Soil Biology
and Biochemistry 37, 1665-1674.

EC, (2001). Directive 2001/81/EC of the European Parliament and of the
Coundil of 23 October 2001 on national emission ceilings for certain
atmospheric pollutants. Official Journal L 309, 27/11/2001 p 22. European
Communities, Brussels

30



EEA, (2006) Annual European Community greenhouse gas inventory
1990-2004 and invenltory report 2006. European Environment Agency,
Kopenhagen, Denmark.

Géneremont, 5. and Cellier, P. (1997). A mechanistic model for estimating
ammonia volatilization from shurry applied to bare soil. Agriculfural and
Forest Meteorology, 88:145-167.

Geurink, ].H. and Meer, H.G. van der (1995). De stikstofwerking van
verschillende soorten dunne met bij verschillende toedieningstechnieken
op grasland. Rapport 42, AB-DLO, Wageningen, 37 pp.

Heij, G.J. and Schneider, T. (Eds.) (1995). Dutch priority programme on
acidification. Final report. Report no. 300-05, National Institute for Public
Health and Environment, Bilthoven, 160 pp.

Horlacher, D. and Marschner, H. (1990). Schitzrahmen zur Beurteilung von
Ammoniakverlusten nach Ausbringung von Rinderfliissigmist. Zestschrift
fur Pfanzenerndhrung und Bodenkunde 153: 107-115.

Huijsmans, J.F.M.,, Hendriks, J.G.L. and Vermeulen, G.D, (1998). Draught
requirement of trailing-foot and shallow injection equipment for applying

sturry to grassland. Journal of Agricultural Engineering Research71:
347-356.

Huijsmans, J.F.M. and De Mol, R.M. (1999). A model for ammonia
volatilization after surface application and subsequent incorporation of
manure on arable land. Journal of Agricultural Engineering Research 74:
73-82.

Huijsmans, J.F.M., Hol, JM.G. and Hendriks, M.M.W.B. (2001). Effect of
application technique, manure characteristics, weather and field conditions
on ammonia volatilization from manure applied to grassland. Netherlands
Journal of Agricultural Science 49: 323-342.

Huijsmans, J.F.M. (2003). Manure application and ammonia volatilization.
PhD thesis Wageningen University with summaries in English and Dutch,
Wageningen, The Netherlands, ISBN 90-5808-937-1, pp 160.

Huijsmans, J.F.M., Hol, JM.G. and Vermeulen, G.D. (2003). Effect of
application method, manure characteristics, atmosphere and field
conditions on ammonia volatilization from manure applied to arable land.
Atmospheric Environment 37: 3669-3680.

Huijsmans, J.F.M,, Schréder, 1.]., Vermeulen, G.D., Goede, R.G.M. de, Kleijn D
and Theunissen, W.A. (2008). Low emission manure application. Ammonia
emission, manure utilisation and side-effects. PRI rapport 195, Plant
Research International, Wageningen, pp 66

Hutchings, N.J, Sommer, 5.G., Anderson, ] M. and Asman, W.A.H. (2001). A
detailed ammonia emission inventory for Denmark. A#mospheric
Envirorument 35: 1959-1968.

31



Bouwman, A.F. (1996). Direct emission of nitrous oxide from agricultural soils.
Nutrient Cycling in Agroecosystems 46, 53-70,

Bouwman, A.F., Boumans, L.J.M, and Batjes, N.H. (2002). Emissions of N,O
and NO from fertilized fields: Summary of available measurement data,
Global Biogeochemical Cycles 16.

Brunke, R., Alvo, P., Schuepp, P. and Gordon, R. (1988). Effect of
meteorological parameters on ammonia loss from manure in the field.
Journal of Environmental Quality 17: 431-436.

Buijsman, E., Maas, HFM. and Ashman, W.AH. (1987). Anthropogenic NH;
emissions in Europe. Afmospheric Environment21; 1009-1022.

Bussink, D.W., Huijsmans, J.F.M. and Ketelaars, J.J.M.H. (1994). Ammonia
volatilization from nitric-acid-treated cattle slurry, (surface) applied to
grassland. Netherlands Journal of Agricultural Science 42: 293-309.

