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• Executive Summary

Agriculture is a significant source of the three main biogenic greenhouse gases
(GHGs), carbon dioxide, nitrous oxide and methane. Within the EU-15, croplands are
a significant source of both carbon dioxide (78 Mt C y-1) and nitrous oxide (~60 Mt
C-equivalents y-1). Since agricultural management is responsible for much of this flux,
there is potential within the EU-15 to reduce this flux or to sequester soil carbon.
Many factors drive GHG emissions from agriculture, a signifcant number of which are
socio-political. 

There are a number of methods available for accounting for GHGs but the most wide-
ly used are the IPCC 1996 revised guidelines. These provide default emission factors,
but allow for country- / region -specific values for factors if available. Other, more
sophisticated methods can also be used if available. Meta-analyses of data in Europe
could help to provide better emission factors for use in Europe and in the future,
dynamic emission factors (that respond to, for example, climate, soils, crop, fertiliser
etc.) might replace the static default emission factors currently used. Well-evaluated
process-based models, linked to a series of benchmark sites, may play a role in GHG
accounting in the future. Verification of GHG emission estimates will be difficult.

Greenhouse gas emissions in 1990 and 2000 for EU-15 are estimated to be as follows:
nitrous oxide-1990: 60 Mt C-equivalents y-1, nitrous oxide-2000: 57 Mt C-equivalents
y-1, methane-1990: 54 Mt C-equivalents y-1, methane-2000: 50 Mt C-equivalents y-1,
carbon dioxide-1990s: 78 Mt C y-1. By comparing country submissions to the United
Nations Framework Convention on Climate Change (UNFCCC) with estimates from
IPCC defaults and other sources, discrepancies at the national level within the EU can
be seen, though total EU-15 figures are similar across methods.

GHG mitigation options for croplands are examined. Per-area carbon sequestration
rates are used to estimate mitigation potentials by comparing types and areas of land-
management, in 1990 and 2000 and projected to 2010 for EU-15. For four country
level case studies data are available: UK, Sweden, Belgium and Finland. In these
countries, because cropland area is decreasing, and there are no current incentives in
place to encourage soil carbon sequestration, we found that carbon sequestration has
been small or negative in the EU-15 and all case study countries, except Belgium
between 1990 and 2000. For all countries except Belgium, carbon sequestration is
predicted to be negligible or negative to 2010, based on extrapolated trends. The only
trend in agriculture that may be enhancing carbon stocks on croplands at present is
organic farming, and that is highly uncertain. Previous studies have focused on the
potential for carbon sequestration and have shown quite significant potential. This
study, which examines the sequestration likely to occur by 2010, suggests that this
potential will not be realised. Without incentives for carbon sequestration in the
future, cropland carbon sequestration under Article 3.4 of the Kyoto Protocol will not
be an option in EU-15.

For reducing emissions of nitrous oxide (and methane) there are a number of options
that offer significant GHG mitigation, most of which rely upon better fertiliser (miner-
al and organic) use and water management. The livestock and manure management
sectors offer greater mitigation potential for methane. There may be trade-offs between
different greenhouse gases, especially between carbon dioxide and nitrous oxide, so
it is important to assess potential mitigation options for their impact upon all green-
house gases.
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Future priorities include the need for a better understanding at the process level (espe-
cially in cropland soils), data / inventory collation and meta-analysis, further devel-
opment of future scenarios of agricultural land-use and management, the develop-
ment of new technologies and methodologies for measuring soil carbon and green-
house gas emissions simultaneously, process studies (both modelling and experimen-
tal) to couple the carbon and nitrogen cycles and a more complete biogeochemical /
physical / socio-economic assessment of GHG mitigation options in agriculture.
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This report was initiated at a meeting of invited experts held in Clermont-Ferrand,
France under the auspices of the CarboEurope GHG programme. The meetings
between the cropland and grassland focus groups were held jointly, since many man-
agement decisions are taken at levels that affect both cropland and grasslands, but this
report is for croplands only. A separate report has been prepared for grasslands. The
aim of this report is to:

• Provide up-to-date scientific information on the extent of greenhouse gas (GHG)
fluxes from European agriculture, and the factors controlling GHG emissions;

• Examine the ways in which GHG emissions from agriculture are currently esti-
mated and suggest, where appropriate, possible improvements;

• Examine possibilities to mitigate GHG fluxes from European agriculture;
• Identify key uncertainties and areas for future research.

The report is aimed at scientists and policy-makers involved in estimating GHG emis-
sions from agriculture and in assessing mitigation measures to reduce these emissions.

Agricultural lands (i.e. lands used for agricultural production, consisting of cropland,
managed grassland and permanent crops) occupy over 50% of Europe’s land surface
and fluxes from agriculture constitute the largest CO2 flux to the atmosphere of all
land uses. Estimates of the fluxes are based on few studies and research is urgently
required to better quantify total agricultural greenhouse gas fluxes and reduce the
uncertainty in the flux estimates. Further, because agriculture is managed, the drivers
for the fluxes are complex and heterogeneous, but this management also offers the
possibility of GHG mitigation.

The Marrakech Accords, resulting from the 7th Conference of Parties (COP7) to the 1992
United Nations Framework Convention on Climate Change (UNFCCC), allow biospher-
ic carbon sinks (and sources) to be included in attempts to meet Quantified Emission
Limitation or Reduction Commitments (QELRCs) for the first commitment period (2008-
2012) outlined in the Kyoto Protocol (available at: www.unfccc.de). Under article 3.4
the activities: forest management, cropland management, grazing land management and
re-vegetation are included. Soil carbon sinks (and sources) can therefore be included
under these activities. Further, direct emission reductions of the greenhouse gases nitrous
oxide (N2O) and methane (CH4) will help parties to meet QELRCs. 

Parties electing to include cropland management, grazing land management and re-
vegetation need to account for changes in these soil carbon sinks and sources on a
net-net basis, that is to say, they must compare the net flux of carbon from a given
activity during the commitment period with the equivalent net flux of carbon in the
baseline year (usually 1990). Carbon sequestration (viz. CO2 fixation) in cropland
soils, or even a reduction in a flux to the atmosphere compared to the baseline year,
can therefore be used by a party to the UNFCCC in helping to meet emission reduc-
tion targets. Similarly, direct emission reductions of the greenhouse gases nitrous
oxide (N2O) and methane (CH4) from croplands can also be used. It is essential that
effects of land management of all three GHGs are evaluated concomitantly.

The main GHG emissions from agriculture are carbon dioxide (CO2), nitrous oxide
(N2O) and methane (CH4). 

Carbon dioxide is lost from agricultural soils by soil and root respiration and the
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decomposition of soil organic matter. Changes in organic carbon content are a func-
tion of the balance between inputs to soil of carbon fixed by photosynthesis and loss-
es of soil carbon via decomposition. Soil erosion can also result in the loss (or gain)
of carbon locally, but the net effect of erosion on carbon losses as CO2 for large areas
on a national scale is unclear. For soils, both the quantity and quality of organic mat-
ter inputs and the rate of decomposition of soil organic carbon will be determined by
the interaction of climate, soil and land use/management (including land-use history).
In native ecosystems, climate and soil conditions are the primary determinants of the
carbon balance, because they control both production and decomposition rates. In
agricultural systems, land use and management act to modify both the input of organ-
ic matter via residue production, crop selection, fertiliser application, harvest proce-
dures, residue management and the rate of decomposition (by modifying microcli-
mate and soil conditions through crop selection, soil tillage, mulching, fertiliser appli-
cation, irrigation and liming; IPCC, 1997). Management practices that increase soil
and root respiration cause short-term effluxes of CO2 to the atmosphere, whilst prac-
tices that increase the rate of decomposition of organic matter lead to longer-term
losses of soil organic carbon in the form of carbon dioxide (Figure 1.3a). Other loss-
es of carbon from ecosystems result from the export of agricultural products, and the
carbon in these short-lived products are assumed to be lost to the atmosphere as CO2
shortly after final market.

Figure 1.3a Schematic diagram of carbon loss from cropland soils

Biogenic emissions of N2O from soils result primarily from nitrification and denitrifi-
cation processes. N2O is a by-product of nitrification and an intermediate during den-
itrification. Nitrification is the aerobic microbial oxidation of ammonium to nitrate
and denitrification is the anaerobic microbial reduction of nitrate through nitrite, nitric
oxide (NO) and N2O to N2. Nitrous oxide is a gaseous product that may be released
from both processes to the soil atmosphere (IPCC, 1997). Fungi also produce N2O
(Figure 1.3b). Major environmental regulators of these processes are temperature, pH,
soil moisture (i.e. oxygen availability) and carbon availability. In most agricultural
soils, biogenic formation of N2O is enhanced by an increase in available mineral
nitrogen, which in turn increases nitrification and denitrification rates. Hence, in gen-
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eral, addition of fertiliser N or manures and wastes containing inorganic N, will stim-
ulate N2O emission, as modified by soil conditions at the time of application. N2O
losses due to denitrification under anaerobic conditions are usually considered more
important than nitrification-N2O losses under aerobic conditions. Therefore no-tillage
will perhaps decrease CO2 losses, but, due to poorer aeration, enhance N2O losses
due to denitrification. A schematic representation of N2O losses from agriculture is
given in Figure 1.3c. Whilst N2O emissions have been estimated in both process-
based and inventory studies using, for example, process-based models, the outstand-
ing problem is the uncertainty of these estimates. The uncertainty is high because N2O
as CO2 in soils are produced biologically and emissions usually occur in “hot spots”
around particles of residues and fertiliser, despite the diffuse spreading of fertilisers
and manure (EEA, 2003).

Figure 1.3b Microbial transformations in the soil showing mechanisms of N2O pro-
duction

Figure 1.3c N2O production in agriculture (from: http://www.igac.noaa.gov/newslet-
ter/highlights/1998/n2o.php)
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Methane is formed under anaerobic conditions at the end of the reduction chain when
all other electron acceptors such as, for example nitrate and sulphate, have been used.
Methane emissions from freely drained cropland soils are, therefore, negligible. In
fact, aerobic cropland soils tend to oxidise methane, but less so than uncultivated soils
(Goulding et al., 1995; Willison et al., 1995) with the oxidising capacity for forest,
grassland and cropland soils showing the trend forests>grasslands>crops = 10 > 6 > 3
kg CH4 ha-1 yr-1 respectively (Boeckx & Van Cleemput, 2001). The only sustained
emissions of methane from European cropland soils occurs under irrigated rice pro-
duction. The area of rice grown in Europe is, however, small and occurs mainly in
southern Europe.

Figure 1.3d Methane production under rice (from: 

When assessing the impact of land use on changes in greenhouse gas emissions, it is
important to consider the impacts on all greenhouse gases (Robertson et al., 2000;
Smith et al., 2001). Further, while animal production is not covered by this report, it
should be emphasized that changes in manure management, such as the proportion
deposited during grazing, may also influence the GHG balance of land use strategies.
In order to assess the GHGs together, N2O and CH4 emissions are often expressed in
terms of CO2 or CO2-carbon equivalents, which is possible because the radiative forc-
ing of nitrous oxide, methane and carbon dioxide, can be integrated over different
timescales and compared to that for CO2. This measure is called the Global Warming
Potential (GWP). For example, over the 100-year timescale, one unit of nitrous oxide
has the same global warming potential as 296 units of carbon dioxide, whereas, on a
kilogram for kilogram basis, one unit of methane has the same GWP as 23 units of
carbon dioxide (IPCC, 2001a).

Croplands (i.e. lands used for the production of arable crops) cover about 1/3 of
Europe’s land surface and are estimated to be the largest biospheric source of carbon
loss to the atmosphere in Europe each year. The cropland estimate is the most uncer-
tain among all land-use types (Janssens et al., 2003). It is estimated that croplands (in
Europe as far east as the Urals) lose 300 Mt C y-1 (Janssens et al., 2003), with the mean
for the European Union (EU-15) of 78 (SD: 37) Mt C y-1 (Vleeshouwers & Verhagen,
2002). National estimates of cropland CO2 fluxes for some EU countries are of simi-
lar magnitude on a per area basis (Sleutel et al., 2003) but other estimates were lower
(Dersch & Boehm, 1997). The size of the estimated per- hectare carbon flux from crop-
land is similar to the flux measured when converting grassland to tilled cropland (as
calculated from figures in Johnston, 1973). Since this is an extreme land-use change,

1.4 Greenhouse gas
fluxes from European
croplands
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it suggests that current estimates may be too high. Indeed, Janssens et al. (2004)
reduced their estimate for geographical Europe to 120 Mt C y-1. The EU-15 estimates
for the CO2 cropland emissions (~78 Mt C y-1) are of the same order of magnitude as
the reported emissions of N2O from agricultural soil (~60 Mt C-eq. in 2000) and CH4
from agriculture (~50 Mt C-eq. in 2000; see section 4).

