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Abstract – Dairy production systems represent a significant source of air pollutants such as greenhouse gases (GHG), that increase global
warming, and ammonia (NH3), that leads to eutrophication and acidification of natural ecosystems. Greenhouse gases and ammonia are emitted
both by conventional and organic dairy systems. Several studies have already been conducted to design practices that reduce greenhouse gas
and ammonia emissions from dairy systems. However, those studies did not consider options specifically applied to organic farming, as well
as the multiple trade-offs occurring between these air pollutants. This article reviews agricultural practices that mitigate greenhouse gas and
ammonia emissions. Those practices can be applied to the most common organic dairy systems in northern Europe such as organic mixed
crop-dairy systems. The following major points of mitigation options for animal production, crop production and grasslands are discussed.
Animal production: the most promising options for reducing greenhouse gas emissions at the livestock management level involve either the
improvement of animal production through dietary changes and genetic improvement or the reduction of the replacement rate. The control of
the protein intake of animals is an effective means to reduce gaseous emissions of nitrogen, but it is difficult to implement in organic dairy
farming systems. Considering the manure handling chain, mitigation options involve housing, storage and application. For housing, an increase
in the amounts of straw used for bedding reduces NH3 emissions, while the limitation of CH4 emissions from deep litter is achieved by avoiding
anaerobic conditions. During the storage of solid manure, composting could be an efficient mitigation option, depending on its management.
Addition of straw to solid manure was shown to reduce CH4 and N2O emissions from the manure heaps. During the storage of liquid manure,
emptying the slurry store before late spring is an efficient mitigation option to limit both CH4 and NH3 emissions. Addition of a wooden cover
also reduces these emissions more efficiently than a natural surface crust alone, but may increase N2O emissions. Anaerobic digestion is the
most promising way to reduce the overall greenhouse gas emissions from storage and land spreading, without increasing NH3 emissions. At the
application stage, NH3 emissions may be reduced by spreading manure during the coolest part of the day, incorporating it quickly and in narrow
bands. Crop production: the mitigation options for crop production focus on limiting CO2 and N2O emissions. The introduction of perennial
crops or temporary leys of longer duration are promising options to limit CO2 emissions by storing carbon in plants or soils. Reduced tillage or
no tillage as well as the incorporation of crop residues also favour carbon sequestration in soils, but these practices may enhance N2O emissions.
Besides, the improvement of crop N-use efficiency through effective management of manure and slurry, by growing catch crops or by delaying
the ploughing of leys, is of prime importance to reduce N2O emissions. Grassland: concerning grassland and grazing management, permanent
conversion from arable to grassland provides high soil carbon sequestration while increasing or decreasing the livestock density seems not to be
an appropriate mitigation option. From the study of the multiple interrelations between gases and between farm compartments, the following
mitigation options are advised for organic mixed crop-dairy systems: (1) actions for increasing energy efficiency or fuel savings because they
are beneficial in any case, (2) techniques improving efficiency of N management at field and farm levels because they affect not only N2O and
NH3 emissions, but also nitrate leaching, and (3) biogas production through anaerobic digestion of manure because it is a promising efficient
method to mitigate greenhouse gas emissions, even if the profitability of this expensive investment needs to be carefully studied. Finally, the
way the farmer implements the mitigation options, i.e. his practices, will be a determining factor in the reduction of greenhouse gas and NH3

emissions.

agriculture / greenhouse gas / ammonia / abatement / mixed crop-dairy systems / organic / livestock / manure / grassland / carbon
storage / soil carbon sequestration

1. INTRODUCTION

There is currently a move towards more sustainable farm-
ing systems. One of the aims of sustainable agriculture is to

* Corresponding author: solphy@gmail.com

establish environmentally-friendly production by limiting the
adverse effects of agricultural activities on all the components
of the environment. Regarding the atmosphere, agricultural ac-
tivities may be a significant source of two major air pollutants:
greenhouse gases (GHG), which contribute to global warm-
ing (IPCC, 2007), and ammonia (NH3), which can lead to
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Figure 1. Greenhouse gas and ammonia fluxes in the main compartments of a mixed crop-dairy system (adapted from Soussana et al., 2004).

Broken arrows indicate small fluxes. Emissions from cattle excreta are indicated in the compartment “manures”. Photos by D. Foissy, INRA

Mirecourt.

eutrophication and acidification of natural ecosystems (Ferm,
1998). Livestock production has recently been questioned be-
cause of its environmental damage, particularly in terms of cli-
mate change and air pollution (Steinfeld et al., 2006). Figure 1
summarises the GHG and NH3 fluxes of a mixed crop-dairy
system.

Dairy production systems represent the largest agricultural
source of the greenhouse gases methane (CH4) and nitrous ox-
ide (N2O) in Europe (Weiske et al., 2006). In dairy husbandry,
methane is mainly produced from enteric fermentation in the
rumen of cows - approximately 80% - and to a lesser extent by
cattle manures (Monteny et al., 2006). Agricultural soils are
a sink for methane rather than a source, consumption rates of
atmospheric methane in soils being very low in European soil
and climatic conditions (Le Mer and Roger, 2001; Oenema
et al., 2001). Keppler et al. (2006) recently reported CH4 emis-
sions by plant tissues under aerobic conditions, but these emis-
sions seem not to significantly affect the CH4 budget of grazed
grasslands (Allard et al., 2007). N2O emissions are mainly de-
rived from N inputs to agricultural land, i.e. from chemical
fertilisers, manure, urine deposited by grazing animals, legu-
minous crops and crop residues, and from animal houses, i.e.
from deep litter systems and solid manure heaps (Chadwick
et al., 1999; Monteny et al., 2006; Petersen et al., 2006). In
certain conditions, soils can also be a sink for N2O, but the
factors regulating N2O consumption are not yet well under-
stood (Chapuis-Lardy et al., 2007).

Carbon dioxide is another biogenic greenhouse gas playing
a significant role in anthropogenic global warming. In dairy
farming its major sources are soil and cattle. In soils, carbon

dioxide is mainly released by microbial decay of plant lit-
ter and soil organic matter, and root respiration (Bahn et al.,
2006). Cattle emit CO2 through the respiration of organic car-
bon from ingested grass or fodder. However, this short-cycling
carbon is generally seen as not relevant for the greenhouse ef-
fect, because it is assumed that carbon dioxide emissions have
been fixed by plants through photosynthetic activity earlier in
the farm cycle and thus make no net contribution to global
warming (Schils et al., 2005). Soils can also act as a sink for
CO2; the CO2 fixed in plant biomass through photosynthe-
sis can be stored in the soil as organic C by converting plant
residues into soil organic matter after being returned to the
soil. Root systems also make a significant contribution to soil
C inputs through rhizodeposition (Rees et al., 2005). If the in-
put of C into the soil is greater than its losses as CO2, C is
stored in the soil.

In addition to their effect on global warming, agricul-
tural activities and particularly livestock farming are the main
source of atmospheric ammonia, around 50% of European
ammonia emissions coming from cattle production (Ferm,
1998). In dairy farms, losses of NH3 occur during slurry
application, housing, slurry storage, grazing, fertiliser appli-
cation and from crops, in descending order of importance
(Bussink and Oenema, 1998). After deposition on land, am-
monia can increase acidification and nutrient-N enrichment of
sensitive habitats (Sutton et al., 1993). In addition, NH3 reacts
with atmospheric acids to form ammonium (NH+

4
)-containing

aerosol, which may both directly and indirectly affect light
scattering and global radiative forcing (Sutton et al., 2001),
and which is likely to threaten human health in Europe (WHO,
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Figure 2. Carbon and nitrogen flows in and out of a mixed crop-dairy system and between its main compartments. Gaseous losses from

pre- and post-chains are outlined. Adapted from Olesen et al. (2006).