Chadwick, D.R. (1997). Nitrous oxide and ammonia emissions from grassland
following applications of slurry: potential abafement practices. In: Jarvis,
S.C. and Pain, B.F. (Eds.) Gaseous nitrogen emissions from grasslands.
CAB International, Wallingford. pp 257-264.

Clayton, H., McTaggart, LP., Parker, J., Swan, L. and Smith, K.A. (1997).
Nitrous oxide emissions from fertilised grassland: A 2-year study of the
effects of N fertiliser form and environmental conditions. Biology and
Fertility of Soils 25, 252-260.

Clemens, ]., Vandre, R., Kaupenjohann, M. and Goldbach, H. (1997).
Ammonia and nitrous oxide emissions after landspreading of slurry as
influenced by application technique and dry matter reduction .2, Short
term nitrous oxide emissions. Zertschrift Fur PAanzenernahrung Und
Bodenkunde 160, 491-496,

Del Prado, A., Merino, P., Estavillo, .M., Pinto, M. and Gonzalez-Murua, C.
(2006). N0 and NO emissions from different N sources and under a range
of soil water contents. Nutrient Cycling in Agroecosystems 74, 229-243.

Denmead, O.T. (1983). Micrometeorological methods for measuring gaseous
losses of nitrogen in the field. In: .R. Freney and J.R. Simpson (Eds.),
Gaseous Loss of Nitrogen from Plant-Soil Systems. Kluwer Academic
Publisher, Dordrecht, pp.133-157.

Dittert, K., Lampe, C., Gasche, R., Butterbach-Bahl, K., Wachendorf, M.,
Papen, H., Sattelmacher, B. and Taube, F. (2005). Short-term effects of
single or combined application of mineral N fertilizer and cattle slurry on
the fluxes of radiatively active trace gases from grassland soil. Soil Biology
and Biochemistry 37, 1665-1674.

EC, (2001). Directive 2001/81/EC of the European Parliament and of the
Council of 23 October 2001 on national emission ceilings for certain
atmospheric pollutants. Official Journal L 309, 27/11/2001 p 22, European
Communities, Brussels

30



EEA, (2006) Annual European Community greenhouse gas inventory
1990-2004 and inventory report 2006. European Environment Agency,
Kopenhagen, Denmark.

Géneremont, 5. and Cellier, P. (1997). A mechanistic model for estimating
ammonia volatilization from sturry applied to bare soil. Agricultural and
Forest Meteorology, 88:145-167.

Geurink, J.H. and Meer, T1.G. van der (1995). De stikstofwerking van
verschillende soorten dunne met bij verschillende toedieningstechnieken
op grasland. Rapport 42, AB-DLO, Wageningen, 37 pp.

Heij, G.J. and Schneider, T. (Eds.) (1995). Dutch priority programme on
acidification. Final report. Report no. 300-05, National Institute for Public
Health and Environment, Bilthoven, 160 pp.

Hotlacher, D. and Marschner, H. (1990). Schiitzrahmen zur Beurteilung von
Ammoniakverlusten nach Ausbringung von Rinderfliissigmist. Zertschrift
fur PAanzenerndhrung und Bodenkunde 153: 107-115.

Huijsmans, ].E.M., Hendriks, J.G.L. and Vermeulen, G.D. (1998). Draught
requirement of trailing-foot and shallow injection equipment for applying
slurry to grassland. Journal of Agricultural Engineering Research 71
347-356.

Huijsmans, J.F.M. and De Mol, R.M. (1999). A model for ammonia
volatilization after surface application and subsequent incorporation of
manure on arable land. Journal of Agricultural Engineering Research74:
73-82.

Huijsmans, ].FEM., Hol, ] M.G. and Hendriks, M.M.W.B. (2001). Effect of
application technique, manure characteristics, weather and field conditions
on ammonia volatilization from manure applied to grassland. Netherlands
Journal of Agricultural Science 49: 323-342.