The values for CO2 flux suggest that cropland soil carbon stocks are continuing to
decline, perhaps as a result of recent (decadal) land-use change. However, figures for
net changes in land use during the past 20-30 years do not suggest a large scale con-
version to cropland from other land uses but may not show all areas that have under-
gone a change as they report only net changes. An alternative reason for the high C
loss from agricultural soils in some regions may be changes of agricultural manage-
ment (e.g. manure use) over recent decades (Sleutel et al., 2003). The figures for crop-
land soil carbon loss are highly uncertain (Janssens et al., 2003) and there is clearly
scope to reduce the uncertainty surrounding these estimates.
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In Europe, most soils are out of equilibrium as they have been affected by past land
use / management practices. Management practices affecting GHG emissions from
agricultural areas include changes between arable and grassland, grassland and for-
est, etc., cropland management such as tillage and rotations, fertiliser use, legumes,
the type of fertiliser applied, the farm management pattern, grassland management
such as ley systems (cut or grazed), water management etc. and the use of non-built
urban and suburban land (parks and gardens).

Cropland practices that influence GHG emissions from agriculture are discussed in
detail in section 5. The FAO states that climate, soil fertility (C content) and fertilisa-
tion are the most important drivers for N2O emission from agricultural soils. In crop-
ping management, both crop type and soil wetness status are major influences on
N2O emission (Lilly et al., 2002) and on CH4 exchange (Smith et al., 2000). These fac-
tors also influence the effect of a given cropland practice (Table 2.1) on non-CO2

greenhouse gas emissions. For example, crop residues applied to a short-term grazed
ley cannot be incorporated as they would be on land ploughed for arable cropping.
Also minimum tillage of cereals into grassland rather than into previously ploughed
land leaves a thatch of organic material near the surface. The different practices in
each case result in a different mix and intensity of greenhouse gas fluxes. For these
reasons, the emissions possible, even from well-researched practices, cover a wide
range. One such practice is mineral fertiliser application where a typical soil N2O
emission from a ley is 2-10 kg/ha/year, but Dobbie & Smith (2003) reported up to 28
kg/ha/year at a site in Wales. Gas fluxes from less well-researched practices are even
more uncertain, partly because of the paucity of data available and because the N and
C composition of the manures and their evenness of spreading are so variable. Up to
23 kg/ha N2O have been measured after a single application of sewage sludge (Scott
et al., 2000). Other cropping practices with great uncertainty are conservation tillage
and organic farming. For example, no-tillage can give N2O fluxes up to 4 times greater
than under conventional tillage (Vinten et al., 2002; Goossens et al., 2001) whereas
others report smaller differences between tillage treatments. 

Fluxes of GHGs from animal management, principally CH4, are a little better under-
stood, but are a function of a range of interacting factors, making it difficult to estimate
flux from a given land area (Chadwick et al., 2000) or even per animal. Thus, for each
cropping practice, we have defined in Table 2.1 the likely rankings of emissions of
N2O, CH4 and NOx applicable to the land use practices in Table 2.2. For CH4, the
minus sign indicates atmospheric uptake and the plus sign indicates emission. NOx
(NO and NO2) emissions are included as these gases increase tropospheric ozone pro-
duction, thereby reducing the tropospheric CH4 sink, and are precursors of acid rain-
fall. For each practice in Table 2.2 we have allocated a ranking for each gas. Note that
in Table 2.2 a ranking for the importance of each practice is also given for carbon
sequestration. This is low (x), medium (xx) or high (xxx). The practices listed in Table
2.2 refer to the addition of amendments (e.g. fertiliser), soil management (e.g. tillage),
stock and crop management and inappropriate management (e.g. compaction). The
table does not include indirect emissions of gases from drainage water and fresh water.

Table 2.1 Probability rankings of emissions of non-CO2 greenhouse gases used in Table 2.2.

• 2. Agricultural practices leading to GHG emissions 
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Table 2.2. Table of fluxes (Note: ranking is applicable within rows)
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The farm level integrates the effects of driving forces in the surrounding society with
the physical, chemical and biological processes that determine greenhouse gas emis-
sions (Table 2.3). The integrating factor is the farm management, which may have a
range of objectives and which also influence carbon and nitrogen cycling, including
emissions.

The farm level response to change and the resulting effects on emissions depend on
farm type and geographical region, including the prevailing soil and climate condi-
tions. For simplicity the following categories of farm types can be distinguished:

•  Intensive livestock with ruminants (>1.5 LU/ha), with grazing
•  Intensive livestock with ruminants (>1.5 LU/ha), without grazing
•  Extensive livestock with ruminants (<1.5 LU/ha), with grazing
•  Intensive livestock with pigs, poultry
•  Arable systems, agricultural and horticultural crops
•  Permanent crops (fruits, vineyards, olives)

The highest emissions of methane and nitrous oxide are typically seen from intensive
ruminant livestock systems. The methane from enteric fermentation in the ruminants
contributes greatly to this, even though intensive production with high proportion of
concentrates in the feed tends to reduce the emissions per kg milk or meat produced.
Indirect emissions of nitrous oxide from leached nitrogen and ammonia volatilization
are often lower for grazing systems compared with housed systems, which also often
involve other types of forage crops. Inclusion of grasslands, in particular permanent
grasslands, will increase the soil carbon storage. Intensive livestock systems with pigs
and poultry may also have high emissions of nitrous oxide, in particular from the fer-
tiliser and manures being applied in the production of the feed for the animals. In
addition the manure management systems in intensive pig production is often based
on slurry, which can give high methane emissions during storage.

Arable systems often tend to deplete soil carbon over time due to frequent soil tillage
and periods of bare soils. Many of the agricultural and horticultural crops also require
high inputs of nitrogen in fertilisers or manure, which gives rise to nitrous oxide emis-
sions both directly from the applied nitrogen and indirectly from losses by leaching
and ammonia volatilisation. The smallest emissions are probably from permanent
crops, where nitrogen inputs as well as losses are small. The effects on soil carbon in
these systems will probably depend on the weed control in these crops, including the
extent of tillage to control weeds.
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Table 2.3 Drivers of change affecting agricultural production and greenhouse gas
emissions.
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The IPCC suggests default methods for estimating emissions of GHGs from agriculture
and land-use change. Nitrous oxide and methane emissions are accounted for under
the agricultural sector (Chapter 4 of the Revised 1996 IPCC guidelines for National
Greenhouse Gas Inventories; IPCC, 1997) whereas carbon dioxide emissions are esti-
mated in the land-use change sector (Chapter 5 of the Revised 1996 IPCC guidelines
for National Greenhouse Gas Inventories; IPCC, 1997). Since field burning of agri-
cultural residues is no longer permitted within the EU (though some still occurs in EU
and new accession countries), these are not discussed here. 

It should be stressed that the IPCC encourages individual countries to adopt own
activity data and emission factors to the extent that such information is available and
properly documented. To a large extent this occurs in practice. For example, a work-
ing group recently summarized the national adaptations of the IPCC default method-
ology used by the five Nordic countries (Denmark, Finland, Iceland, Norway and
Sweden) for methane and nitrous oxide emissions from agriculture (Petersen et al.,
2002). These adaptations resulted in deviations from the IPCC default estimate of –12
to +13% for methane, and of –38 to +10% for nitrous oxide. The IPCC default meth-
ods and emission factors are outlined in appendix 1.

Indirect CO2 losses from dissolved organic carbon and from eroded material are not
considered in the current IPCC method at present, but should be considered in the
future.

A gap in our scientific knowledge concerns the fluxes that occur as a direct impact of
a land use or management change. Instead of considering only the land use before
and after a land-use or management change, more research is needed on the usual
flush of (mostly) CO2 resulting from the change itself and its duration. The transition
from one usage of land to another will seriously disturb the approximate equilibrium
situation which exists before the change and which will be established after some
time, perhaps decades. There is scant knowledge about the causes of these enhanced
fluxes, about their duration and the amounts of carbon and nitrogen lost. Long term
monitoring sites with a reasonable frequency of measurements might help to assess
the contribution of such a land use change to emissions.

There is scope within the current IPCC methodology to replace default emission fac-
tors and default methods with better regionally specific emission factors, where these
are available, or more elaborate methodologies where these have been developed.
Recent work has defined country specific values for the U.S. and found that the C
sequestration rate for U.S. agricultural land was about half of the rate estimated using
the default factors, primarily due to differences in the set-aside factor and the refer-
ence carbon stocks, which were computed from US data (Ogle et al., 2003). It would
be highly desirable to perform a similar analysis to produce regionally specific values
for the EU.
Another option is to develop dynamic emission factors. The IPCC default methods for
calculating emission factors are static, i.e. they are predominantly unaffected by soil
type and climate (except for CO2) and they are assumed to be linear, i.e. they occur
at a constant rate over time. However, it is known that a change in land management
practice causes a non-linear change over time. Soil organic carbon, for example, is
not lost at a constant rate over a 20-year period, but is better represented by an expo-
nential loss (or gain) either as single or as multiple pools with exponential decay of
soil organic carbon, which can be modelled e.g. by a first order reaction rate. It would
be possible to implement emission factors based on exponential equations, or more

3.1 Possibilities for
improving methods 
to estimate GHG 
emissions in the future

• 3. Methods for accounting for GHG emissions
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complex models of decomposition. However, to do so, more information may be
required about the soil type (such as clay content, which stabilises SOC) or climate
(decomposition is sensitive to temperature and soil moisture). These factors might be
available in climatological and soil databases, but another important factor will be
land-use history, which will be far more difficult to estimate. Another point to note is
that soil carbon gains and losses are not symmetrical: carbon is lost more quickly
when grassland is ploughed to cropland, than it is gained when croplands are reseed-
ed to grass. This also needs to be acknowledged in any revised methodology. Any new
IPCC methodology would need to consider soil types, structures and soil C contents
(prior to land use changes). Similar dynamic emission factors can be envisaged also
for methane and nitrous oxide. Dobbie & Smith (2003) found that annual emission
factors for N2O varied greatly from year to year, even with similar management and
that several years’ data were needed to produce a robust emission factor. They also
recommended that differences in emission factor between various types of crop
should be taken into account when compiling N2O inventories. Further, some effects
of agricultural management (e.g. use of nitrification inhibitors) cannot be assessed by
the IPCC method. Dynamic emission factors (which respond to climate, moisture
interactions, soil type, crop type and land-use history) would provide a step closer to
reality, but the quest for realism needs to be weighed against burgeoning data require-
ments.

Some suggestions have already been made for dynamic emission factors for nitrous
oxide. Dynamic emission factors could be based upon simple (statistically derived)
variables such as crop type, e.g. cereals, tuber crops, proportion of grass in the rota-
tion, climate zone, precipitation in winter, temperature and soil type, or could be out-
put from more complex, dynamic simulation models that include all of these interac-
tions. Such an approach has been attempted in the USA by K. Paustian et al. (pers.
comm. – some details in EPA, 2003). Drivers might differ according to different spa-
tial areas, e.g. regional, continental, or national scales, or might be based on farm
management types. However, data accessibility, consistency and availability need to
be considered. A further consideration is how to ensure verifiability (see section 6).

Since there is scope within the current IPCC methodology to replace default emission
factors and default methods it is possible to develop dynamic emission factors within
the existing IPCC framework. However, with the IPCC methodologies being revised
over the next 2-3 years, dynamic emission factors may appear in some sections as the
new default methodologies. Research into emission factors should feed into a new
IPCC emission factors database. This database will be the first step toward providing
more meaningful emission factors for use in different parts of the world.

Process models (e.g. DNDC; Brown et al., 2003) may play a role in better determin-
ing N2O, CO2 and CH4 fluxes from soils. If such models are validated first against
existing (country specific) emission data, they can be used to estimate country level
inventories. The advantage of such an approach is that climate and management
effects can be assessed. A similar approach has already been advocated in the Joint
EMEP/CORINAIR Atmospheric Emission Inventory Guidebook (EMEP/CORINAIR,
2003). Such an approach has been applied in Belgium (P. Boeckx, pers. comm.) and
the UK. Since one emission may be exchanged by another, e.g. methane in saturated
soil systems may be replaced by nitrous oxide if such a soil is drained, and vice versa,
both experiments and models should consider nitrous oxide, methane and carbon
dioxide are together.

Meta-analyses of existing N2O emission data can also be used to derive better coun-
try specific emission factors. In Belgium, statistical links between annual N2O emis-
sions reported in the literature and land use, seasonal climate, soil characteristics and
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N fertilisation rates have been established in order to provide a simple model that
allows the spatial variation in environmental conditions to be taken into account in
national inventories. Distinct models were developed for croplands and grassland.
Emissions from croplands are sensitive to the mean temperature of the coldest month,
summer precipitation and temperature, clay fraction and N fertilisation rate. Emissions
from grasslands are driven by N fertilisation and summer precipitation and tempera-
ture. These empirical models are capable of explaining 60 % of the variance of annu-
al N2O emissions from croplands and 52 % for grasslands (Roelandt et al. submitted).