2004). Furthermore, ammonia is an indirect source of N2O:
Mosier et al. (1998) assume that 1% of the atmospheric N de-
posited is converted into N2O, and Ferm (1998) estimates that
5% of the global N2O emissions come from NH3 oxidised in
the atmosphere. N2O may also be indirectly emitted outside
the farm gates from leached nitrate through denitrification.

To create more environmentally sustainable dairy systems
regarding the air component, it is therefore necessary to limit
the emissions of GHG, together with those of ammonia. Or-
ganic farming systems may be considered as the most devel-
oped form of sustainable farming systems, as their conception
is based on objectives of environmental, social and economic
sustainability. The fulfilment of the aim of environmental pro-
tection has already been studied by some authors assessing the
effects of organic farming on various environmental parame-
ters, including air quality (e.g. Stockdale et al., 2001; Shepherd
et al., 2003), but to our knowledge, no literature study has re-
viewed agricultural practices that reduce emissions of GHG
and NH3 from organic dairy farming.

In this study we will analyse the mitigation options avail-
able for organic mixed crop-dairy systems, which are more
common in Europe than specialised dairy or arable units
(Stockdale et al., 2001). They are seen as systems having the
potential to increase the efficiency of N cycling, thus reducing
N losses to the environment (Ledgard, 2001). However, the
combination of plant and animal production induces complex
interrelations between the emissions of GHG and ammonia,
which need to be studied before the implementation of mitiga-
tion options.

The mitigation options discussed in this article can also be
applied beyond the scope of organic farming: they are relevant
for all mixed crop-dairy systems which aim to be sustainable.
Studies dealing with the mitigation of the three greenhouse

gases N2O, CH4 and CO2, as well as ammonia from dairy
farming systems, are scarce (Brink et al., 2001; Wulf et al.,
2002a), and consequences of mitigation options are mainly
considered for individual sources or compartments of the farm
and not at the whole-farm level. This article is a critical re-
view of mitigation options accounting for direct N2O, CH4,
CO2 and NH3 emissions as well as for indirect N2O emissions
through ammonia and nitrate losses and relevant for organic
mixed crop-dairy systems in northern Europe.

2. CHARACTERISTICS OF ORGANIC MIXED

CROP-DAIRY SYSTEMS

Organic systems aim to achieve a balanced relationship
between soil, plants and animals (Vaarst et al., 2005). This
is particularly the case in organic mixed crop-dairy systems,
the crop production providing the animal feed and litter,
while the animals provide the organic fertiliser through exc-
reta (Fig. 2). Mixed crop-dairy systems will be defined here
as dairy systems producing forage crops for on-farm feeding,
and characterised by the integration of livestock and arable
crop production, with interchange of nutrients between crop
and livestock production, described as the “highly integrated
system” by Watson et al. (2005).

We will consider organic farming systems as defined by Eu-
ropean Union legislation (EU 1991, 1999, 2006). The 1804/99
European Union regulation (EU, 1999) describes in detail the
allowed organic livestock management in Europe. The main
differences between organic and conventional systems concern
housing and grazing conditions, animal nutrition, disease pre-
vention and veterinary treatment. Zero grazing is not permitted
and the maximum value of livestock density is limited to two
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livestock units per hectare for dairy cows. For livestock hous-
ing, at least half of the total floor must be solid and not of
slatted or grid construction. Dry litter must be given in the rest
area. Livestock must be fed on organically produced feedstuffs
and 60% of the ruminant diet must come from forage. At least
50% of the feed shall come from the farm unit itself or if not,
be produced in cooperation with other organic farms. The use
of synthetic amino acids and growth promoters is forbidden,
as well as the use of veterinary drugs in the absence of illness.

Regarding crop production and grasslands, the main differ-
ences between organic and conventional farming concern the
ban on synthetic fertilisers and pesticides (EU, 1991). Organic
systems are therefore characterised by low inputs of external
nutrients and chemicals into the system. Nitrogen is brought
from a legume “fertility-building” phase, through clover-based
leys and arable grain legumes (Stopes et al., 2002), and also
through lucerne (alfalfa)-based leys. The nitrogen fixed by
legumes is made available to subsequent arable crops through
mineralisation. Legume-based leys are utilised for grazing and
fodder.

Grasslands are key components of organic mixed crop-
dairy systems, by providing an important source of feed both
through grazing and as hay and silage harvesting, and by
contributing to building up the long-term fertility of the soil
through organic matter deposition (Nicholas et al., 2004).
Most organic systems have both temporary leys and perma-
nent pastures (Nicholas et al., 2004).

Crop production is characterised by an increased diversity
of cropping patterns in time and space compared with inten-
sive conventional crop production systems (Stockdale et al.,
2001). Intercrops or under-sowing are often used to maintain
soil cover year-round (Stolze et al., 2000).

The animal wastes provide organic fertiliser to croplands
and grasslands, thus assuring the internal recycling of nutri-
ents. As specified in Directive 91/676/EEC (EU, 1991), the
total amount of manure applied on the farm may not exceed
170 kg N per year/ha of agricultural area used, which corre-
sponds to 2 dairy cows/ha/yr as defined in Annex VII of the
2092/91 European Union regulation. The regulation also indi-
cates that the number of livestock must be closely related to the
area available in order to avoid problems of over-grazing and
erosion, and to allow for the spreading of livestock manure, so
that any adverse effect on the environment can be avoided.

The above-mentioned differences between the organic and
conventional dairy systems imply that a lot of mitigation op-
tions proposed for conventional farming are not applicable to
organic farms. For instance, products of synthesis which in-
hibit microorganisms or modify chemical reactions producing
GHG such as methanogens in enteric fermentation or nitrifi-
cation in soils are not allowed in organic farming. Besides, as
organic systems and particularly mixed crop-dairy systems are
extensive and use low external inputs, it does not leave much
room for manoeuvre for lowering system nitrogen inputs or
for reducing GHG emissions compared with intensive con-
ventional systems which, for example, import energy-costly
products such as pesticides or mineral nitrogen fertilisers.

Organic mixed crop-dairy systems can show some varia-
tions due to the environment in which they operate. The differ-

Table I. Effect of slurry aeration on greenhouse gas and ammonia

emissions during storage and after field application (from the results

of Amon et al., 2006). Note that CO2 emissions mentioned here are

not direct emissions, they correspond to a conversion of the energy

requirement for the aeration process.

During storage After applicaton

CH4 CO2 N2O NH3 N2O NH3

Slurry aeration ց ր ր ր ր ր

ences in livestock production will mainly consist of the land
use (% of grasslands), the grassland management, the level of
concentrates in the diet (between 0 and 40%), the dairy herd
policy (size of the dairy herd, % of annual replacement, stock-
ing density) and manure management. For instance, in the or-
ganic sector, Stolze et al. (2000) reported absolute livestock
density of 1.6–1.8 livestock units (LU) per ha in the UK, but
only 1.0 LU per ha on comparable organic farms in Germany.
Some indications about the differences existing between or-
ganic dairy farming systems in Northern European countries
can be found in Pflimlin and Kempf (2002), Weller (2002),
Häring (2003), and Mosimann and Suter (2003). Crop produc-
tion will mainly differ in crop rotation, soil tillage and fertili-
sation.