Huijsmans, J.F.M. (2003). Manure application and ammonia volatilization.
PhD thesis Wageningen University with summaries in English and Dutch,
Wageningen, The Netherlands, ISBN 90-5808-937-1, pp 160.

Huijsmans, J.EM., Hol, ].M.G. and Vermeulen, G.D. (2003). Effect of
application method, manure characteristics, atmosphere and field
conditions on ammonia volatilization from manure applied to arable land.
Atmospheric Environment 37: 3669-3680.

Huijsmans, J.F.M., Schréder, I.J., Vermeulen, G.D., Goede, R.G.M. de, Kleijn D.
and Theunissen, W.A. (2008). Low emission manure application. Ammonia
emission, manure utilisation and side-effects. PRI rapport 195, Plant
Research International, Wageningen, pp 66

Hutchings, N.J, Sommer, 5.G., Anderson, .M. and Asman, W.ATL (2001). A
detailed ammonia emission inventory for Denmark. Atmospheric
Environment 35: 1959-1968.

31



IPCC, (1995). Radiative forcing of climate change and an evaluation of the
[PCC 1592 emission scenarios. In: Climate change (eds. Houghton, J.T.,
Meira Fitho, L.C,, Bruce, J., Lee, H., Callander, B.A., Haites, E., Harris, N.
and Maskell, K.), p. 339. Cambridge University Press, Cambridge, UK.

IPCC, (2006). Guidelines for National Greenhouse Gas Inventories, prepared
by the National Greenhouse Gas Inventories Programme.
Intergovernmental Panel on Climate Change.

IPCC, (2007). Climate change 2007: The physical science basis. In: Climate
change (eds. Soloman, S., Qin, D, Manning, M., Chen, Z., Marquis, M.,
Averyt, K.B,, Tignor, M. and Miller, H.L.), p. 996. Cambridge University
Press, Cambridge, UK.

Jansen, E.J. (1990). Nitraatverliezen naar het grondwater onder grasland.
FPraktijkonderzoek 3(3), 39-40.

Jarvis, 5.C. and Pain, B.F. (1990). Ammonia volatilisation from agricultural land.
Intemational Fertiliser Society, Proceedings 298. York, UK, 35 pp.

Kroeze, C. (1994). Nitrous oxide (N;O). Emission inventory and options for
control in the Netherlands. Report No. 773001 004. RIVM, Bilthoven.

Kuikman, P.J., Van der Hoek, KW., Smit, A. and Zwart, K. (2006). Update of
emission factors for direct emissions of nitrous oxide from Agricultural
soils on the basis of measurements in the Netherlands. Alterra report 1217,
Wageningen, The Netherlands.

Misselbrock, T.H., Van der Weerden, Pain, B.F., Jarvis, 5.C., Chambers, B.J.,
Smith, K.A., Philips, V.R, and Demmers, T.GG.M. (2000). Ammonia
emissions factors for UK agriculture. Afmospheric Environment 34;
871-880.

Misselbrook, T.H., Smith, K.A., Johnsan, R.A. and Pain, B.F. (2002). Slurry
Application Techniques to reduce Ammonia Emissions: Results of some
UK Field-scale Experiments. Biosystems Engineering 81(3): 313-321.

Misselbrook, T.H., Nicholson, F.A. and Chambers, B.J. (2005). Predicting
amrnonia losses following the application of livestock manure to land.
Bioresource Technlogy 96: 159-168

Mosier, A.R., Duxbury, ] M., Freney, I.R,, Heinemeyer, O. and Minami, K.
(1998). Assessing and mitigating N,O emissions from agricultural soils.
Climatic Change 40, 7-38.

Mosquera, |, Huis in t Veld, ], Velthof, G.J. and Hummelink, E.W.J. (2009).
Differences in N;O emission from fertilized grassland and arable land in
sandy soils. Proceedings of the Fifth International Symposium on Non-CO,
Greenhouse Gases (NCGG-5), Wageningen, The Netherlands, June 30 -
July 3, 2009,

Neeteson, ].]., Schréder, J.J., Smit, AL, Bos, JF.EP. and Verloop, J. (2006).
Need and opportunities to reduce phosphorus inputs, soil supply and loss
from agriculture in The Netherlands. Infernational Fertiliser Society,
Proceedings 595. Conference 15" December 2006, Cambridge, UK, 24 pp.