Upscaling of N2O fluxes using spatial information on soil wetness and land use types
may provide good inventory information (Lilly et al., 2003). The advantage of this
approach is that areas of high emissions can be identified and application of mitiga-
tion strategies in these areas are likely to be most effective at reducing fluxes.
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The most important sources of emissions from agriculture in Europe are methane from
enteric fermentation from ruminants and pseudo-ruminants (i.e. cattle, sheep, goats,
pigs, and horses; not considered in this cropland report), methane from manure man-
agement (not considered in this cropland report), nitrous oxide from agricultural soils
and indirect emissions of nitrous oxide from N-use in agriculture. Indirect emissions
are from polluted surface waters and from deposition of ammonia and nitrogen oxides
onto soils. Carbon dioxide can be lost from cropland, but under improved manage-
ment could be sequestered. Peat soils that have been drained for agriculture are a
large source of carbon dioxide because of top-soil mineralisation. In the Western part
of the Netherlands, for example, in some places 2 meters of peat has disappeared
since the first peat drainage works around in around 1200 AD. A number of studies
have been published in which nitrous oxide emissions from agriculture and the
methane oxidation capacity of soils have been estimated in Europe (Boeckx & Van
Cleemput, 2001) and in individual countries (e.g. Boeckx et al., 2001). 

The IPCC methodology to estimate emissions of nitrous oxide, methane and carbon
dioxide from agriculture are described in appendix 1. Here some results are given of
the emission estimates using default IPCC methodology and FAO statistics. The results
are compared to the official estimates from Parties to the UNFCCC.

The official estimates for nitrous oxide are given in full molecular weight of N2O and
the IPCC estimates are given in million kg N2O-N (conversion factor from N to N2O
= 1.57). Tables 4.1.1a and 4.1.1b give estimates of 1990 nitrous oxide emissions cal-
culated using the IPCC methodology. The total European emission is ~740 Million kg
N yr-1 with indirect emissions larger than direct emissions and emissions from ani-
mals.

Table 4.1.1a Nitrous oxide emissions in Europe in 1990 (Million kg N yr-1). Calculated
using IPCC methodology and default emission factors and FAO data. Source: Kroeze
and Mosier (2000)

4.1 Nitrous oxide

4.1.1 1990 emissions
of nitrous oxide

• 4. Estimates of GHG emissions from European agriculture
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Table 4.1.1b shows that among the sectors contributing to nitrous oxide emissions,
agricultural soils account for the great majority (>85%).

Table 4.1.1.b Nitrous oxide emissions in 1990 in Europe (Million kg N yr-1).
Calculated with IPCC methodology and reported in IPCC categories. Source: Kroeze
and Mosier, 2000

Table 4.1.1c compares the 1990 emissions taken from the Emissions Database for
Global Atmospheric Research (EDGAR, Olivier 2002) with the first and second
national communication of Parties to the Climate Convention. The EDGAR estimates
generally correspond well with the figures in the national communications, whereas
the estimates using the IPCC methodology suggest emissions approaching two times
the reported values for Europe as a whole, though for some countries, the reported val-
ues are closer to estimates using the IPCC methodology, e.g. Ireland, Italy, Spain,
Switzerland, Norway (Figure 4.1.1). Since many EU countries use more sophisticated
methods for estimating emissions than the IPCC default methods, the national com-
munications should be regarded as more reliable than methods using the IPCC
defaults.
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Table 4.1.1c Comparison of estimates of nitrous oxide emissions from 1990 (Million
kg [Gg] N) as taken from the Emissions Database for Global Atmospheric Research
(EDGAR, Olivier 2002), from the first and second national communication of Parties
to the Climate Convention and calculated with the IPCC methodology. Source: Van
Amstel et al., 1999 and UNFCCC

Figure 4.1.1 Comparison of nitrous oxide emission estimates from national invento-
ries and IPCC Guidelines (Source: Van Amstel, 2003)
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In the NewCronos Database, under the Theme 8 “Environment and Energy” –
Domaine “Milieu” - Collection “Agriculture” the nitrogen balance at the NUTS 2 level
is tabulated:
http://europa.eu.int/newcronos/suite/nc_data/info/notmeth/en/theme8/milieu/agri/agri
.htm?action=notmeth. It contains information on the input of nitrogen by addition of
synthetic fertiliser, organic fertiliser, fixation by leguminous crops, and wet and dry
deposition. The origin of the data is explained in the explanatory section of the col-
lection and is reproduced (for nitrogen input data) in Table 4.1.2a. Data are available
for the years 1993, 1995, and 1997. The data for 1997 are shown in 4.1.2b.

Table 4.1.2a Explanatory text for the information on N input (N balance collection of
NewCronos, EUROSTAT)

Table 4.1.2b Nitrogen input in 1997 for EU-15 countries (nitrogen balance collection
of NewCronos, EUROSTAT). Values in kg nitrogen.

4.1.2 2000 emissions
of nitrous oxide
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Here we estimate N2O emissions from soils of the year 2000. Therefore, the data are
extrapolated to the year 2000 using the correction factors in Table 4.1.2c.

Table 4.1.2c Correction factors to extrapolate the information on nitrogen input to
agricultural soils from the year 1997 to 2000.
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Table 4.1.2d Comparison of N2O emissions in 2000 from the application of synthetic
fertiliser, the production of animal wastes, and nitrogen fixing crops, calculated using
data from EUROSTAT and submitted to UNFCCC in 2002.
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The resulting N2O emissions from synthetic fertiliser, animal excretions applied to soil
or excreted during grazing and nitrogen fixation are shown in Table 4.1.2d. The data
compare generally well with largest differences for the emissions calculated or sub-
mitted for nitrogen fixing crops. The emissions from animal wastes are calculated
without differentiation between waste produced in animal houses or during grazing,
and have therefore to be compared with the sum of the values submitted for the emis-
sions for animal wastes application and animal production.

Additionally, data for crop residues are needed to be able to apply the IPCC method-
ology. The data are taken from the AgrIS (Agricultural Information System) collection,
distinguishing between nitrogen fixing crops and non-nitrogen fixing crops. The emis-
sions of nitrous oxide are calculated applying the IPCC default methodology (Tier 1a)
for N2O emissions from crop residues. Deviations between these calculated data and
the values submitted in 2002 are very large of up to one order of magnitude, due to
differences in the crop statistics and in the methodologies used (Table 4.1.2e).
Generally, the use of Tier 1b methodology as proposed in the Good Practice
Guidelines yield lower N2O emissions by up to a factor of two.

Table 4.1.2e N2O emissions from crop residues in 2000 as calculated from EURO-
STAT data and as submitted to UNFCCC (2002 submissions).
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A comparison of nitrous oxide emissions from all sources considered here is given in
Figure 4.1.2.

Figure 4.1.2 Comparison, shown on a logarithmic scale, of soil N2O emissions from
synthetic fertiliser, animal wastes, nitrogen fixation and crop residues in 2000 (EU-15)
as calculated using data available at Eurostat and submitted by the member states.
Note: The values calculated for Belgium and Luxembourg are excluded from the plot
because no disaggregated numbers have been submitted. The column for crop
residues also excludes the values for the Netherlands and Ireland.  

In table 4.1.2f the total nitrous oxide emissions from agriculture in Europe for 1990
and 2000 are compared, according to the official country submissions of the 15 EU
parties to the UNFCCC. The total nitrous oxide emission is calculated from synthetic
fertilizer application, manure application, fixation by leguminous crops, crop residues
and histosols. Emissions in 1990 and 2000 remain broadly similar among countries
showing a slight reduction (~5% or 40 Million kg N2O yr-1). 

Table 4.1.2f N2O from agriculture in Europe in 1990 and 2000 (Million kg N2O yr-1)

In terms of CO2–C equivalents, the total EU-15 nitrous oxide emissions for 1990 and
2000 were 60 and 57 Tg, respectively.



26

In the following table the total methane emission estimates are given for 1990 and
2000 from the UNFCCC database. These estimates are based on the official country
submissions. For most countries, methane emissions decreased slightly between 1990
and 2000 with an overall reduction of around 7% or 600 Million kg CH4 yr-1. In terms
of CO2–C equivalents, the total EU-15 methane emissions for 1990 and 2000 were 54
and 50 Tg, respectively.

Table 4.2a Methane from agriculture in Europe in 1990 and 2000 (Million kg CH4/yr)

In table 4.3a and figure 4.3, the total emissions from agriculture are given as estimat-
ed by the EU-15 parties to the Climate Convention. The estimates in European coun-
tries are based on the IPCC methodology and country specific estimates. UNFCCC
publishes yearly overviews based on the latest information by the parties.

4.2 Methane (1990
and 2000 emissions)

4.3 Overall estimates
for nitrous oxide and
methane emissions in
Europe



27

Table 4.3a Emissions of methane and nitrous oxide from agriculture in 2000 (Million
kg CO2 equivalent). Calculated by Parties to the Climate Convention 



28

Figure 4.3 Total emissions of methane and nitrous oxide from agriculture in Million kg
CO2 equivalents  
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CO2 carbon emissions from European cropland were estimated to be 78 (SD: 37) Mt
C y-1 for the EU-15 (Vleeshouwers & Verhagen, 2002), 300 Mt C y-1 for geographical
Europe as far east as the Urals (Janssens et al., 2003) and 120 Mt C y-1 for the same
area by Janssens et al. (2004). Countries with a larger cropland area tend to have larg-
er fluxes of cropland CO2. Figure 4.4 shows the cropland CO2 carbon emissions from
European countries (plotted from values in Janssens et al., 2004). Separate estimates
for 1990 and 2000 are not available.

Figure 4.4 Cropland carbon emissions (Mt C y-1) from European countries (plotted
from values in Janssens et al., 2004).

4.4 Carbon dioxide
emissions (1990 to
2000)
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The political context for agricultural GHG mitigation arises from the Kyoto Protocol to
the 1992 United Nations Framework Convention on Climate Change (UNFCCC) and
its subsequent elaboration at the 7th Conference of Parties (COP7) leading to the
Marrakech Accords. This allows biospheric carbon sinks (and sources) to be included
in attempts to meet Quantified Emission Limitation or Reduction Commitments
(QELRCs) for the first commitment period (2008-2012), as outlined in the Kyoto
Protocol (available at: www.unfccc.de). Under article 3.4 of the Kyoto Protocol, the
activities forest management, cropland management, grazing land management and
re-vegetation are included. Soil carbon sinks (and sources) can therefore be included
under these activities. Further, direct emission reductions of the greenhouse gases
nitrous oxide (N2O) and methane (CH4) will help parties to meet QELRCs. Agricultural
GHG mitigation can therefore directly contribute to political GHG reduction targets. 

For CO2 emissions, in terms of the mechanism by which these mitigation options are
assessed, parties electing to include cropland management, grazing land management
and re-vegetation need to account for changes in these soil carbon sinks and sources
on a net-net basis. This means that they must compare the net flux of carbon from a
given activity during the commitment period with the equivalent net flux of carbon in
the baseline year (usually 1990). Carbon sequestration in cropland soils, or even a
reduction in a flux to the atmosphere compared to the baseline year, can therefore be
used by a party to the UNFCCC in helping to meet emission reduction targets.
Methane and nitrous oxide are already accounted for on a net-net basis within the
national GHG inventory and reduction of emissions of these gases are also account-
ed for as a direct emission reduction.

Estimation of mitigation potential is often confounded by the choice of constraints.
Some authors quote biological potentials (Metting et al., 1999), others quote poten-
tials as limited by available land or resources (Smith et al., 2000a), and others also
consider economic and social constraints (Cannell, 2003; Freibauer et al., 2004).
Smith (2003a) provided a figure showing how these mitigation potential estimates dif-
fer and how the potential is reduced by a number of constraints (Figure 5.1).

Figure 5.1 How different constraints reduce the GHG mitigation potential from its the-
oretical biological maximum to realistically achievable potentials that are much lower
(adapted from Smith, 2003a)

• 5. Mitigation options in agriculture
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An analysis of the estimates presented in Freibauer et al. (2004) and the assumptions
used by Cannell (2003) suggest that the realistic sustainable (or conservative) achiev-
able potential of GHG mitigation (taking into account limitations in land use,
resources, economics, and social and political factors) may be about 10-20 percent of
the biological potential. Although this value is derived predominantly from expert
judgment, it may be useful in assessing how different estimates of GHG mitigation
potential can be compared and how they might realistically contribute to GHG stabi-
lization.