3. REVIEW OF MITIGATION OPTIONS
AVAILABLE FOR ORGANIC MIXED
CROP-DAIRY SYSTEMS

In general, mitigation measures may consist either of re-
ducing or preventing the emissions of GHG and ammonia
at source, or of favouring the storage of carbon in plants or
soils. The mitigation measures for dairy production systems
can be either technical (e.g. manure application techniques),
management-based (e.g. changes in grazing/housing patterns)
or system-orientated (e.g. shift from conventional to organic
farming) (Weiske et al., 2006).

Mitigation options show strong interrelations both between
gases (more than one gas is affected either beneficially or ad-
versely) and between farm compartments (the control of the
emission of one compound may increase its emission at an-
other stage of management). For instance, Amon et al. (2006)
showed that intermittently aerating dairy cattle slurry had con-
trasting results on GHG and NH3 emissions, and that slurry
aeration affected the emissions not only during the storage pe-
riod but also after slurry application (Tab. I). It is therefore im-
portant to assess mitigation options for their impact upon the
carbon and nitrogen cycles at the whole-farm level, by taking
into account not only GHG and NH3, but also NO−

3
leaching

and C storage.

One must also consider that all the GHG do not affect
global warming with the same intensity. Over the 100-year
timescale, the Global Warming Potential from methane and
nitrous oxide is estimated at 25 and 298, respectively, times
that of CO2 (Forster et al., 2007). A small increase in N2O
emissions may thus counterbalance a large decrease in CH4
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emissions. Therefore, to be effective, mitigation options have
to induce an overall reduction of GHG emissions in terms of
CO2 equivalents in addition to a reduction in NH3 losses.

A large number of studies on reducing emissions from
dairy systems have already been carried out, either for green-
house gases (e.g. Velthof et al., 1998; Amon et al., 2001a;
Clemens and Ahlgrimm, 2001; Monteny et al., 2006; Schils
et al., 2006; Weiske et al., 2006) or for ammonia (e.g. Bussink
and Oenema, 1998; Malgeryd, 1998; Webb et al., 2005). We
will focus here on the mitigation strategies suitable for organic
mixed crop-dairy systems in northern Europe, by considering
their different compartments (Fig. 2), grouped together into
three subsystems: i/ animal production, which includes live-
stock and manure management, ii/ crop production dealing
with crop rotation, fertilisation and soil tillage, and iii/ grass-
lands, grazed (pastures) or cut (meadows). Due to the lack of
bibliographic data, we will not consider the emissions gener-
ated by the feed and bedding stores themselves.

3.1. Animal production

3.1.1. Livestock management

3.1.1.1 Feeding strategies

Enteric fermentation in the cattle rumen is the major source
of CH4 emissions in dairy systems, but also the most difficult
to reduce. The techniques currently being developed to reduce
it by direct rumen manipulation (see e.g. Boadi et al., 2004;
Martin et al., 2006) will not be discussed here as they are be-
yond the scope of organic farming. We will focus here on nu-
tritional strategies consisting either of adding lipids to the diet,
changing its fibre content or selective grazing. Linseed fatty
acids supplemented at 6% were shown (Martin et al., 2008) to
reduce dairy cow CH4 emissions from 12 to 64% depending
on the physical form of the lipid (crude linseed, extruded lin-
seed or linseed oil). Furthermore, crude linseed increased milk
yield, but not linseed oils. Linseed lipids are allowed as feed
materials in organic dairy farming in the form of seeds or oil if
the extraction process is physical (EU, 2006). Their promising
results on CH4 emissions need, however, to be confirmed by
studies on more animals, taking into account the interaction
with the nature of the basal diet and considering the effects of
linseed on milk production.

Changing diet composition through the replacement of
some of the grazing and roughage by concentrates (which have
to represent less than 40% of the diet in organic dairy farming)
increases animal productivity and may decrease the numbers
of cows required to fill the annual milk quota (Lovett et al.,
2006) and thus the CH4 emissions per unit of milk. However,
it goes against the general aim of organic dairy farming to pro-
duce milk with a minimum of external inputs. Increasing the
proportion of concentrate in the diet also has other direct and
indirect effects on GHG and ammonia emissions. For instance,
although supplementation of diets with concentrates often di-
minishes enteric methane emissions from cows, it may simul-
taneously enhance slurry methanogenesis because this is asso-
ciated with extra amounts of undigested fibre which may be a

substrate for slurry microbes (Hindrichsen et al., 2006). The
fibre and the protein content of cattle diets were also shown to
significantly influence the ammonia emission rates of manure
(Kulling et al., 2003), as well as the plant availability of cat-
tle slurry N and the amount of residual slurry N remaining in
the soil after the first growing season (Sorensen et al., 2003).
Moreover, replacing roughage by concentrates also contradicts
the European environmental policy to promote extensive use
of maintained grasslands, which store significant amounts of
carbon in soil (Freibauer et al., 2004). Besides, the production
and transport of concentrates generate GHG.

Because of its high starch content, the increased use of
maize silage relative to dry matter intake was also suggested
to reduce enteric CH4 (Mills et al., 2001) and to improve ani-
mal performance. However, there is a need for animal studies
that directly compare maize and other cereal silage with grass
silage to quantify the reduction in CH4 that might be achieved
(Beauchemin et al., 2008). Furthermore, these inputs must be
evaluated in terms of the net contribution to total GHG to eval-
uate if the substitution of maize or cereal silage for grass silage
will result in a net reduction in GHG emissions on the farm
scale.

Forage species also affect CH4 production in ruminants
(McAllister et al., 1996). Measurements of CH4 production
from grazing beef cows indicated a 25% reduction in CH4

losses with alfalfa-grass pastures (7.1% of gross energy intake)
compared with grass-only pastures (9.5% of gross energy in-
take) (McCaughey et al., 1999). The introduction of legumes
into grazed grasslands would therefore limit CH4 emissions.
Legume species also seem to affect the CH4 production from
ruminants. For instance, condensed tannin-containing legumes
(such as sulla) were shown to reduce the CH4 emissions
of dairy cows and other ruminants (Woodward et al., 2002;
Tavendale et al., 2005).

The control of the protein intake of animals to meet their
requirements more precisely is proposed to reduce gaseous
emissions of nitrogen in grazed pastures, since excess N in the
diet of cattle is to a large extent excreted in the urine, which
in turn can influence ammonia and N2O emissions (Oenema
et al., 2005; Watson et al., 2005; Kebreab et al., 2006). Con-
trolling the N content of the diet is, however, not easy in or-
ganic dairy farming systems, since herbage plays an impor-
tant role in the diet and because the proportion of legumes can
vary greatly between swards through the seasons and between
years. The N content of legumes is generally much higher than
that required for optimum animal nutrition (Ledgard, 2001).
However, as discussed above, CH4 production (expressed rel-
ative to gross energy intake) from the rumen fermentation of
legume forages is generally lower than the production from
grass forage.

3.1.1.2 Genetic selection

Genetic selection of cows based on an improvement of their
ability to produce less methane or of their feed efficiency is
still under validation (Boadi et al., 2004; Martin et al., 2006).
The genetic selection of cows producing higher yield and thus
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Table II. Effects on greenhouse gas and ammonia emissions of mitigation options reported for livestock management.