32




Pain, B.F. and Klarenbeek, J.V. (1988). Anglo-Dutch experiments on odour and
ammeonia emissions from landspreading livestock wastes. rapport 88-2.
IMAG-DLO, Wageningen (the Netherlands), 36 pp.

Payne, RW.,, Lane, P.W,, Digby, P.G.N., Harding, S.A., Leech, P.K,, Morgan,
GW., Todd, AD,, Thompson, R., Tunnicliffe Wilson, G., Welham, 5.]. and
White, R.P. (1993). Genstat 5 Release 3 Reference Manual. Clarendon Press,
Oxford, UK. 796 pp.

Reidy, B. and Menazi, FL. (2007). Assessment of the ammonia abatement
potential of different geographical regions and altitudinal zones based on a
large-scale farm and manure management survey. Biosystems Engineering
97: 520-531.

Ryden, J.C. and McNeill, ].E. (1984). Application of the micrometeorological
mass balance method to the determination of ammonia loss from a grazed
sward. Journal of the Science of Food and Agriculture 35: 1297-1310.

Schils, R.L.M. and Kok, L (2003). Effects of cattle slurry manure management
on grass yield. Neth J Agric Sei 51(1-2):41-65.

Schils, R.L.M., Van Groenigen, | W., Velthof, G.L. and Kuikman, P.J. (2008).
Nitrous oxide emissions from multiple combined applications of fertiliser
and cattle slurry to grassland. Plant and $0i7310, 89-101.

Schréder, ].J. (2005). Manure as a suitable component of precise nitrogen
nutrition. Infernational Fertiliser Society, Proceedings 574, 32 pp.

Schréder, 1., Uenk, D. and Hilhorst, G.J. (2007). Long-term nitrogen fertilizer
replacement value of cattle manures applied to cut grassland. Plant and
So0if 299: 83-99,

Smith, KA., Jackson, D2.R., Misselbrock, T.H., Pain, B.F. and Johnson, R.A.
{2000). Reduction of Ammonia Emission by Shurry Application Techniques.
J. Agric. Engng Res. 77(3): 277-287

Sommer, 5.G., Sherlock, R.R. and Khan, R.Z. (1996). Nitrous oxide and

methane ermissions frompig slurry amended soils. Sofl Biology and
Biochemistry 28, 1541-1544,

Sommer, 5.G. and Hutchings, N.J. (2001). Ammonia emission from field
applied manure and its reduction-invited paper. European Journal of
Agronomy 15; 1-15.

Sommer, 5.G., Génermont, S., Cellier, P., Hutchings, N.]., Olesen, J.E. and
Morvan, T. (2003). Processes controlling ammonia emission from livestock
slurry in the field. Europ. J. Agronomy 19: 465-486.

Segaard, ILT., Sommer, 5.G., Hutchings, N.J., Huijsmans, ] F.M., Bussink,
D.W. and Nicholson, F. (2002). Ammonia volatilization from field-applied
animal manure-the ALFAM model. Atmosphetic Environment 36:
3309-3319.

Stehfest, E. and Bouwman, L. {2006). N;O and NO emission from agricultural
fields and soils under natural vegetation: summarizing available
measurement data and modeling of global annual emissions. Nutrient
Cycling in Agroecosystems 74, 207-228.

33




Stevens, R.J. and Laughlin, R.J. (2001). Cattle slurry affects nitrous oxide and
dinitrogen emissions from fertilizer nitrate. Soi/ Science Society of America
Journal 65, 1307-1314.

Stevens, R.]J. and Laughlin, R.J. (2002). Cattle slurry applied before fertilizer
nitrate lowers nitrous oxide and dinitrogen emissions. Soif Science Soctety
of America Journal 66, 647-652,

Thompson, R.B., Pain B.F. and Rees, Y.J. (1990). Ammonia volatilization from
cattle slurry following surface application to grassland. II. Influence of
application rate, wind speed and applying slurry in narrow bands. Plant and
Soil 125: 119-128.