Given the recognised biological, economic, social, political and institutional con-
straints on the implementation of GHG mitigation measures, the scale of GHG miti-
gation in agriculture will rely more upon overcoming these constraints than upon fill-
ing in gaps in our scientific and technical knowledge. Further consideration needs to
be given to the scale of implementation of the mitigation options. GHG mitigation
needs to be encouraged by policy measures. Action is required at the governmental
(national and EU) level, but ultimately, management is implemented at the farm-scale
by farmers and land managers (see below). Managing the diverse interests of the range
of interested parties (policy makers, farmers, land managers, environmental groups
and the wider public) will not be easy. It is likely that a combination of measures will
be required to overcome the many constraints to GHG mitigation in agriculture and
may include incentives, regulations and education.

For successful implementation, mitigation options need to have direct relevance to the
farmers / land-managers. Mitigation options for a single gas (e.g. N2O in Scotland by
Ball & Scott, 1997) tend to be ignored as there is no incentive for the farmer/land man-
ager to use them and they exclude consideration of other pollutants. Whether or not
a particular management option is possible or desirable will depend upon the style
and type of farm for which it is being considered. For example, reduced tillage is
unlikely to be an option on an organic farm where herbicides cannot be used, and
mechanical weeding is the only possible method of weed control. In practice, miti-
gation measures may be more acceptable and recognizable if they are specified at the
farm level, where issues such as relocation or replacing certain activities are at stake
upon adoption of given measures. A “farm gate” approach (i.e. a whole-farm input /
output balance) may be valuable in assessing the acceptability of suggested GHG mit-
igation options, especially in the definition, execution and communication of GHG
mitigation options. 

GHG mitigation measures could be grouped into best management packages, appro-
priate for each farm type / style, and farmers could then be allowed to select the pack-
age or options that best fit their farm style and conditions. Mitigation can often be
achieved simply be improving agronomy and fertiliser management e.g. by increasing
fertiliser use efficiency. This enables increases in both productivity and environmental
benefits at the same time – the ‘win-win’ situation. Other possibilities to improve
GHG mitigation measure uptake include, improving the skill of farmers through edu-
cation and communication and getting climate change and mitigation understood by
the farmer both as concept and perception. Simple knowledge transfer such as
improved fertiliser recommendations taking into account fertiliser type and the need
for mitigation would bring substantial benefits relatively cheaply. Involving farmers at
an early stage, by encouraging active participation of farmers will help farmers to rec-
ognize how management affects emissions and C stock changes, and that credits and
accounting are possible. There needs to be a close dialogue between farmers, policy
makers, scientists and the public to consider the image of farming as a sound basis for
good farmers. More broadly, the horizontal and vertical organisation of farms needs
to be optimised.  To be accepted by farmers, GHG mitigation measures need to rep-
resent socio-economically attractive investment.
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As well as on-farm management, general regulations may reduce GHG emissions.
Reducing the total input of fertiliser N has a major impact on N2O emission levels.
Hence, regulation to restrict and optimise the use of fertilisers may also be an effec-
tive means to mitigate N2O emissions (and in compliance with other goals like the
nitrate directive). Figure 5.2 shows the N inputs to Danish agriculture since the early
eighties. It shows that a more effective use of N inputs can be achieved and lead to a
significant reduction in the use of mineral N and N2O emission (Table 4.1.2f). The reg-
ulation of N application rates and timing is also an N2O mitigation option.

Figure 5.2 N inputs to Danish agriculture since the early eighties.

However, because of the complexities of the soil processes involved, there is no lin-
ear correlation between N input and N2O emission, and thus no correlation between
reduced N input and reduced N2O emission at the field scale. So whilst a reduction
in N inputs may reduce N2O emissions in total, seasonal variations in weather, and
therefore soil conditions, determine when the N2O fluxes occur (Dobbie & Smith,
2003; Kaiser & Ruser, 2000). Further systematic studies in different climatic regions on
how emissions vary with management practices such as fertilizer type, rate, timing
and application method, crop type and cropping history as well as soil type and
weather conditions are needed to provide a better understanding of the determinants
and underlying processes of N2O emission.

At the farm scale, the following elements, issues and decisions are important, and
need to be considered when assessing the applicability of GHG measures to individ-
ual farms:

1) farm management skills,
2) livestock / manure management

a. livestock density / production intensity, 
b. land use change (e.g. conversion to forests, permanent wetland, permanent
set-aside), 
c. import of organic matter in composts, manures and sewage sludge (organic
amendments), 
d. feed and fertiliser import, 
e. export of manure (e.g. fermentation plant), residues e.g. straw

3) crop rotation
a. Grassland (permanent or rotational), arable crops, bioenergy crops, permanent
crops (fruits)
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b. legume crops (N-fixation)
c. cover crops
d. soil management (tillage, crop residues)
e. nutrient management (manure, mineral fertiliser, amount, timing, application
method)
f. crop management (sowing (e.g. reseeding of grass), crop protection, harvest-
ing, grazing)

4) animals
a. feeding practice
b. manipulation of rumen microflora
c. breed
d. age of animals (e.g. age before slaughtering, number of lactations in cows)

5) feed stores
a. Storage conditions (no emissions for good silage)

6) housing
a. manure handling system (time and type of storage in house)
b. mechanical/natural ventilation

7) manure store
a. manure type
b. storage conditions (e.g. cover on slurry tanks)
c. processing (e.g. anaerobic digestion, turning for composting)

8) other sources/sinks
a. animal walkways and collection yards
b. ditches
c. hedges
d. buffer strips (e.g. for erosion control)
e. set-aside (marginal, degraded or highly erodible), and similarly another

9) indirect sources of GHG
a. ammonia volatilisation
b. nitrate leaching
c. dissolved N2O and CH4 in drainage waters

10) fossil fuel usage
11) irrigation

At the policy level, mitigation measures are perhaps best encouraged as part of a
broader environmental agenda. Smith & Powlson (2003) and Smith (2003a, 2004a)
argue that GHG mitigation needs to be tackled hand in hand with other related prob-
lems.  For example, the IPCC (2001a) have noted that global, regional and local envi-
ronmental issues such as climate change, loss of biodiversity, desertification, stratos-
pheric ozone depletion, regional acid deposition and local air quality are inextricably
linked. GHG mitigation clearly belongs on this list. The IPCC (2001a) further noted
that recognising the linkages among environmental issues, and their relationship to
meeting human needs, provides an opportunity to address global environmental
issues at the local, national and regional level in an integrated manner that is cost-
effective and meets sustainable development objectives. The importance of integrated
approaches to sustainable environmental management is becoming ever clearer
(Smith, 2003b). 

Though there are often co-benefits of GHG mitigation measures (e.g. positive effects
on biodiversity, erosion control, fertility, soil moisture), there may also be conflicts. For
example, extensive areas that are managed for biodiversity may have low soil carbon
values (but see Falloon et al., 2004 where the opposite is the case), and agricultural
areas placed under long-term GHG mitigation management may reduce the adaptive
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capacity of the agricultural sector. As discussed earlier, one must also consider the
trade off between GHGs and other implications for fossil fuel use (e.g. pre-chain fos-
sil fuel use in fertiliser and herbicide production [see Frye 1984, Lal, 2004], and fuel
carbon costs for transport, crop drying and processing and field management practices
[e.g. Smith & Smith, 2000; Lal, 2004]). Wherever possible “win-win” options (where-
by benefits accrue through other means, e.g. increased fertility or production) should
be targeted (Lal et al., 1998; Smith, 2003a) as should “no regrets” options (whereby
the management practice yields immediate benefits as well as potentially in the
future; Smith & Powlson, 2003; Smith 2004a). In addition to attempting to solve sev-
eral environmental problems together, social and economic problems also need to be
addressed in the same package.  All of the scientific and technical measures outlined
in this paper have the potential to enhance C sinks, but the extent to which these are
sustainable also needs to be considered (Smith 2003b).

Mitigation options in croplands are listed in table 5.1 below along with low,
mean/best and high estimates of the mitigation potential of each practice. The values
shown in Table 5.1 were combined with estimated areas under each practice in four
European countries and for EU-15 in 1990, 2000 and estimates for 2010 (see appen-
dix 2) to calculate the yearly cropland soil carbon sequestration potentials for 2000
and 2010 relative to 1990 cropland management shown below in figures 5.3 and 5.4.

Table 5.1 GHG mitigation options for croplands. Low, best and high estimates (see notes)

Notes: 1 = From Smith et al. (2000a); Freibauer et al. (2004), 2 = Assumed to be half of the no-till poten-
tial of Smith et al. (2000a); Freibauer et al. (2004), 3 = No data on which to base an estimate, 4 = As in
Freibauer et al. (2004), assumed to be the same as bioenergy crops, 5 = Low and best estimates from Smith
et al. (2000a) of dm basis; high estimate from Vleeshouwers & Verhagen (2002), 6 = Assumed to be as for
FYM on a dm basis - low and best estimates from Smith et al. (2000a) on dm basis; high estimate from
Vleeshouwers & Verhagen (2002), 7 = Low estimate from IPCC (2000), best and high estimates from Smith
et al. (2000a); Freibauer et al. (2004), 8 = Range from IPCC (2000) - best estimate is rough mean from this
range, 9 = Range from Lal et al. (1998), 10 = From Smith et al. (2000a), 11 = No evidence that these are
different from any different from other crops, 12 = From Freibauer et al. (2004), 13 = Range from
Vleeshouwers & Verhagen (2002); Freibauer et al. (2004).
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Figure 5.3 Yearly cropland soil carbon sequestration potential by 2000 compared to
1990 for EU-15, UK, Sweden, Belgium and Finland

Figure 5.4 Yearly cropland soil carbon sequestration potential by 2010 compared to
1990 for EU-15, UK, Sweden, Belgium and Finland  
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The low (and also negative) carbon sequestration potentials for the EU-15 and all
countries except Belgium reflect that in many countries total cropland area and/or
areas under carbon enhancing management have decreased from 1990 to 2000.
Based on current trends and expert judgement, extrapolation to 2010 suggests that this
trend will not be reversed by 2010 (see appendix 2 for further details). The only C
enhancing practice that has increased from 1990 to 2000 is organic farming (see
appendix 2), and this practice is set to increase further between 2000 and 2010.
Belgium is the only country examined in which cropland management appears to
have increased cropland soil carbon sequestration from 1990 to 2000 and where it is
projected to increase further to 2010 (Dendoncker et al., 2003) The results also show
the importance of assessing GHG mitigation potential at national / regional level as
well as at larger (EU-15 wide) scales since the local management and estimates of the
mitigation potential can be very different.

These estimates, based on measured trends in areas under each management practice
in Table 5.1 from 1990 to 2000, and on projections of current trends to 2010 are in
sharp contrast with biological mitigation potentials from previous studies. Figure 5.5
shows the estimates of previous studies of C mitigation potential in Europe under var-
ious assumptions. The difference between the estimates presented here and those in
previous studies is that they aimed to show what could be achieved. As pointed out
in many of these studies, without active encouragement, changes in cropland man-
agement practice will not occur. This study suggests that in most countries, and in the
EU-15 as a whole, cropland management has not increased soil C sequestration since
1990 and is not predicted to increase it significantly by 2010, except in Belgium. 

Figure 5.5 Estimates of cropland soil carbon sequestration potential in EU-15 from
previous studies and from this study. See notes for details.