Mitigation options for livestock management CH4 N2O CO2 NH3

Feeding strategy

Adding linseed lipids to the diet ➔ ? – – –

Increasing the proportion of ➔ from animals ➔ or ➔ ? ➔ (fossil energy ➔ or ➔ ?

concentrate in the diet ➔ from slurry? (from slurrya) + soil) (from slurrya)

Increasing the proportion of ➔ from animals – – –

maize silage in the diet

Introducing legumes into grazed ➔
➔? ➔ ? ➔?

grasslands

Limiting excess N in the diet ➔? ➔ – ➔

Genetic selection
Selecting cows with low enteric ➔ ? – – –

CH4 production

Selecting high-yielding cows ➔ or ➔? – – ➔ b or ➔?

Herd characteristics
Reducing the replacement rate ➔ ? – – –

Reducing the number of ➔ ➔ ➔ ➔

milking cows

a Depending on the N content of the concentrate compared to the roughage;
b Results from Lovett et al. (2006).

Caption:
➔ : the mitigation option decreases the emissions

➔: the mitigation option increases the emissions

“➔ or ➔”: both tendencies have been shown

– : no information was given on this compound

0: studies have shown that this option had no significant effect on this compound

?: the result needs to be confirmed by more studies.

less CH4 per unit of milk often leads to a decrease in animal
fertility and health (especially with Holstein cows) and to an
increase in the overall replacement rate (Lovett et al., 2006).
This may paradoxically involve an increase in herd size, with
heifers emitting GHG and NH3, which will increase the emis-
sions from the whole farm.

3.1.1.3 Herd characteristics

Options that increase lifetime efficiency or reduce the re-
placement rate are likely to reduce GHG emissions at the farm
level, as shown in a modelling study from Weiske et al. (2006).
This means that the decision to replace cows should not be
based solely on economic considerations or fertility, but also
on their capacity to produce milk for a long time. This could,
for instance, be achieved by dairy cows resistant to illness and
better adapted to the environment of their farm rather than
high-yielding animals. Finally, reducing the milk production
through the reduction of the number of milking cows certainly
decreases the GHG and NH3 emissions at the farm level, but
this would mean a profound change in the farm economy.

In conclusion, Table II summarises the effects on GHG and
NH3 emissions of the different mitigation options discussed
for livestock management. In the current state of knowledge,
two main mitigation strategies can be drawn from the above-
mentioned options, based on either: 1/ a herd with a limited
number of high-yielding dairy cows fed with an energy-rich
ration but probably needing a high replacement rate; 2/ a herd
with animals bred for hardiness, less productive but more ro-
bust and long-lived.

As methane production from enteric fermentation is rather
hard to reduce, mitigation strategies from organic dairy farm-
ing have focused on the reduction of CH4 emissions from ma-
nure management.

3.1.2. Manure management

All parts of the manure handling chain, i.e. housing, stor-
age and application, need to be considered, since intervening
in one part affects losses in another. As mentioned in the intro-
duction, the manure handling chain may be a source of GHG
as well as ammonia. The organic European Union standards
require that straw-based housing systems have to be used in
organic livestock production. Manure management in organic
dairy farming is thus based on the farmyard manure system,
which may vary according to the amount of straw used. This
amount will particularly determine whether all urine and fae-
ces are retained by straw and stored as farmyard manure or if
part of the urine is stored as liquid manure.

3.1.2.1 Housing

Ammonia losses from buildings are usually the second
largest sources of NH3 after slurry application (Bussink and
Oenema, 1998). NH3 emissions from the buildings may be re-
duced by increasing the amounts of straw used for bedding,
with the advantage of no subsequent increase in NH3 losses
during the storage or spreading of the manure, as all the am-
moniacal nitrogen is immobilised in the straw (Webb et al.,
2005).
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Deep litter may result in significant emissions of N2O and
CH4, depending on the rate of litter addition and mixing
(Monteny et al., 2001; Oenema et al., 2005). Options to reduce
CH4 emissions consist here of avoiding anaerobic conditions
in the bedding.

3.1.2.2 Manure storage

Manure stores are the second largest source of methane
emissions (after enteric fermentation) in European dairy farm-
ing (Sneath et al., 2006). CH4 emissions arise mainly from
slurry stores, whereas farmyard manure stores are a significant
source of N2O (Chadwick et al., 1999). Slurry and farmyard
manure stored outside are also significant sources of NH3 but
they show great variations according to the temperature, the
surface area, the duration of storage, and the occurrence of
mechanical aeration (Bussink and Oenema, 1998).

The choice of a mitigation option at this stage of the manure
handling chain will mainly depend on the nature of the effluent
(liquid or solid manure).

3.1.2.2.1 Mitigation options during the storage of liquid
manure

Overcoming the effect of storage temperature

In northern European conditions, grazing is generally not
possible during late autumn and in winter and cows are kept in
buildings during this period. Slurry is therefore collected from
cowsheds under cold conditions. Several studies have shown
that CH4 and NH3 emission rates for slurry increased signifi-
cantly with storage temperatures (Husted, 1994; Bussink and
Oenema, 1998; Sommer et al., 2000; Clemens et al., 2006).
For instance, Husted (1994) reported an increase of 61% in
the overall methane emissions if the slurry was applied in
September instead of June. Emptying the slurry store before
the increase in air temperature (i.e. before late spring) would
therefore limit the emissions of NH3 and CH4 that occur dur-
ing the storage of liquid manure, as well as NH3 emissions
resulting from field application which are also increased at
higher air temperature (Sommer and Hutchings, 2001). How-
ever, other factors than air temperature must be considered,
such as the load-bearing capacity of soils and the risk of nitrate
leaching, which often limit the application of the stored slurry
in autumn and winter. To overcome the effect of temperature
when liquid manure is stored for a long time, some authors
proposed cooling the manure tank (Clemens and Ahlgrimm,
2001; Monteny et al., 2001), but this requires fossil energy.

Favouring the formation of a surface crust

A natural crust generally forms at the slurry surface dur-
ing storage as a result of evaporation, which promotes dry-
ing and binding of the particles if the slurry is not disturbed
by mechanical mixing. The formation of this natural crust

has been shown to greatly reduce NH3 losses (by 50% in
the study of Misselbrook et al. (2005) and by 80% in the
study of Sommer et al. (1993)) and CH4 emissions (by 38% in
the study of Sommer et al. (2000) and by a factor of 12 in the
study of Husted (1994)). Petersen et al. (2005) gave evidence
for methanotrophic activity, i.e. methane oxidation, in surface
crust materials. Measures to ensure crust formation are thus
a cost-effective way of mitigating NH3 and CH4 emissions
during the storage of slurry. They may, however, favour N2O
emissions, which were shown to increase under warm condi-
tions for slurry covered with a natural crust (Sommer et al.,
2000).

The concentration and nature of the solids present in the
slurry, which are influenced by the cattle diet and bedding ma-
terial used, are important in determining crust formation, as
well as environmental factors such as temperature, wind speed
and rainfall (Misselbrook et al., 2005). These authors found
that slurry dry matter content was the most important factor in-
fluencing crust formation, with no crust formation on slurries
with a dry matter content below 1%. They also observed large
differences in crust formation on slurries from grass silage-
fed cattle bedded on long straw compared with corn silage-fed
cattle bedded on chopped straw, but with no significant dif-
ferences in NH3 emission rates. Disturbance of the crust dur-
ing the regular transfer of slurry from buildings could be min-
imised by inserting the nozzle of the liquid manure spreader
below the surface crust, and homogenisation before emptying
can be achieved by mixing with or without destroying the sur-
face crust (Petersen et al., 2005).