Van Breemen, N., Burrough, P.A,, Velthorst, EJ., Van Dobben, H.F,, De Wit, T,,
Ridder, T.B. and Reijnders, H.F.R. (1982). Soil acidification from atmospheric
ammonium sulphate in forest canopy throughfall. Nature, 299(5883), UK, pp.
548-550.

Van Groenigen, J.W., Kasper, G.J., Velthof, G.L., Van den Pol-van Dasselaar,
A. and Kuikman, P.J. (2004). Nitrous oxide emissions from silage maize
fields under different mineral nitrogen fertilizer and slurry applications.
Plant and Soil 263, 101-111.

Van Groenigen, [ W.,, Velthof, G.L., Van der Bolt, R].E,, Vos, A. and Kuikman,
P.J. (2005). Seasonal variation in NoO emissions from urine patches: Effects
of urine concentration, soil compaction and dung. Plant and S01l273, 15-27.

Van Groenigen, J.W. (2007). Productie van N,O in de bodem. Presentation at
the 138™ Meeting of the Netherlands Soil Society, Wageningen.

Velthof, G.L. and Qenema, Q. (1993). Nitrous oxide flux from nitric-acid-
treated cattle slurry applied to grassland under semi-controlled conditions.
Netherlands Journal of Agricultural Science 41, 81-94.

Velthof, G.L. and Oenema, O. (1995a). Nitrous oxide fluxes from grassland in
the Netherlands .1. Statistical analysis of flux-chamber measurements.
European Journal of Soil Science 46, 533-540.

Velthof, G.L. and Qenema, O. (1995b). Nitrous oxide fluxes from grassland in
the Netherlands .2. Effects of soil type, nitrogen fertilizer application and
grazing, Furopean Journal of Soil Science 46, 541-549.

Velthof, G.L., Kuikman, P.J. and Oenema, O. (2003}. Nitrous oxide emission
from animal manures applied to soil under controlled conditions. Biology
and Fertility of Sorls 37, 221-230.

Velthof, G.L., van Bruggen, C., Groenestein, C.M., de Haan, B.]., Hoogeveen
M.W. and Huijsmans, J.F.M. (2009). Methodology to calculate ammonia
emissions by Dutch agriculture, Wageningen, Statutory Research Tasks
Unit for Nature and the Environment, Report No. 70. 180 pp

Vermeulen, G. D. and Mosquera, J. (2009). So0il, crop and emission responses

to seasonal-controlled traffic in organic vegetable farming on loam soil.
Soil and Tillage Research 102, 126-134,

34



Wadman, W.P. {1988). Slurry injection. Suitability, advantages and problems.
Mestinjectie. Mogelijkheden, voordelen en problemen. Onderzoek inzake
de mest- en ammoniakproblematiek in de veehouderij 1. Dienst
Lanbouwkundig Onderzoek {DLO), Wageningen, 64 pp. (in Dutch).

Webb, J. and Misselbrook, T.H. (2004). A mass-flow model of ammonia
emissions from UK livestock production. Aétmospheric Environment 38:
2163-2176.

Webb, J., Menzi, H., Pain, B.F., Misselbrook, T.H., Dammgen, U., Hendriks, H.
and Dshler, H. (2005). Managing ammenia emissions from livestock
production in Burope. Environmental Pollution 135: 399-406.

Wouters, A.P., Huijsmans, J.FE.M,, Schrider, ].J., Bussink, D.W., Geurink, J.H.,
Van Lent A, JH. and Van Der Meer, H.G. (1994}. Toediening van dieriiike
mest op grasland en maisland. In: M.H.A. De Haan and N.W.M. Ogink
(Eds.), Naar veehouderij en milieu in balans, 10 jaar FOMA onderzoelk,
Onderzoek inzake de mest- en ammoniakproblematiek in de veehouderij
19 (Rundvee), Wageningen, Dienst Landbouwkundig Onderzoek (DLO),
p. 93-119.

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

RELATED PROCEEDINGS OF THE SOCIETY.
229, (1984), Flow of Nifrogen in Grassiand,
John C Ryden.