Notes: Study 1 is from Vleeshouwers & Verhagen (2002) with the low estimate for straw incorporation and
the high figure for conversion of all cropland to grassland. Study 2 is from Smith et al. (2000a) with figures
scaled from geographical Europe (including Baltic States but excluding Russia) to EU-15 as per Smith et al.
(1997). The low estimate is from the combined land management scenario with extensification of surplus
arable land and straw incorporation; the high estimate is for the combined "optimal" scenario (see Smith et
al., 2000a for further details). Study 3 is from Freibauer et al. (2004) with values assessed for realistically
achievable potential by 2010 (about 1/5 of the estimated biological potential). Study 4 is this study with fig-
ures based on measured trends 1990 to 2000 and extrapolations to 2010 (see appendix 2 for further details).
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Farming of organic soils can also cause C loss so restoration of peatlands could reduce
GHG fluxes. Virgin peatlands take up carbon at rates between 0.1 and 0.3 t C ha-1

y-1, but emit CH4 at significant rates, turning them into a source of 0.16 (range: 0.14
to 1.5) t ha-1 y-1 C-equivalents (Cannell & Milne, 1995). The cultivation of peatlands
releases carbon by rapid peat oxidation, at a rate of 2.2 to 5.4 t C ha-1 y-1 (min: 2.2,
max: 31 t C ha-1 y-1; Kasimir Klemedtsson et al., 1997, Freibauer, in press). Carbon
losses increase with deep drainage and intensive mechanical soil disturbance, espe-
cially after deep ploughing (Kasimir Klemedtsson et al., 1997). Whilst CH4 emissions
more or less cease completely after drainage, N2O emerges at rates that exceed those
from mineral agricultural soils by a factor of 2 to 10. In total, average greenhouse gas
emissions from agricultural peat soils are estimated to range between 3.5 (2.2 to 5.2)
t ha-1 y-1 C-equivalents in grasslands, 4.9 (3.3 to 6.5) in croplands, and 6.5 (3.8 to 9.5)
under potato or sugar beet (Freibauer, in press).  Large variability in C losses is main-
ly caused by differences in drainage, climate, fertility and peat type (Aerts & Toet,
1997, Chapman & Thurlow, 1996, Kasimir Klemedtsson et al., 1997). Decomposition
rates after drainage in eutrophic peats are higher than in oligotrophic peats
(Minkkinen et al., 1998). In the context of carbon sequestration, the rationale for alter-
native use of peatlands is the preservation of the existing large carbon stocks in peat
soils and the reduction of anthropogenic greenhouse gas emissions rather than an
increase of soil carbon stocks in the short term (Komulainen et al., 1999). On the other
hand, peat carbon losses may be compensated by enhanced vegetation growth
(Cannell et al., 1993, Minkkinen et al., 1998), so only a full greenhouse gas budget
reveals the climatic benefit of rewetting drained peatlands.
Potential alternative uses of agricultural peat soils include the avoidance of potatoes
and sugar beet, avoidance of deep ploughing, maintenance of a more shallow water
table and the conversion of arable cropping to permanent cultures as well as new
crops on restored wetlands. Restoration and conservation of peatlands can play a sig-
nificant role in agricultural GHG mitigation, as can  raising the water table of farmed
peatlands (Friebauer et al., 2004)

Non-CO2 greenhouse gas mitigation possibilities are outlined in Table 5.2. As for Table
2.1, a ranking of the likelihood of the reduction in emission is given for N2O, CH4 and
NOx. 
xxx, xx and x refer to a high, moderate and low likelihood of significant mitigation. 
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Table 5.2. Mitigation of non-CO2 greenhouse gases. (Note: ranking is applied in rows
only)
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Previous studies for Europe have shown that including non-CO2 GHG fluxes in cal-
culations of GHG mitigation potential can significantly alter estimates based on car-
bon dioxide mitigation alone. Figure 5.6 (from Smith et al., 2001) shows that for some
management practices (e.g. no till agriculture), up to 50% of the CO2-only mitigation
potential can be lost when non-CO2 GHGs are included. Given that CH4 and N2O
emissions are of a similar order to CO2 emissions when all fluxes are expressed as
CO2-carbon equivalents (see section 2), non-CO2 GHGs must be considered along-
side CO2 emissions.

Figure 5.6 GHG mitigation potential of various cropland management options
(expressed as CO2-C equivalents) when considering CO2-C alone or when including
the non-CO2 GHGs nitrous oxide and methane. Adapted from Smith et al. (2001).
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Verification for national greenhouse gas inventories (from the IPCC, 2001b; Good
Practice Guidelines) refers to ‘the activities and procedures that can be followed to
establish the reliability of the data. This usually means checking the data against
empirical data or independently compiled estimates.’ This differs from validation,
which is defined as ‘checking that the emissions and removals data has been compiled
correctly in line with reporting instructions and guidelines’. If verification is interpret-
ed strictly, estimates would be required for GHG fluxes that are independent of those
used in the national report of the party to the UNFCCC. This means that for a given
activity, there must be at least two independent methods for assessing the size of a
GHG emission.

For cropland GHG fluxes, Smith (2004b) suggests that, if a stringent definition were
used, no party would be able to meet the criteria. However, most countries would be
able to meet the verification criteria by 2010 if the least stringent definition of verifi-
cation were adopted (i.e. reporting of areas under a given practice [without geo-ref-
erencing] and the use of default methods and emission factors to infer a change in
emissions). This approach is consistent with the Tier 1 approach of the new IPCC Good
Practice Guidance on Land Use Change and Forestry (IPCC, 2004) though the Good
Practice Guidance suggests that national / regional values should be used to replace
defaults where they are shown to be more accurate than default values (Tier 2) or that
more complex methods should be used where available (Tier 3).

For an intermediate stringency of definition (i.e. where areas under a given practice
are geo-referenced [from remote sensing or ground survey], changes in carbon are
derived from controlled experiments on representative climatic regions and on repre-
sentative soils [or modelled using a well-evaluated, well-documented, archived
model] and intensively studied benchmark sites are available for verification), only
countries with the best developed inventory systems will be able to meet the require-
ments. Since most countries could meet verification targets if the least stringent defi-
nition of verification is used, this is the most likely to be adopted.

As in the compilation of the greenhouse gas inventory, the availability and quality of
data are limiting factors for adequate verification. It is difficult in some countries even
to collect reliable activity data (e.g. areas under cropland management), and much
more difficult still for countries to provide data on areas under a given management
practice (such as straw incorporation or zero tillage). Farm level accounting would
help but would be prohibitively expensive unless collected in combination with other
census data. Even if it were possible to collect data on the practices declared by a
farmer / land manager, it will remain extremely difficult to verify how reliably the
farmer / land-manager is implementing this practice.

Verification of mitigation measures targeting methane and nitrous oxide may be more
straightforward to the extent that these involve reductions in activities, i.e., number of
animals in a given category or amounts of N applied.

From the scientific perspective, the EU wishes (through projects such as CarboEurope)
to obtain independent estimates of national and EU-wide GHG fluxes to verify the fig-
ures provided in national GHG inventories. At the broad level, this is possible, for
example by assessing the overall C balance for Europe, but at the level of individual
country inventories this may prove very difficult due to a) the limited ability to spa-
tially allocate emissions (and sinks) and b) the very different aim of a research project
such as CarboEurope and the aims of a targeted multi-source, multi-sector verification
programme. The dual constraint approach of CarboEurope (i.e. using top-down and

• 6. Verification
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bottom-up approaches to verify national inventories) works best with CO2. For N2O
and for CH4 it is possible to measure fluxes by micrometeorological methods with a
network of high towers, but this measures all sources together and it is not possible to
allocate measured sources to agriculture or land use. At the plot level, many of the
measurements being undertaken within CarboEurope (e.g. flask measurements, eddy
covariance, chamber measurements, SOC stock changes), will be very useful for ver-
ification purposes.

At the plot scale, there are two complementary methods of estimating a carbon flux,
either by measurement of the CO2 flux itself, or via measuring a change in the SOC
stock (see IPCC method; section 3.3). For N2O and CH4, this is not possible and direct
flux measurements are required. Well-documented, validated and archived dynamic
simulation models may have a role to play in verification, but this raises other issues
of verifiability. Other considerations include accuracy, cost and spatial variability.
Smith (2004b) discusses the issue of verification (for SOC stock changes) in detail.
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In this report we have summarised our current knowledge on GHG emissions from
European croplands, the methods to account for GHG emissions, possible GHG mit-
igation options in European croplands and the constraints upon implementation of
these measures. We have also provided estimates of a) the GHG fluxes from croplands
in 1990, 2000 and likely fluxes by 2010 and of b) the extent to which cropland man-
agement options can mitigate GHG emissions for 1990, 2000 and 2010. We also note
that the cropland CO2 flux in Europe is the largest and most uncertain of all terrestri-
al C fluxes (Janssens et al., 2003). We also acknowledge that the fluxes of GHGs from
croplands (especially from soils) are the least well understood of any of the European
fluxes and that there is an urgent need for further research in this area. Research pri-
orities lie in a number of areas as detailed below.

Soil process studies in agriculture: Carbon dioxide and other greenhouse gas fluxes
are dominated by soil fluxes. More research is required on how agricultural manage-
ment affects GHG fluxes and soil processes involved in GHG emissions and C seques-
tration. Specifically, research is required on conservation tillage, biological nitrogen
fixation (organic systems), extensive farming and biomass production systems. Studies
might involve a combination of GHG flux measurements, detailed soil analysis, spa-
tial variability of soil type and wetness, isotope labelling, process-modelling and
meta-analysis of existing data sets from European experiments. ‘Pollutant-swapping’
aspects should also be integrated within these studies. 

Data / inventory collation and meta-analysis: Some data exist on agricultural man-
agement (and soil characteristics) at the European, national, sub-national and farm
scales, but is not readily available for modelling and up-scaling. Since agricultural
management is a key driver of GHG emissions, a work-programme to collect, collate
and make available this data is urgently required. A meta-analysis using this data to
calculate response factors for N2O and CH4 oxidation with respect to driving vari-
ables, e.g. climate, soil type, fertiliser type, soil organic C content, etc. is also
required. Statistical approaches should be developed / improved to optimise data col-
lection (where, when and what to measure).

Development of future land-use and land management scenarios: For extrapolating in
to the future, new agricultural management and land-use scenarios need to be devel-
oped for the 21st Century.

Development of new technologies: Some experimental techniques to non-invasively
measure soil C levels (tritium probe, multi-spectral RS, infra-red analysis) show some
promise and should be developed to make the technologies usable to improve moni-
toring and verification networks.

Coupling of the C & N cycles: Since agriculture is driven by N fertiliser additions, and
a significant GHG flux from agriculture can be from nitrogenous compounds (such as
nitrous oxide), a closer link between carbon and nitrogen cycling in research, and the
understanding of these processes (through process studies and modelling) is urgently
required. 

Assessment of total GHG budget: All studies on agriculture should attempt to assess
the combined impact of agricultural management, climate, and indirect effects (such
as increasing atmospheric CO2 concentrations and N deposition) on all biospheric
GHGs (CO2, N2O and CH2), not just CO2 which has dominated previous studies.

Mitigation options: Assessment of realistic mitigation and adaptation options in agri-

• 7. Conclusions: significant research needs
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culture is needed at various scales, including the farm scale at which the management
is practiced. These need to be assessed not only for biological potential but also for
economic viability, and for social, institutional and policy constraints and for poten-
tial side effects. Some R&D on knowledge transfer may also be merited as successful
mitigation depends heavily on this.
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The IPCC suggests default methods for estimating emissions of GHGs from agriculture
and land-use change. Nitrous oxide and methane emissions are accounted for under
the agricultural sector (Chapter 4 of the Revised 1996 IPCC guidelines for National
Greenhouse Gas Inventories; IPCC, 1997) whereas carbon dioxide emissions are esti-
mated in the land-use change sector (Chapter 5 of the Revised 1996 IPCC guidelines
for National Greenhouse Gas Inventories; IPCC, 1997). Since field burning of agri-
cultural residues is no longer permitted within the EU, these are not discussed here.

The information in this section is taken directly from Chapter 4 of the Revised 1996
IPCC guidelines for National Greenhouse Gas Inventories (IPCC, 1997). Three sources
of N2O are distinguished in the IPCC methodology (IPCC, 1997): (i) direct emissions
from agricultural soils, (ii) direct soil emissions from animal production (including
emissions from housing to be reported under Manure Management (Section 4.2) – not
discussed further in this cropland report), and (iii) N2O emissions indirectly induced
by agricultural activities. 

Anthropogenic input into agricultural systems includes synthetic fertiliser, nitrogen
from animal wastes, nitrogen from increased biological N-fixation, and nitrogen
derived from cultivation of mineral and organic soils through enhanced organic mat-
ter mineralisation. Nitrous oxide may be produced and emitted directly in agricultur-
al fields, animal confinements or pastoral systems or be transported from agricultural
systems into ground and surface waters through surface runoff, nitrogen leaching,
consumption by humans and introduction into sewage systems which transport the
nitrogen ultimately into surface water. Ammonia and oxides of N (NOx) are also emit-
ted from agricultural systems and may be transported off-site and serve to fertilise
other systems which leads to enhanced production of N2O. 

Under the IPCC methodology, agricultural systems are considered as being the same
throughout the world and this methodology does not take into account different crops,
soils and climates, which are known to regulate N2O production. These factors are not
considered because limited data are available to provide appropriate emission factors.
The method also uses a linear extrapolation between N2O emissions and fertiliser
nitrogen application and in the indirect emissions section does not account for the
probable lag time between nitrogen input and ultimate production of N2O as a result
of this nitrogen input into agricultural soils.

Most studies on N2O emissions from agricultural soils investigate the difference in
N2O production between fertilised and unfertilised fields. Emissions from unfertilised
fields are considered background emissions. However, actual background emissions
from agricultural soils may be higher than historic natural emissions as a result of
enhanced mineralisation of soil organic matter. This is particularly observed in organ-
ic soils in both cold and warm climates over the globe. Background emissions may
also be lower than historic emissions due to depletion of soil organic matter (IPCC,
1997).

According to IPCC (1997), the following sources and sinks of N2O can be distin-
guished.