Covering slurry tanks

A wooden cover on slurry tanks has also been reported
as an effective technique to reduce CH4 and NH3 emissions
(Amon et al., 2006; Clemens et al., 2006), and N2O emissions
under cold conditions. Covering the tank may increase N2O
emissions in warm conditions, but as CH4 emissions during
slurry storage contribute more to total GHG emissions than
N2O emissions, a lid has benefits as regards climate change. It
may also shelter the natural surface crust from rain and help to
keep it dry during winter. On the other hand, excluding rainwa-
ter from the slurry store may decrease the slurry water content,
thus making its field application more difficult. Addition of a
wooden cover reduces CH4 and NH3 emissions from slurry
more than a natural surface crust alone. Covers made with
other materials, such a chopped straw or wood, or expanded
clay, have been shown to reduce NH3 losses but not overall
GHG (and particularly CH4) emissions (Amon et al., 2006;
Clemens et al., 2006; Guarino et al., 2006).

Performing anaerobic digestion

Anaerobic digestion of manure has been proposed by many
authors (e.g. Clemens et al., 2006; Monteny et al., 2006;
Weiske et al., 2006) as a measure to abate CH4 emissions
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from manure storage. Anaerobic digestion is a natural pro-
cess whereby bacteria existing in oxygen-free environments
decompose organic matter, resulting in a biogas (a mixture of
CH4, CO2 and some trace gases) and a sludge that is stable and
nearly odourless (Kebreab et al., 2006). Methane produced by
digesters can be captured and burned as fuel. Anaerobic di-
gestion in a covered gas-tight plant thus offers the benefits of
reducing trace gas emissions and substituting fossil fuels by
renewable energy (biogas).

Few studies have been done on the GHG and NH3 emis-
sions of slurry after its anaerobic digestion. During winter stor-
age in pilot-scale slurry tanks, Clemens et al. (2006) reported
significantly lower CH4 emissions from digested dairy cattle
slurry than from the same untreated slurry (emissions of N2O
and NH3 were similar for the two slurries). These authors em-
phasise the importance of the digestion’s duration (hydraulic
retention time), which must be sufficiently long for a complete
degradation of fermentable organic matter, so as to exploit the
potential for gas production without increasing CH4 emissions
during subsequent storage.

However, even with a sufficiently long hydraulic retention
time, CH4 is still produced after anaerobic digestion. Clemens
et al. (2006) therefore recommend including all potentially
gas-producing compounds within biogas plants for complete
collection of CH4 and optimum environmental and economic
benefit. It is also important to prevent uncontrolled losses
of methane from biogas plants (which occur, e.g., by mean
of small leakages) which can considerably alter the environ-
mental balance of a biogas production system (Borjesson and
Berglund, 2006).

After field application, Clemens et al. (2006) found no
significant differences in GHG emissions between untreated
and digested cattle slurry, whereas Petersen (1999) reported
lower N2O emissions from digested slurry compared with un-
treated slurry. NH3 losses after field application of digested
slurry have been reported to be similar to (Rubaek et al., 1996;
Clemens et al., 2006; Wulf et al., 2002b), lower than (Rubaek
et al., 1996) or higher than (Amon et al., 2006) those from raw
slurry. These contrasting results are probably attributable to
the effects of anaerobic digestion on both chemical and phys-
ical properties of the slurry. Anaerobic digestion reduces ma-
nure carbon and dry matter content by about 50% but gener-
ally results in an increase in NH+

4
content and pH (Wulf et al.,

2002b; Amon et al., 2006). The reduced viscosity of digested
slurry improves its infiltration, thus limiting the NH3 volatil-
isation, whereas its higher NH+

4
content and pH promote the

NH3 losses. NH3 emissions from digested slurry can therefore
be reduced if the increased potential loss due to chemical fac-
tors is compensated for by its faster infiltration (Wulf et al.,
2002b). Techniques to reduce NH3 emissions from field appli-
cation will be discussed later.

In France, Ademe et al. (2006) estimated 200–250 k euros
as the cost of a biogas installation producing 30 kW of elec-
tricity. In organic dairy farming, two other limitations must be
taken into account: 1/ slurry is only collected at one time of
the year (i.e. during housing) and 2/ co-digestion with other
waste products to increase gas production is not feasible, par-
ticularly because they should also come from organic farming

unless the digested product is not used for an organic farm.
The economical feasibility of on-farm power/heat generation
with biogas will depend to a great extent on the energy price
and on subsidies.

Performing a mechanical separation

Mechanical separation is another technique used to treat
slurry, resulting in a liquid fraction with low dry matter con-
tent reduced by 40–45%, and a solid fraction that can be stored
in heaps. Separation is performed with a screw sieve separator
and uses little energy. The separated slurry has a lower vis-
cosity and flows more easily through band-spreading hoses.
The study of Amon et al. (2006) indicates that slurry separa-
tion reduces CH4 emissions, but is likely to result in an in-
crease in N2O and NH3 emissions during composting of the
solid fraction.

Lowering the pH of slurry

Lowering the pH of slurry with additives such as lactic acid
has also been proposed to avoid the production of methane,
this acid being authorised in organic farming not intentionally
for that purpose but for the cleaning and the disinfection of
livestock buildings and installations. Lowering the pH of the
slurry with lactic acid can indeed reduce both CH4 and N2O
emissions, but Berg et al. (2006) showed that this reduction
is effective only if the pH is below 6.0, and that a lower pH
would be necessary to reduce ammonia emissions. This tech-
nique seems therefore not to be practically possible.

Aerating the slurry

As oxygen is a strong inhibitor of methane production
and an easily available product, aeration seems an attractive
method to limit CH4 emissions. Aeration was indeed shown to
reduce CH4 emissions of slurry during its storage (Martinez
et al., 2003; Amon et al., 2006), but N2O and NH3 emis-
sions may be greatly increased when the slurry is aerobically
treated (Béline et al., 1999; Amon et al., 2006). N2O may also
be emitted by the aerated slurry during its subsequent stor-
age (Béline et al., 1999). Besides, slurry aeration results in
energy consumption. Nevertheless, laboratory studies showed
that the aeration strategy (intermittent or continuous, length of
the anoxic period) would play an important role in the emis-
sions of N2O (Béline and Martinez, 2002). However, these re-
sults need to be confirmed by experiments on farm-scale units.

Comparison of treatments

Comparing the effect of different treatments of dairy cattle
slurry (wooden or straw cover, mechanical separation, anaero-
bic digestion, aeration), Amon et al. (2006) found that anaero-
bic digestion reduced the overall GHG emissions from storage
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Figure 3. Relative ammonia and greenhouse gas emissions from stor-

age and land spreading for different treatments of dairy cattle slurry

compared with untreated slurry with a wooden cover (from Amon

et al., 2006).

and land spreading the most, and had hardly any influence on
NH3 emissions from these processes (Fig. 3). This study has
the asset of having been conducted in pilot-scale tanks whose
conditions are nearer to field conditions than studies with lab-
oratory reactors.

3.1.2.2.2 Mitigation options during the storage of solid
manure

The use of straw for bedding in organic dairy housing sys-
tems produces solid manure, which can be either composted
or stored outdoors stockpiled.