286, (1989), Nitrogen Cycle in UK Arable Agriculture,
A E Johnston, D 5 Jenkinson.

287, (1989), Nitrogen Transformations and Nitrogen Balances in Scandinavian
Soils, G Bertilsson.

298, (1990), Ammonia Volatilisation from Agricultural Land,
S CJarvis, B F Pain.

299, (1990), Losses of Nitrogen by Denttrification and Emissions of Nitrogen
Oxides from Soils, K A Smith, ] R M Arah.

300, (1990), Practical Measures to Reduce Nutrient Loss from the Arable/Field
Vegetable Farm, C A Pedersen.

301, (1990), Practical Measures to Reduce Nutrient Loss from Grassland
Systems, Dr ir H Korevaar, D | den Boer.

325, (1992), Nitrogen Immobilisation and Leaching in Pasture Soils,
S P Cuttle, P C Bourne.

326, (1992), Nitrogen Economy of Grazed Grassland, M K Garrett,
C ] Watson, C Jordan, R W J Steer, R V Smith.

35



329, (1992), Effect of Nitrogen Fertiliser on the Nitrogen Cycle of Two Upland
Arable Soils of Contrasting Textures,
ATA Vinten, B J Vivian, RS Howard.

438, (1999), Life Cycle Approach to Nutrient and Energy Efficiency in
European Agriculture, | Kisters.

442, (1999), Measuring the Environmental Impacts of Agriculture: Use and
Management of Nutrienis, K Parris, L. Reille.

462, (2001), Nitrogen Cycling in Grassland Systems,
C T Watson.

463, {2001), Dynamics of Soil and Fertiliser Nitrogen in Arable Systems,
S Recous.

464, (2001), Gaseous Loss of Oxides of Nifrogen from the Agricultural
Nitrogen Cycle, D E Rolston, R T Venterea.

509, (2003), Energy Consumption and Greenhouse Gas Emissions in Fertiliser
Production, T K Jenssen, G Kongshaug.

520, (2003), Nitrogen Input Controls on Danish Parms: Agronomic, Economic
and Environmental Effects, 1. Knudsen.

563, (2005), Sustainable Soil and Nutiient Management: EU Environnmental
Policy Aspects, M Hamell.

574, (2005), Manure as a Suitable Component of Precise Nitrogen Nutrition,
1] Schroder.

609, (2007), Impact of Climate Change on Crop Nutrient and Water Use
Efficiencies, S M Brouder, J] Volenec.

639, (2008), GIHG Emissions and Energy Efficiency in European Nitrogen
Fertiliser Production and Use, F Brentrup, C Palliere,

656, (2009), Nitrogen Recovery from Organic Manures — Treatments and
Improved Application Technigues, T Birkmose.

Kis




The International'_'l*”éftiliser Sbciety is a scientific Soéie'ty founded in 1947, with
member’s in ovéi 50 countries, worldwide. Hs main objectives are: )

To prowde an mnterna fIOH&] forum for discussion and dissermination
of knowledge of scientific, ‘technical, environmental, economic and -
safety aspects of the production, marketing, use and application of

fertilisers.

QOFFICERS OF THE SOCIETY 2009/ 10
President D J Heatherosz UK
Vice President K Moran UK
Past President ] G Reuvers Germany

COUNCIL MEMBERS
] R Brightling UK
R H Dyson UK
Ph Bveillard . France
. E A Kirkby . UK
I Navsaria ' _. UK.
" M Nielsen ;. Denmark
H-WOlfs Germany - ©
] Peace UK

J71 8chroder Netherlands

Secretafj} " CJDawson

Copies of past Proceedings can be obtained from the Secretary at £12.50 each.

INTERNATIONAL FERTILISER SOCIETY
P O BOX 4, YORK YO32 5YS
UNITED KINGDOM

Tel. & Fax: +44 (0)1904 492 700
e-mail: secretary@fertiliser-society.org

www fertiliser-society.org



ISBN 978-0-85310:292-2
(ISSN 1466-1314)

6002 SAI

§69 :0N "SDONd