• Synthetic fertilisers;
• Animal excreta nitrogen used as fertiliser;
• Biological nitrogen fixation;

• Appendix 1. Summary of IPCC default methods to estimate GHG emissions 

A1.1 Nitrous oxide

A1.1.1 Direct 
nitrous oxide 
emissions from soils
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• Crop residue and sewage sludge application;
• Glasshouse farming (not dealt with in this report);
• Cultivation of soils with a high organic content;
• Soil sink for N2O.

Within the IPCC methodology, all of these N2O sources are included in the method-
ology, except for sewage sludge application and the soil sink for N2O. These sources
and sinks are not estimated because emissions are negligible or data are insufficient.

Synthetic fertilisers are an important source of N2O. Reviews of N2O emissions after
fertiliser addition led to an IPCC estimate of 0.0125 ± 0.01 of the applied nitrogen
being directly emitted as N2O-N. This range encompasses more than 90 per cent of
the field emission values published at the time. The default emission factors for direct
emissions of N2O for Europe are:

EF1 (fraction of N-input, kg N2O-N/kg N) = 0.0125 (0.0025-0.0225)
EF2 (kg N2O-N/ha/yr) = 8 (2-15) - updated from figure of 5 in IPCC 1996 revised
guidelines (IPCC, 1997) by IPCC 2001 Good Practice Guidelines (IPCC, 2001).

Section A1.1.6. describes how these emission factors are used.

The following is taken from IPCC (1997). Although the amount of nitrogen used as fer-
tiliser from animal excreta is more uncertain than the amount of synthetic fertiliser
used, estimates can be made, based on animal population and agricultural practices.
To account for the loss of fertiliser from NH3 volatilisation and emission of nitric oxide
(NO) through nitrification after fertiliser is applied to fields, NH3 volatilisation and NO
emission factors are needed. Even though climate, soil, fertiliser placement and type,
and other factors influence NH3 volatilisation and NOx emissions, a default emission
factor of 0.1 (kg NH3–N + NOx–N emitted/kg N applied) can be used for synthetic fer-
tilisers and 0.2 (kg NH3–N + NOx–N emitted/kg N applied) for animal waste fertiliser
(0.2 is used for animal waste because of the potentially larger NH3 volatilisation). The
amount of nitrogen from these sources available for conversion to N2O is therefore
equal to 90 per cent of the synthetic fertiliser nitrogen applied and 80 per cent of the
animal waste nitrogen applied.

When calculating the losses of volatile N species within manure management, N2
losses are important. The chapter in the EMEP/CORINAIR Emission Inventory
Guidebook, which is being revised with regard to these emissions in the near future,
will provide a methodology. The mass flow approach, which forms the base of these
calculations, can be found in Dämmgen et al. (2003).

Although the amount of nitrogen fixed by biological nitrogen fixation in agricultural
systems can be estimated, the N2O conversion coefficient is highly uncertain.
Research indicates that biological nitrogen fixation (BNF) contributes more nitrogen
for plant growth than the total amount of synthetic nitrogen fertilisers applied to crops
each year. Cultivation of grain legumes, however, often results in net soil nitrogen
depletion. Nitrogen from BNF may serve to fertilise an associated crop and eventual-
ly to stimulate N2O formation. IPCC (1997) reviews studies indicating that legumes
may contribute to N2O emission in a number of ways. Atmospheric N2 fixed by
legumes can be nitrified and denitrified in the same way as fertiliser N, thus provid-
ing a source of N2O. Additionally, symbiotically living Rhizobia in root nodules are
able to denitrify and produce N2O. Total nitrogen input is estimated by assuming that
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total crop biomass is about twice the mass of edible crop, and a certain nitrogen con-
tent of nitrogen fixing crop (FracNCRBF – see below). A residue/crop ratio of 1 is
assumed.

The following section is taken directly from IPCC (1997). There is only limited infor-
mation concerning re-utilisation of nitrogen from crop residues and nitrogen from
sewage sludge applied to agricultural lands. Although the amount of nitrogen that
recycles into agricultural fields through these mechanisms may add 25-100 Tg of N/yr
of additional nitrogen into agricultural soils (mainly from crop residues) the amount
converted to N2O is not known. To account for the N2O in the inventory budget the
emission factor for fertilisers is used as default and the amount of nitrogen re-entering
cropped fields through crop residues is calculated from the FAO crop production data.

Nitrous oxide emissions associated with crop residue decomposition are calculated
by estimating the amount of nitrogen entering soils as crop residue (FCR ). The amount
of nitrogen entering the crop residue pool is calculated from crop production data.
Estimates of crop production (the edible part) must be roughly doubled to estimate
total crop biomass. A nitrogen percentage (FracNCRBF and FracNCR0 – see below) is then
assumed to convert from kg dry biomass/yr to kg N/yr in crops. As a default N-fixing
crops (pulses and soybeans) and non-N-fixing crops can be distinguished. Some of the
crop residue is removed from the field as crop (approximately 45 per cent), and some
may be burned (not in Europe), or fed to animals.

Large N2O emissions occur as a result of cultivation of organic soils (Histosols) due to
enhanced mineralisation of old, N-rich organic matter. The rate of N-mineralisation is
determined by the N-quality of the Histosol, management practices and climatic con-
ditions. The range for enhanced emissions of N2O due to cultivation is estimated to be
2-15 kg N2O-N/ha/yr of cultivated Histosol. IPCC Good Practice Guidance (2001)
adopted a default emission value of 8 kg N2O-N ha-1 yr-1 for temperate and boreal
regions.

The Revised IPCC 1996 Methodology for assessing direct N2O emissions from agri-
cultural fields includes consideration of synthetic fertiliser (FSN), nitrogen from animal
waste (FAW ), enhanced N2O production due to biological N-fixation (FBN), nitrogen
from crop residue mineralisation (FCR) and soil nitrogen mineralisation due to cultiva-
tion of Histosols (FOS ).

In this estimate, the total direct annual N2O-N emission is:

N2ODIRECT = [(FSN + FAW + FBN + FCR ) x EF1 ] + FOS x EF2 (Eq. 1)

where:

N2ODIRECT = direct N2O emissions from agricultural soils in country (kg N/yr);
EF1 = emission factor for direct soil emissions (kg N2O-N/kg N input) (see section
3.1.1.1);
EF2 = emission factor for organic soil mineralisation due to cultivation (kg N2O-N
ha/yr) (see section 3.1.1.1);
FOS = area of cultivated organic soils within country (ha of histosols);
FAW = manure nitrogen used as fertiliser in country, corrected for NH3 and NOx emis-
sions and excluding manure produced during grazing (kg N/yr);
FBN = N fixed by N-fixing crops in country (kg N/yr);
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FCR = N in crop residues returned to soils in country (kg N/yr);
FSN = synthetic nitrogen applied in country (kg N/yr);
FSN =NFERT x (1-FracGASF);
FAW = (Nex x (1-(FracFUEL + FracGRAZ + FracGASM));
FBN = 2 x CropBF x FracNCRBF;
FCR = 2 x [Crop0 x FracNCR0 + CropBF x FracNCRBF ] x (1-FracR ) x (1-FracBURN ); and
NFERT = synthetic fertiliser use in country (kg N/yr);

FracGASF = fraction of synthetic fertiliser nitrogen applied to soils that volatilises as
NH3 and NOx (kg NH3-N and NOx-N/kg of N input) (see below);
Nex = amount of nitrogen excreted by the livestock within a country (kg N/yr);
FracFUEL = fraction of livestock nitrogen excretion contained in excrements burned for
fuel (kg N/kg N totally excreted)
FracGRAZ = fraction of livestock nitrogen excreted and deposited onto soil during graz-
ing (kg N/kg N excreted) country estimate;
FracGASM = fraction of livestock nitrogen excretion that volatilises as NH3 and NOx (kg
NH3-N and NOx -N/kg of N excreted) (see below);
CropBF = seed yield of pulses + soybeans in country (kg dry biomass/yr);
FracNCRBF = fraction of nitrogen in N-fixing crop (kg N/kg of dry biomass) (see below);
Crop0 = production of all other (i.e., non-N fixing) crops in country (kg dry bio-
mass/yr);
FracNCR0 = fraction of nitrogen in non-N-fixing crop (kg N/kg of dry biomass) (see
below);
FracR = fraction of crop residue that is removed from the field as crop (kg N/kg crop-
N) (see below);
FracBURN = fraction of crop residue that is burned rather than left on field (see below).

The default values for these parameters (as given by IPCC, 1997) for Europe are as fol-
lows. FracBURN = 0.10 or less (kg N/kg crop-N), FracR = 0.45 kg N/kg crop-N,
FracFUEL = 0.0 kg N/kg N excreted, FracGASF = 0.1 kg NH3-N + NOx-N/kg of syn-
thetic fertiliser N applied, FracGASM = 0.2 kg NH3-N + NOx-N/kg of N excreted by
livestock, FracGRAZ (from figures on pasture, range and paddock), FracNCRBF = 0.03
kg N/kg of dry biomass, FracNCR0 = 0.015 kg N/kg of dry biomass.

Pathways for synthetic fertiliser and manure input that give rise to indirect emissions
considered in the Revised 1996 IPCC guidelines for National Greenhouse Gas
Inventories (IPCC, 1997) are volatilisation and subsequent atmospheric deposition of
NH3 and NOx (originating from the application of fertilisers), nitrogen leaching and
runoff and human consumption of crops followed by municipal sewage treatment.
Not considered are emissions from the formation of N2O in the atmosphere from NH3

or from food processing. Since N2O emissions from human consumption of crops fol-
lowed by municipal sewage treatment are accounted for under the waste sector, they
are not discussed further here.

Atmospheric deposition of nitrogen compounds such as nitrogen oxides (NOx) and
ammonium (from NH3) fertilise soils and surface waters and as such enhance biogenic
N2O formation. The IPCC (1997) reports rates of N2O emissions are between 0.002
and 0.016 kg N2O–N/kg of the amount of nitrogen deposited onto soils which is with-
in the range of emission factors suggested for synthetic fertilisers. Emissions (EF4) are
calculated as 0.01 (0.002-0.02) kg N2O-N /kg of NOx-N and NH3-N emitted annual-
ly within a country.

Although climate and fertiliser type (e.g., urea or ammonium sulphate) may influence
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ammonia volatilisation, the IPCC (1997) use default values for NH3 and NOx
volatilization of 0.1 kg nitrogen/kg synthetic fertiliser nitrogen applied to soils and 0.2
kg nitrogen/kg of nitrogen excreted by livestock (FracGASF and FracGASM; see section
3.1.1.6).

A considerable amount of fertiliser nitrogen is lost from agricultural soils through
leaching and runoff. The leached/runoff nitrogen enters groundwater, riparian areas
and wetlands, rivers and eventually the coastal ocean. Fertiliser nitrogen in ground
water and surface waters enhances biogenic production of N2O as the nitrogen
undergoes nitrification and denitrification.

The fraction of the fertiliser and manure nitrogen lost to leaching and surface runoff
(FracLEACH) may range from 0.1-0.8. A default value of 0.3 is proposed by IPCC (1997)
Total nitrogen excretion is used (Nex) in order to include manure produced during
grazing.

NLEACH = [NFERT + NEX ] x FracLEACH (Eq. 2)

The sum of the emission of N2O due to NLEACH in: 1) groundwater and surface
drainage (EF5-g), 2) rivers (EF5-r), and 3) coastal marine areas (EF5-e) is calculated to
obtain the N2O emission factor (EF5) for NLEACH . The total amount of nitrogen even-
tually denitrified remains the same but some is denitrified in riparian area and wet-
lands before the nitrogen reaches the ocean. Default parameter values for indirect
emission factors (IPCC, 1997) for Europe are as follows: FracNPR = 0.16 kg N/kg of pro-
tein, FracLEACH = 0.3 (0.1-0.8) kg N/kg of fertiliser or manure N.

Groundwater: Assuming that all NLEACH is in the form of nitrate, the IPCC recommends
a default emission factor of 0.015 (EF5–g; range 0.003-0.06) for N2O from NLEACH in
groundwater and drainage ditches. The amount of N2O emitted from groundwater (by
upward diffusion or following entry of groundwater into surface water through rivers,
irrigation, and drinking water) and agricultural drainage water is then estimated as:

N2O from groundwater and agricultural drainage water = NLEACH x EF5-g (Eq. 3)

where EF5–g = 0.015 kg N2O-N/kg NLEACH , assuming that all N2O produced in a
particular year is emitted during that year.