Composting solid manure

Organic systems encourage the composting of solid ma-
nure, i.e. aerobic decomposition at temperatures of around
60 ◦C, which offers the advantages of producing a more sta-
ble, uniform product, free of weeds and toxins and easier to
spread (Mustin, 1987; Peigne and Girardin, 2004). However,
the heat generated and the regular aeration by turning of the
heap during the early stages of composting favour ammonia
losses which are generally greater than for stockpiled farm-
yard manure (Amon et al., 2001b; Gibbs et al., 2002; Peigne
and Girardin, 2004). Although NH3 losses are large during the
composting phase, they are low after subsequent soil applica-
tion, because the remaining N is mainly in organically bound
forms and thus concentrations of inorganic N are very low
(Sommer and Hutchings, 2001; Amon et al., 2001b; McNeill
et al., 2005).

Mechanical turning of composted manure generally re-
sults in lower N2O and CH4 emissions than for anaerobi-
cally stacked farmyard manure (Amon et al., 2001b; Peigne
and Girardin, 2004). Considering the whole management sys-
tem (housing, storage and spreading), Amon et al. (2001b) re-

ported GHG (CH4 + N2O) emissions 25% lower from a com-
posting system than from an anaerobic stacking system. Sig-
nificant amounts of CO2 may, however, be emitted during the
composting process, but it is not a net source of CO2 along the
recycling chain of agricultural wastes, since well-composted
material contains less easily decomposable carbon compounds
than non-decomposed material (Peigne and Girardin, 2004).
Composted manures being less degradable than fresh manures,
their application permits greater carbon storage in the soil
(Kirchmann and Bernal, 1997).

GHG and ammonia emissions during composting are
greatly influenced by its management (turning method and
frequency, duration of the composting operations) and by the
physical and chemical characteristics of the raw material (C/N
ratio) (Peigne and Girardin, 2004). A high porosity of the ini-
tial material provides sufficient aeration, which is essential for
a good composting process and for limiting N2O and CH4

emissions. An increase in the C/N ratio significantly reduces
N losses during storage and composting of livestock solid ma-
nure (Sommer, 2001). If the density of the farmyard manure is
high (low porosity) or the C/N ratio is low (<20), straw may
be added to the farmyard manure to improve its composting.
Furthermore, the number and frequency of turnings can be re-
duced if the raw material has good characteristics (Peigne and
Girardin, 2004), thus limiting NH3 losses.

Considering indirect N2O emissions, a concrete platform
with water recovery is the best system to prevent nitrate losses
by leaching or runoff from the compost heap to surface or
groundwater (Peigne and Girardin, 2004). Covering the pile
with a waterproof but air-permeable cover is another way to
avoid contamination by runoff (Peigne and Girardin, 2004).
However, nitrate leaching losses from compost with a high
C/N ratio are generally low (Sommer, 2001).

Compacting and covering manure heaps

Compacting and covering manure heaps has the potential
to reduce emissions of both NH3 and N2O when the manure
contains relatively high ammonium-N contents (Chadwick,
2005). Compaction may, however, increase CH4 emissions
(Chadwick, 2005; Oenema et al., 2005). Covering manure
heaps may also not always be effective, because the miner-
alisation rate increases with temperature, and so the effect of
increased mineralisation may exceed the effect of reduced ex-
change rates of NH3 from the manure with the atmosphere
(Bussink and Oenema, 1998). Addition of straw to solid ma-
nure is another way of reducing NH3 emissions by improving
the C/N ratio (Clemens and Ahlgrimm, 2001), and it was also
shown to reduce CH4 and N2O emissions (Yamulki, 2006).

Reductions in NH3 emissions at the manure storage stage
will result in increased manure total ammoniacal nitrogen con-
tent and therefore in potentially larger losses following land
spreading (Misselbrook et al., 2005). It is therefore important
that suitable application or incorporation methods are used to
minimise losses.
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3.1.2.3 Application techniques

Slurry application is the major source of ammonia emis-
sions in dairy farming systems (Bussink and Oenema, 1998)
and it is to a lesser extent a direct source of N2O (Oenema
et al.; 2005). Significant NH3 and N2O emissions also occur
following the application of farmyard manure (Webb et al.,
2004). In addition to being a direct source of N2O, manure
spreading may be an indirect source of this gas through am-
monia losses and nitrate leaching. In general, the reduction of
NH3 emissions is more effective at the spreading phase than
from buildings (Webb et al., 2005).

3.1.2.3.1 Spreading manure during the coolest part
of the day

A “simple” mitigation method is to limit the application of
manure to when conditions do not favour NH3 volatilisation,
e.g. during the coolest part of the day. Sommer and Olesen
(2000) have calculated that avoiding applications during times
of the day with a high potential for NH3 losses could reduce
the total emission of NH3 from applied slurry by half. How-
ever, the efficiency of this technique depends on the farmer’s
flexibility in the choice of application date and time (Sommer
and Hutchings, 2001).

3.1.2.3.2 Incorporating manure

Several techniques of manure spreading on land have been
shown to decrease NH3 losses (Sommer and Hutchings, 2001).
Among them, rapid incorporation of manures into arable land
by ploughing is the most cost-effective (Webb et al., 2005).
Incorporation should be as soon after application as possible,
especially after slurry application, as loss rates are high in the
first hours after application (Sommer and Hutchings, 2001).
For slurry, the use of disk or tine cultivators may be as effec-
tive as ploughing (Webb et al., 2005). Incorporating manure
was found to increase (Ferm et al., 1999) or decrease N2O
emissions by soils (Webb et al., 2004). It is therefore not pos-
sible to generalise the effects of manure incorporation into the
soil on N2O emission, most probably because the denitrifica-
tion process in soils depends on many factors (see e.g. Oenema
et al., 2005; Mathieu et al., 2006).

3.1.2.3.3 Spreading the slurry in bands

The application of slurry in narrow bands (i.e. band spread-
ing), rather than over the entire soil or crop surface, by trail-
ing hose or trailing shoe was also shown to be an effective
technique to reduce NH3 losses after liquid manure spread-
ing (Webb et al., 2005). The effectiveness of band spreading
increases if the slurry is placed below the canopy of a well-
developed crop (Webb et al., 2005). Trail hoses or trail shoes
have the advantage of limiting N2O emissions in comparison
with slurry injection, which reduces NH3 emissions reliably

but may greatly enhance N2O emissions (Flessa and Beese,
2000). Injection of slurry also causes higher fuel consumption
(Wulf et al., 2002a). Trail hoses are, in general, more effective
on arable land than on grassland and when used with dilute
than with more viscous slurries, whereas trail shoes are de-
signed more for grasslands (Webb et al., 2005).

Investigating the effect of different application techniques
on greenhouse gas and ammonia emissions from co-fermented
slurry, Wulf et al. (2002a) found that the most effective meth-
ods to limit both GHG and ammonia emissions were trail hose
application with immediate shallow incorporation for arable
land, and trail shoe application for grassland.

One must also consider the indirect effects on GHG emis-
sions of an improved application of manure in the field
(Weiske et al., 2006). For instance, as NH3 losses from the ma-
nure are reduced, there are less indirect emissions of N2O due
to deposition of NH3 outside the field. But as more nitrogen is
effectively applied to soil, nitrate leaching is likely to increase
and hence the derived N2O emissions. This can, however, be
counterbalanced by increased crop yields resulting from the
increased amount of nitrogen available for the crops.