Rivers: Once NLEACH from groundwater and surface water enters rivers, additional
N2O is produced associated with nitrification and denitrification of NLEACH. The IPCC
(1997) method assumes that all NLEACH entering rivers is nitrified once during river
transport. The N2O yield (moles N2O-N/mol of NO3-N) during nitrification is assumed
to 0.003 for nitrification. For denitrification, a constant ratio of 0.005 for N2O-N emis-
sion to denitrification (N2–N production) in rivers is suggested. In summary, the emis-
sion factor for NLEACH in rivers due to nitrification and denitrification [EF5-r] is thus
equal to 0.005 x NLEACH [for nitrification] plus 0.005 x (NLEACH /2) [for denitrification],
or 0.0075 x NLEACH. Therefore, N2O-N produced from NLEACH during river transport =
NLEACH x (EF5-r), where EF5-r = 0.0075.

Estuaries: Half of NLEACH is assumed to be removed by denitrification in rivers in the
form of N2 and N2O. The remaining 50 per cent of NLEACH is discharged by rivers to
estuaries. Nitrogen inputs to estuaries can undergo nitrification and denitrification,
with associated N2O production. For nitrification, the IPCC (1997) method assumes
that half of the rivers inputs of NLEACH are nitrified again in estuaries, and that the ratio
of N2O-N to NO3–N produced is 0.005, as for rivers. For denitrification, it is assumed

A.1.2.2 Leaching and
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that 50 per cent of the NLEACH that is carried to estuaries by rivers is denitrified, and
the ratio of N2O-N to denitrification (N2-N) emitted is 0.005, as for rivers.  In sum-
mary, it is assumed that 1) half of the NLEACH is transported to estuaries by rivers, 2)
half of the NLEACH in estuaries is nitrified again in the estuary with a ratio of N2O-N to
NO3-N of 0.005, and 3) half of the NLEACH in estuaries is denitrified in the estuary with
a N2O-N to denitrification (N2-N) ratio of 0.005. Therefore, N2O-N produced from
NLEACH in estuaries = NLEACH x (EF5-e) where EF5-e = 0.0025. The combined emission
factor [EF5] for N2O due to NLEACH in: 1) groundwater and surface drainage (EF5-g =
0.015 kg N2O-N/kg NLEACH), 2) rivers (EF5-r = 0.0075 kg N2O-N/kg NLEACH), and 3)
coastal marine areas (EF5-e = 0.0025 kg N2O-N/kg NLEACH) is 0.025 (EF5). Therefore:

NLEACH = [NFERT + Nex] x FracLEACH and N2O(L) = NLEACH x EF5 (Eq. 4)

where the default values are FracLEACH = 0.3 kg N/kg N input to soils and EF5 = 0.025
kg N2O-N/kg NLEACH.

Only methane emissions from rice paddies are considered in IPCC guidelines but the
new IPCC Good Practice Guidance for Land Use Change and Forestry (IPCC, 2004),
considers that “the reduction of the CH4 sink by fertilization should be reported”.
Described here is the guidance from the IPCC 1996 Revised Guidelines (IPCC, 1997).
Methane emissions from croplands can occur from rice fields. The area of rice grown
in Europe is small and occurs mainly in southern Europe. All rice cultivated in Europe
is assumed to be irrigated (IPCC, 1997). The information in this section is taken direct-
ly from Chapter 4 of the Revised 1996 IPCC guidelines for National Greenhouse Gas
Inventories (IPCC, 1997). Emissions of methane from rice fields (IPCC, 1997) can be
represented as follows:

Fc = EF x A x 10-12 (Eq. 5)

where:

Fc = estimated annual emission of methane from a particular rice water regime and
for a given organic amendment, in Tg per year;
EF = methane emission factor integrated over cropping season, in g/m2;
A = annual harvested area cultivated under conditions defined above. It is given by
the cultivated area times the number of cropping seasons per year, i.e., in m2/yr.

The seasonally integrated emission factor is evaluated from direct field measurements
of methane fluxes for a single crop. In practice, it will be necessary to calculate the
total annual emissions from a country as a sum of the emissions over a number of con-
ditions. Total rice production can be divided into subcategories based on different bio-
logical, chemical and physical factors that control methane emissions from rice fields.
In large countries, this may include different geographic regions. To account for the
different conditions, F is defined as the sum of Fc (see Equation 5). This approach to
emissions estimation can be represented as follows:

F = ∑i ∑j ∑k EFijk x 10-12 (Eq. 6)

where:

ijk are categories under which methane emissions from rice fields may vary.

For instance, i may represent water levels in the rice fields such as fields inundated for
the duration of the growing season (flooded regime) or fields under water only inter-
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mittently. This occurs either under managed irrigation when water is not readily avail-
able or when rains do not maintain flooded conditions throughout the growing sea-
son (intermittent regime). j, k, may represent water regimes modified by other factors
like organic inputs, soil textures, fertilisation regimes under each of the conditions
represented by the index i, and so on. As more factors are identified, more categories
need to be included. Inclusion of additional parameters should lead to an improve-
ment of the estimate of the total emissions. The summation should include all crop-
ping seasons.

The factors clearly identified by field experiments as being most important are (1)
water regime with inorganic fertilisers (except sulphate-containing inorganic fertilisers
which inhibit CH4 production); (2) organic fertiliser applications; (3) soil type, and soil
texture;
(4) cultivar; and (5) agricultural practices such as direct seeding or transplanting. Data
show that in continuously flooded fields, some types of organic fertilisers and certain
cultivars lead to higher emissions compared to rice grown without organic amend-
ments or intermittent or managed irrigation in which the fields are not continuously
inundated and only where chemical fertilisers are used. At present there are insuffi-
cient data to incorporate most of these factors. Nonetheless, the estimates can be
improved substantially by incorporating the current knowledge on water regimes,
organic amendments and soil types etc. For some countries the effects of organic fer-
tiliser can be included.

National experts are encouraged to go beyond the basic method, and add as much
detail as can be scientifically justified, based on laboratory and field experiments on
various amendments and theoretical calculations, to arrive at the estimate of emis-
sions from rice cultivation in their country. These details should be incorporated into
subcategories (indices j,k in Equation 6) under each of the main water management
categories in Equation 5 so that they can be compared at that level with data from
other countries.

For example, where emission data are available for different fertiliser types, this may
be incorporated into the calculations. Each category, (e.g., continuously flooded)
would be further divided as follows:

F (continuously flooded) = F (flooded/mineral fertiliser) + F (flooded/organic amend-
ment)

This procedure would then be repeated for as many separate subcategories as have
been defined. Each amendment may be incorporated in the same manner.

Scaling factors (relative to emission factors for continuously flooded rice) for irrigated
rice (all European rice production) are 1.0 for continuously flooded rice, 0.5 (0.2-0.7)
for intermittently flooded rice with a single aeration and 0.2 (0.1-0.3) for intermittent-
ly flooded rice with multiple aeration. The seasonally integrated methane emission
factor for the only European country (Italy) represented in the Revised 1996 IPCC
guidelines for National Greenhouse Gas Inventories (IPCC, 1997) is 36 (17-54) g /m2.
The arithmetic mean for all countries for which there are estimates is 20 (12-28) g /m2
(IPCC, 1997). This value is for soils ‘without organic amendments’. For conversion to
methane emissions from soils ‘with organic amendments’, a default correction factor
of 2 (range 2-5) is applied to the corresponding rice ecosystem for the ‘without organ-
ic amendment’ category.
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Chapter 5 (section 5.3) of the Revised 1996 IPCC guidelines for National Greenhouse
Gas Inventories (IPCC, 1997) describes the methods used to calculate CO2 emissions
and uptake by soils from land-use change and management.

The principal sources/sinks of CO2 in soils are associated with changes in the amount
of organic carbon stored in soils. The IPCC methodology aims to estimate net fluxes
of CO2 due to changes in soil organic carbon stocks. CO2 releases from liming appli-
cations are also dealt with.

The IPCC (1997) method uses a stratification of up to six major soil groups, based on
major differences in their inherent carbon stocks and their response to management.
The soil groups are high clay activity mineral soils (e.g Vertisols, Chernozems,
Phaeozems, Luvisols, Vertisols, Mollisols, high-base status Alfisols), low clay activity
mineral soils (e.g. Acrisols, Nitosols, Ferralsols, Ultisols, Oxisols, acidic Alfisols),
sandy soils (e.g. Arenosols, sandy Regosols Psamments), volcanic soils (e.g Andosols,
Andisols), aquic (wet) soils (e.g. Gleysols Aquic suborders) and organic soils
(Histosols). Of the climatic regions also used, all areas of Europe fall within the cool
temperate dry, cool temperate moist, warm temperate dry or warm temperate moist
zones. The method entails calculating changes in soil organic carbon stocks due to
land clearing from native vegetation (any effects of land abandonment and shifting
cultivation), tillage, and carbon inputs through residue management. Organic soils are
dealt with separately.

The IPCC default methodology assumes a change in carbon stocks from one equilib-
rium level to another over a 20-year period and calculates changes for the 0-30cm
horizon only. The calculation method for mineral soils is as follows:

Soil Carbonmanaged = Soil Carbonnative x Base factor x Tillage factor x Input factors

The base factors represent changes in soil organic matter associated with conversion
of the native vegetation to agricultural use, as well as setting aside cropland from pro-
duction. Tillage and input factors account for effects of various management practices
of lands under agricultural use. Thus these later two factors can be used to capture the
changes in management trends that have occurred over the inventory period. The
tillage factor accounts for changing the intensity of tillage, ranging from the most
intensive practices that fully invert the soil (often referred to as conventional tillage) to
the least intensive practices, such as no-till (or zero tillage). The input factor captures
changes in cropping rotations, intensities or use of organic amendments that ulti-
mately affect the carbon input to the soil due to changing overall production. Default
values for soil carbon levels under native vegetation (0-30 cm) are given in the table
A1.3a.

Table A1.3a. Approximate quantities of soil organic carbon under native vegetation
(t C ha-1 to 0-30 cm depth; from IPCC, 1997) for climate zones found within Europe.

The coefficients used in the default calculations are shown in table A1.3b below.

A1.3 Carbon dioxide
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Table A1.3b. Coefficients used in the IPCC default calculations estimating carbon
stocks in mineral soils. Reproduced from IPCC (1997) a.

Notes: 
a Filled portions of the table, where tillage and input factors are not given, denote instances where these

factors are not applicable to a management system. Where tillage or input factors were not determined
(ND), information was deemed insufficient to go beyond estimating a base factor. SG = Soil Group, BF
= Base Factor

b Soil groups A = High activity, B = Low activity, C = Sandy, D = Volcanic, E = Aquic
c For temperate cultivated soils, the average loss of 30% (0.7) is based on studies reported in IPCC (1997).

Greater losses for cultivation of wet (aquic) soils, relative to other mineral soils, are assumed due to arti-
ficial drainage and enhanced decomposition when cultivated. Conversion to paddy rice is assumed to
slightly increase carbon contents. Carbon levels in improved pastures can exceed native levels with fer-
tilisation and species selection. Carbon under shifting cultivation (including the fallow phase) and aban-
doned degraded lands are based on estimates reported in IPCC (1997)

d Use of no-till is assumed to increase soil carbon by 10% over full tillage (full soil inversion) in temper-
ate systems, based on analysis of long-term experiments in Australia, Canada, Europe and the United
States; greater effects, over full tillage, are assumed for tropical systems. Reduced tillage (i.e., signifi-
cant soil disturbance but without inversion) is assumed to yield small increases over full tillage

e Input factors apply to residue levels and residue management, use of cover crops, mulching, agro-
forestry, bare fallow frequency in semi-arid temperate systems. Low input applies to where crop
residues are removed or burned, or use of bare fallow; medium input to where crop residues are
retained; high input applies to where residue additions are significantly enhanced with addition of
mulches, green manure, or enhanced crop residue production (1.1) or regular addition of high rates of
animal manure (1.2), relative to the nominal (medium) case. Based on studies reported in IPCC (1997).

For organic soils, the method is based on the assumption that there are constant loss
rates for cropland due to drainage of wetlands, and that those rates vary with climate.
Losses are 0.25 t C/ha/yr in cool temperate regions, 10 t C/ha/yr in warm temperate
regions, and 20 t C/ha/yr in the tropical regions. The loss rates from conversions to
pasture are 25 per cent of those under cropland within each climate region. For lim-
ing, for the purposes of the inventory it is assumed that the addition rate of lime is in
near equilibrium to the consumption of lime applied in previous years. Emissions
associated with use of carbonate limes can thus be calculated from the amount and
composition of the lime applied annually within a country.

Total annual emissions of CO2, are calculated from i) net changes in carbon storage in
mineral soil, ii) CO2-C emissions from organic soils and iii) CO2-C emissions from liming.
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This appendix gives the estimates and measurements of areas under given manage-
ment practices and outlines any assumptions made. The areas are given for EU-15 and
four case study EU countries: UK, Sweden, Belgium and Finland. The areas given here
were multiplied by the per-area carbon sequestration rates for each management prac-
tice given in Table 5.1 to estimate the soil carbon cropland flux from each country /
region examined. These estimates, expressed on the basis of t C ha cropland area-1

y-1 to allow different areas to be compared, are shown in Figures 5.3 and 5.4 in the
main text.