The effects of timing applications to match crop demand are
discussed later in the “crop production” section.

3.1.2.4 Solid versus liquid manure

Depending on the amount of straw used for bedding, the
manure handling chain will manage straw-based manure only,
both solid (straw-based) and liquid (slurry-based) manures or
even liquid manure only. We report here the results of studies
or reviews comparing the emissions of GHG or NH3 of straw-
manure-based systems versus slurry-based ones. From differ-
ent experimental studies, Monteny et al. (2006) concluded
that animal housing and manure stores of straw-based systems
(deep litter) result in greater N2O emissions than the more
anaerobic slurry-based systems. On the other hand, several
studies reported substantially lower N2O emissions following
the application of solid manure compared with the application
of liquid manure (Gregorich et al., 2005).

Concerning CH4, Stolze et al. (2000) estimated that lower
potential CH4 emissions are likely for straw-based manure
because stable manure has a significantly lower metabolic
factor for methane than liquid manure. Conversely, Monteny
et al. (2001) hypothesised that deep litter systems may emit
larger quantities of CH4 than slurry-based systems, due to the
increased temperature in the deep litter bed and (partially)
anoxic conditions resulting from compaction by the animals.
On the other hand, Hansen et al. (2002) estimated that CH4

emissions from deep litter were similar to those of slurry-
based housing systems. The application of solid manure gen-
erally results in higher C storage than slurry (Foereid and
Hogh-Jensen, 2004; Ceotto et al., 2006). Concerning NH3, in-
creased use of straw for bedding is likely to reduce NH3 emis-
sions from housing (Bussink and Oenema, 1998; Stockdale
et al., 2001).

These sometimes conflicting results show the difficulty in
drawing conclusions about the magnitude of GHG and NH3
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Table III. Effects on greenhouse gas and ammonia emissions of mitigation options reported for manure management.

Mitigation options for manure management CH4 N2O CO2 NH3

Housing Increasing the amounts of – – ➔ –

straw used for bedding

Avoiding anaerobic – – – ➔

conditions in the bedding

Storage Emptying the slurry store – – ➔ ➔

before the increase in air

temperature

Cooling the manure tank – ➔ (fossil energy) ➔ ➔

Favouring the formation of a ➔? – ➔ ➔

surface crust

Covering slurry tanks ➔ in cold conditions, – ➔ ➔

➔ in warm conditions

Performing the anaerobic at field application: – at field application: ➔

digestion of the slurry ➔ or 0 0, ➔ or ➔

Performing a mechanical ➔? 0 ➔? ➔

separation

Lowering the pH of slurry ➔ – – ➔

Aerating the slurry ➔? ➔ (fossil energy) ➔
➔

Composting solid manure ➔
➔ during composting ➔ during composting ➔

➔ at application ➔ at application

Compacting and covering ➔ – ➔ ? ➔?

manure heaps

Adding straw to solid ➔ ? – ➔ ➔ ?

manure

Application Spreading manure during the – – ➔ –

techniques coolest part of the day

Incorporating manure ➔ or ➔ – ➔ –

(rapidly)

Spreading the slurry ➔ in comparison with ➔ (fossil energy) ➔ –

bands with trail hoses or slurry injection

trail shoes

Solid versus liquid manure 0?, ➔? or ➔ ? ➔ at housing and storage ➔ (higher carbon storage) ➔

➔ at application

emissions from straw-based manures compared with slurry-
based ones when the whole farming system is considered. It
is all the more difficult to give a generalised conclusion, since
GHG and NH3 emissions closely depend on the techniques
and practices used for livestock housing, manure storage and
manure application. Besides, an efficient comparison of solid
and liquid manure systems needs to take into account the emis-
sions generated by the production of the straw. Finally, at the
whole-farm level, a change in the manure management system
has implications on the balance between grassland and arable
areas, these latter determining the production of straw used for
the bedding.

In conclusion, Table III summarises the effects on GHG and
NH3 emissions of the different mitigation options discussed
for the manure handling chain. An overall reduction of GHG
and NH3 emissions at the manure handling chain requires that
mitigation options are implemented on all its parts, from hous-
ing to application. For housing, the reduction of NH3 and CH4

emissions may be achieved by a judicious management of the
bedding, whereas among the several techniques available at
the storage level, anaerobic digestion seems the most promis-

ing to reduce the overall GHG emissions from storage and
land spreading, without increasing NH3 emissions. At appli-
cation, band spreading effectively reduces emissions, all the
more since the manure is applied to arable land by trail hose
and rapidly incorporated.

3.2. Crop production

For the crop production sub-system, the mitigation op-
tions focus on limiting CO2 and N2O emissions, which are
the main gases produced at this level. The limitation of net
CO2 emissions from cropping systems may be achieved either
by increasing the C storage in soils or plants, or by slowing
the return of stored C into the atmosphere via mineralisation
(or fire). For instance, measures such as the incorporation of
straw aim at enhancing the input of carbon to the soil, while
measures such as reduced tillage aim at reducing the out-
put of carbon from the soil. Mitigation options dealing with
N2O emissions are mainly based on an improvement of the
N-use efficiency of crops, because N2O is generated by soil
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microorganisms largely from surplus mineral N, which may
also lead to nitrate leaching (Syväsalo et al., 2006; Kuikman
et al., 2004; Smith et al., 2008). To a lesser extent, mitigation
options aim to improve soil structure to limit anaerobic sites
favouring N2O emissions (Ball et al., 1999). We will present
the main mitigation options reducing N2O and CO2 emissions
of the crop production system by considering in turn crop ro-
tation, fertilisation and soil tillage.

3.2.1. Crop rotation

Increasing diversity in crop rotation is generally associ-
ated with a positive effect on C sequestration (West and Post,
2002), especially when legumes are introduced (INRA, 2002;
Gregorich et al., 2005). Some crop species favour C storage in
soils, such as crops with large deep root systems and peren-
nial crops, which are generally regarded as allocating more C
below-ground (Rees et al., 2005; Smith et al., 2008). On the
other hand, silage maize, which is characterised by a low re-
turn of crop residues, is thought to decrease the C stock of soils
(INRA, 2002). Perennial crops also have a beneficial effect on
N2O emissions during winter (Gregorich et al., 2005) and on
nitrate leaching losses (Watson et al., 2005), which have gener-
ally been shown to be smaller from perennial than from annual
crops following manure application.

Organic cropping systems are generally characterised by
temporary leys which alternate with arable crops. Temporary
leys have a potential for soil C storage intermediate between
crops and permanent grassland (Soussana et al., 2004). Pro-
longing the lifespan of temporary leys permits one not only
to maintain their C storage for a longer time, but also to in-
crease their storage capacity (INRA, 2002). Part of the addi-
tional carbon stored in the soil during the ley phase is released
when it is ploughed up (Soussana et al., 2004). Ploughing of
the ley results in a rapid mineralisation of soil organic matter
and thus in large CO2 emissions. The release of large quanti-
ties of N from mineralisation of grass/clover residues may also
favour nitrate leaching (Berntsen et al., 2006) and may signif-
icantly contribute to the total N2O emission from cultivated
soils (Flessa et al., 2002; Vellinga et al., 2004).