The areas under each cropland management practice in the EU-15 for 1990, 2000 and
2010 are shown in table A2.1 below. The data sources and assumptions made are
given in the notes.

Table A2.1 Areas under each cropland management practice in the EU-15

Notes: 
1 = From FAO statistics for 1990 and 2000; same change 2000-2010 assumed as for 1990-2000, 2 = 1990
figure assumes 50:50 split of the reduced/no-till area; total = 3% of cropland (from Smith et al., 2000a);
assumed no change to 2000 as no incentives to increase reduced tillage so also assume no change to 2010,
3 = assume to be 10% of cropland (Smith et al., 2000a), 4 = No data available, 5 = 2000 figure from
Freibauer et al. (2004); assumed no change 2000-2010, 6 = Permanent crops only; no evidence for change
since 1990, 7 = From Smith et al. (2000a) for 20 t dm ha-1 y-1; assumed constant for 1990 to 2010; assume
50:50 slurry to solid FYM, 8 = From Smith et al. (2000) for 10 t dm ha-1 y-1; assumed constant for 1990 to
2010, 9 = From Smith et al. (2000a) for 1 t dm ha-1 y-1; assumed constant for 1990 to 2010, 10 = No evi-
dence of any change, 11 = From FAO statistics there is a 30kg N ha-1 drop in fertilizer application rates
1990-2000 so the trend is away from increased fertilization; therefore assumed to be zero, 12 = Actual
amounts are very small in 1990; assumed to negligible, 13 = Year 2000 figure is from FAO 2003 data; area
(ha) under organic agriculture is scaled by 0.514 for conversion from UAA to cropland, 14 = Figures from
Freibauer et al. (2004) which states that 37% of the new forest is from arable land.

• Appendix 2. Estimates and measurements of areas under different
cropland management practices and assumptions made for EU-15 and
four case study EU countries: UK, Sweden, Belgium and Finland.

A2.1 EU-15
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The areas under each cropland management practice in the UK for 1990, 2000 and
2010 are shown in table A2.2 below. The data sources and assumptions made are
given in the notes.

Table A2.2 Areas under each cropland management practice in the UK

Notes: 1 = FAO figures used for 1990 and 2000; for 2010 figures the same change for 2000-2010 as for
1990-2000 is assumed, 2 = The 1990 figure assumes a 50:50 split of the reduced/no-till area; total assumed
to be 3% of cropland (Smith et al., 2000b); assumed no change to 2000 as no incentives to increase no till
area so no change to 2010 is also assumed, 3 = Assume 10% of cropland  (Smith et al., 2000b,c), 4 = No
evidence of significant change, 5 = Permanent crop area in UK in 1997 was 57% of what it was in 1990 -
i.e. permanent crop area is decreasing; 2010 figures assume the same change for 2000-2010 as for 1990-
2000, 6 = From Smith et al. (2000a, b) for 20 t dm ha-1 y-1; assumed constant for 1990 to 2000 as cattle
plus swine numbers in UK remain unchanged from 1990-1997 [difference of <0.6%; FAO statistics from
EarthTrends, 2003]; assumed same level of manure available - as cropland area decreases, a larger propor-
tion of area can be covered at same rate so we assume same area as in 1990 receives manure at 20t dm
h-1 y-1; same assumption for 2000-2010; 50:50 slurry to solid FYM assumed, 7 = From Smith et al. (2000a,b)
for 10 t dm ha-1 y-1: as cropland area decreases, cereal straw production also decreases in proportion;
assumed constant % of available cropland for 1990 to 2010, 8 = From Smith et al. (2000a,b) for 1 t dm
ha-1 y-1; assumed constant for 1990 to 2010, 9 = No data, 10 = From FAO statistics (EarthTrends, 2003);
there has been a 30 kg ha-1 decrease in fertilizer application rates 1990-2000 so the trend is away from
increased N fertilization; therefore assumed to be zero, 11 =  Actual amounts are very small in 1990;
assumed to negligible,12 = The 2000 figure is from EarthTrends (2003: FAO statistics) as % of UAA in 2003
([~4% of UK UAA] scaled by 0.3537 to get from UAA to cropland area in UK).

A2.2 UK
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The areas under each cropland management practice in Sweden for 1990, 2000 and
2010 are shown in table A2.3 below. The data sources and assumptions made are
given in the notes.

Table A2.3 Areas under each cropland management practice in Sweden

Notes: 1 = SCB, Farms with more than 2 ha, including leys and grassland; assume 2010 same as 2000, 2
= No data given, 3 = SCB, 1990 including black fallow, green fallow and other not utilized land, 2000 black
and green fallow; assume 2010 same as 2000, 4 = Included in set aside, 5 = SCB, winter cereals, sugar
beet, rape oil seed included; assume 2010 same as 2000, 6 = SCB, data from 1991and 2001 respectively;
in 2001 including all manures from "other animals"; areas calculated from dry matter tonnes assuming
application rate of 20 t dm ha-1 y-1. 7 = SCB, data only available from 1997; areas with incorporated crop
residues; no other data so assume 1990 and 2010 same as for 2000, 8 = SCB; no other data so assume 1990
and 2010 same as for 2000, 9 = No data so assume none or no change, 10 = SCB data for 2001; no other
data so assume 1990 and 2010 same as for 2000, 11 = In principle all arable land, 12 = SCB. Energy for-
est; no other data so assume 1990 and 2010 same as for 2000, 13 = SCB. 2002; no other data so assume
1990 and 2010 same as for 2000.

A2.3 Sweden
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The areas under each cropland management practice in Belgium for 1990, 2000 and
2010 are shown in table A2.4 below. The data sources and assumptions made are
given in the notes.

Table A2.4 Areas under each cropland management practice in Belgium

Notes: 1 = Cropland assumed to be the same in 2010 as in 2000, 2 = The total for no till and reduced till (49490
ha) is assumed to be split 50:50 between zero and reduced till, assuming adoption over 20 years for suitable
soils (>18 % clay and non hydromorphous; Arrouays et al., 2002); also assume 2000 value is mid way between
1990 and 2000 value, 3 = 1990 and 2000 INS data; set-aside rose sharply in the early 1990s as a result of the
CAP reforms and is currently fluctuating; estimates for 2010: 10% of the 2000 cereal area, 4 = For 2010, the
Walloon region gives subsidies for a max of 8% of the cultivated area under the headland conservation scheme;
we assume again an uptake rate of 0.35, 5 = No data, 6 = 1990 and 2000 INS data for the surface of orchards;
nearly all orchards have grass strips (assume 2010 same as 2000), 7 = FYM production 10.14 Tg dm (1990);
10.44 Tg dm (2000); Tg dm based on animal numbers, FYM production, type of housing, time spent in housing
(Dendoncker et al., 2003); for 2010 we assume a reduction of 25 % of the dairy cow numbers and 55% of the
calves (0-24 months) based on EU regulations (Van Steertegem et al. 2000: Mira S 2000 page 189): FYM pro-
duction 5.73 Tg dm (2010), 8 = Slurry production 2.34 Tg dm (1990); 2.25 Tg dm (2000); Tg dm based on ani-
mal numbers, slurry production, type of housing, time spent in housing (Dendoncker et al., 2003); For 2010 we
assume a reduction of 25 % of the dairy cow numbers and 55% of the calves (0-24 months) based on EU reg-
ulations (MIRAS 2000 page 189); slurry production 1.93 Tg dm (2010), 9 = There is an import of straw for ani-
mal bedding: 1.18 Tg (1990) and1.14 Tg (2000) cereal straw produced and 2.80 Tg (1990) 2.77 Tg (2000)
required for bedding based on requirements per animal, time spent in housing and type of housing (Dendoncker
et al., 2003), 10 = Sewage sludge is only spread in the Walloon region; 90% is applied to arable land, howev-
er it is expected that the spreading will soon be forbidden, 11 = Based on Flanders: 75 k t waste composted in
1991 and 675 kt in 1998, Walloon region 156 k t waste in 1998. We assume that 1 kg waste produces 0.17 kg
DM compost (Kiely 1997 page 661) and application rates of 10 Mg DM /ha, 12 = 1990 and 2000 INS (winter
rapeseed): For 2010 we assume a maximum calculated as follows: the whole area of winter cereals to include
a cover crop and maize in the Walloon region to be under-sown with grass over an adoption period of 20 years
i.e. 35% of the area (Dendoncker et al., 2003); subsidies for cover crops are available in both regions, whereas
subsidies for maize are restricted to the Walloon region, 13 = All agricultural land is fertilised: N fertilisers
decreased from 125 kg/ha in 1990 to 115 kg/ha in 1995 so trend away from increased fertilization; assume zero,
14 = INS 2000 data: this is the area that can be irrigated using the available equipment. We assume that crop-
land is irrigated and not grassland and assume 2010 same as for 2000. Since there is no evidence of a change
between 1990 and 2000, 1990 values assumed to be the same as 2000, 15 = INS 2000: rapeseed for the pro-
duction of non-alimentary oil in 1994 for the Walloon region 2010: Flemish and Walloon policies; assuming
50% annual crops and 50% perennial crops; 1990 values assumed to be the same as 2000, 16 = Probably not
relevant in the Belgian context since less intensive systems will convert to organic farming (see note 17), 17 =
Based on overall areas of organic farming, assuming a ratio of 0.55 cropland and 0.45 grassland (same as for
conventional farming) (Dendoncker et al., 2003). This could be an overestimation for 2000 since extensive cat-
tle breeding converted first to organic farming, 18 = 1990 and 2000 from INS; For 2010; 6300 refers to the EU
'on farm woodland' scheme. 5500 to Flemish policies (10000 ha by 2020) assuming reforestation of 0.55 arable
and 0.45 grassland for Flanders. The mean of this figure is used here, i.e. 5900 ha, 19 = 1990 and 2000 from
INS; land used for non agricultural purposes (280 220)

A2.4 Belgium
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The areas under each cropland management practice in Finland for 1990, 2000 and
2010 are shown in table A2.5 below. The data sources and assumptions made are
given in the notes.

Table A2.5 Areas under each cropland management practice in Finland

Notes: 1 = Finland Area of crops (ha) (including cereals and cultivated grass). Yearbook of Farm Statistics
2000 and 2001, (Utilised agricultural area in 2001 in Finland was 2216900 ha), Scenario: Expert judge-
ment, National Expert: Heikki Lehtonen, MTT Agrifood Research Finland, 2 = Expert judgement, National
Expert: Laura Alakukku, MTT Agrifood Research Finland, 3 = The area of reduced tillage (ha) in 2000.
National Expert: Eila Turtola, MTT Agrifood Research Finland, 4 = Yearbook of Farm Statistics 2001,
Scenario: Expert judgement, National Expert: Heikki Lehtonen, MTT Agrifood Research Finland, 5 = In
2002 the area of riparian zones was 4724 ha and the area of buffer strips was 4150 ha (if width of the strip
is 3 m), National Expert: Eila Turtola, MTT Agrifood Research Finland, 6 = The area of green fallow was 134
072 ha in 1995, 111 678 ha in 1999 and 121529 ha in 2002. National Expert: Eila Turtola, MTT Agrifood
Research Finland, 7 = No data available, 8 = Total N in manure divided by the maximum allowed appli-
cation rate (kgN ha-1); 2010 figure assumes same change 2000-2010 as for 1990-2000, 9 = Residues most-
ly left on soil, 10 = Total N in sludge divided by the maximum allowed application rate, 11 = Total culti-
vated area minus area of organic farming, 12 = Irrigation is very rare in Finland, 13 = Yearbook of farm sta-
tistics 2002, *Expert judgement, National Expert: Aulis Ansalehto [according to Laikari (1989)], 14 =
Leinonen et al. (2003); reed canary grass for solid fuel, forage crops grown for biogas, spring turnip rape for
diesel fuel, cereal for fuel ethanol (cereal straw harvested from 200 000 hectares excluded from scenario),
15 = Leinonen et al. (2003); spring turnip rape for diesel fuel, cereal for fuel ethanol, 16 = Yearbook of farm
statistics 1998 and yearbook of farm statistics 2002; assumed stays same as for 2000, 17 = Finnish Statistical
Yearbook of Forestry 2002; 2010 figure assumes same change 2000-2010 as for 1990-2000, 18 = Area con-
verted to arable was 10088 ha in 2000 (Ministry of Agriculture and Forestry).It is not known whether this
area comes from permanent crops, abandoned land, peatlands or other forms of land-use.* = Yearbook of
farm statistics.

A2.5 Finland
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