Nitrate losses following grassland cultivation may be con-
trolled by good management practices, such as delaying
ploughing until late winter or spring for spring crops (Watson
et al., 2005). If spring incorporation of the ley is not possible,
it is advised to establish the following crop early in autumn to
maximise N uptake during autumn (Berry et al., 2002) or to
use efficient catch crops after ploughing. For instance, Eriksen
et al. (2004) showed a considerable decrease in nitrate leach-
ing when replacing the rotation “winter wheat - bare soil”, fol-
lowing the ploughing of the ley, by spring oats and ryegrass
catch crops in the two winters. More generally, cover crops or
“catch crops” may be planted when the period between two
main crops is rather long, with the advantage of reducing ni-
trate leaching after harvest of the main crop in autumn and
increasing the total duration of photosynthesis (INRA, 2002).
The immobilised soil nitrogen is subsequently made available
after incorporation by mineralisation. Therefore, careful atten-

tion to the timing and method of incorporation of the cover
crop, to synchronise mineralisation with periods of high crop
demand (Hu et al., 1997), is very important. However, there are
still uncertainties on how decomposition and mineralisation of
cover crop residues that are incorporated into soil will affect
nitrate leaching over the long term (McNeill et al., 2005). For
enhancing the C storage from cover crops it is preferable to
incorporate them with reduced tillage.

3.2.2. Fertilisation

Mitigation options concerning fertilisation are mainly
based on an improvement of the N efficiently used by crops
to reduce mineral N accumulation in the soil, which may gen-
erate both N2O emissions and nitrate leaching.

3.2.2.1 Improving N-use efficiency

Practices improving N-use efficiency consist of synchronis-
ing N inputs with crop growth and crop uptake, such as, for
instance, adjusting application rates with crop needs or avoid-
ing time delays between N application and plant N uptake (im-
proved timing). However, these mitigation measures reviewed
by Monteny et al. (2006) were mainly devised for farming
systems using mineral fertilisers and not for organic systems
where the supply of soil mineral N is the sum of biological
fixation from legumes, and direct inputs of mineral N from
atmospheric deposits and manure, plus mineralisation from
soil organic matter and other organic materials (crop residues,
manure).

N fixed by legumes represents the major source of N inputs
into organic cropping systems but its quantification is very un-
certain (Nicholas et al., 2004), because its magnitude is reg-
ulated by changes in soil inorganic N and competition from
associated grasses (Ledgard and Steele, 1992). For instance,
the percentage of legumes in a ley decreases with increas-
ing manure application (Hansen, 1996). This feedback mech-
anism has, however, the advantage of limiting the N inputs
to legume/grass soil and consequently regulating the poten-
tial for N losses to watercourses or air (Syväsalo et al., 2006).
Besides, according to Rochette and Janzen (2005), much of
the increase in soil N2O emissions in legume crops would be
attributable to the N released from root exudates during the
growing season and from decomposition of crop residues after
harvest, rather than from biological N fixation per se. Carter
and Ambus (2006) also found that recently fixed N released
via easily-degradable clover residues was a minor source of
N2O in a grass-clover grassland.

The soil mineral nitrogen coming from the mineralisation
of soil organic matter is also hard to predict, since the ac-
tual amount and timing of the mineralisation is influenced
by a number of factors including soil moisture, aeration and
temperature, the nature and accessibility of the organic mat-
ter, previous fertilisation, intensity and timing of cultivation,
and cropping patterns (Stockdale and Rees, 1995; Rasmussen
et al., 1998; Berry et al., 2002). Matching nitrogen supply from
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the mineralisation of soil organic matter with crop demand is
thus a difficult exercise.

In organic farming, improvements in N-use efficiency are
particularly related to an effective use of manures as nutri-
ent resources. This effective management of manure and slurry
must take into account that nutrients in farmyard manure are
available at a slower rate for plant uptake than from slurry
(Watson et al., 2005) and that uncomposted manure contains
more readily available N than composted manure (Berry et al.,
2002). As manures vary widely in composition, depending
on feed composition, quality and quantity of bedding mate-
rial, length of storage and storage conditions (Shepherd, 2000;
Watson et al., 2002), manure analysis may help to predict its
available N. For instance, N content and the C/N ratio of ani-
mal wastes are highly correlated with the N mineralisation rate
(Morvan et al., 2006) and they may be used to predict it. The
use of agronomic models to provide decision support systems
or appropriate management guidelines for organic N fertilisa-
tion is promising but still needs further development (David
et al., 2005; Morvan et al., 2006). These models could help to
improve manure and slurry use; for instance, by determining
the type of manure most beneficial to the different crops of
the rotation over longer periods than a single crop or growing
season to ensure both short-term productivity and long-term
sustainability (Watson et al., 2005). Future improvements in
N utilisation within organic systems could also be made by
breeding crops with traits that improve the capture of avail-
able N and the efficiency with which is it converted to yield
(Berry et al., 2002).

Improved timing of manure application may also help to
prevent nitrate leaching, which generally occurs when large
amounts of nitrate in the soil profile coincide with a period
of high drainage (Di and Cameron, 2002). In areas with light-
textured soils, manures applied in spring pose a smaller risk
for leaching than when they are applied to bare soil in au-
tumn (McNeill et al., 2005). Splitting the annual N application
rates was also shown to reduce nitrate leaching losses for pas-
ture systems, by improving the synchrony between the pasture
N demand and supply (Di and Cameron, 2002). Composting
the manure may also be effective at reducing nitrate leaching
losses, which were shown to be lower from the application
of composted manure compared with its raw materials (Basso
and Ritchie, 2005).

More generally, strategies reducing N leaching will also
limit N2O emissions. Besides, modelling studies showed that
improving farm efficiency of N management would reduce
overall GHG emissions from conventional as well as from or-
ganic dairy farms (Schils et al., 2006; Olesen et al., 2006).
However, N budgets for organic farms are less reliable than
those for conventional farms, particularly because N fixation
represents the predominant N input source for organic farms
(see e.g. Steinshamn et al., 2004) and its estimation remains
highly uncertain even with the use of empirical models. Be-
sides, Olesen et al. (2006) indicated that the N efficiency is
strongly affected by the ratio of crop to animal products in the
farm output. Further investigations are therefore necessary to
confirm this relationship between farm N efficiency and GHG
emissions for organic dairy farms.

3.2.2.2 Timing the effluent application with soil wetness

Another strategy, proposed by de Klein and Eckard (2008)
to limit N2O emissions resulting from fertilisation, is the tim-
ing of effluent application in relation to soil wetness. N2O
emissions were indeed shown to be higher when the slurry
was applied to wet soil compared with drier soil (Saggar et al.,
2004).

3.2.2.3 Sequestering C through an improved fertilisation

Manure management also affects soil organic carbon se-
questration in different ways, the two main ones being biomass
production and N availability. Firstly, fertilisation increases
the primary productivity of crops and therefore the quanti-
ties of above- and below-ground residues added into soil in
unharvested plant parts (Rees et al., 2005). However, the de-
composition rates of the crop residues (mineralised into CO2)
could also be increased for high fertilisation inputs (Rees et al.,
2005). Secondly, soil N availability is one of the main factors
affecting humus formation in agricultural soils (Christopher
and Lal, 2007). Furthermore, manures are a source of C per
se, and the fate of their C in soil (mineralised versus humi-
fied) depends particularly on the biochemical characteristics
of their organic matter (e.g. Morvan et al., 2006), and therefore
on the cattle’s diet and on the straw characteristics. As stated
by Christopher and Lal (2007): “the challenge of sequestering
C in agricultural soils is to increase the concentration of hu-
mus while producing good crop yields and maintaining low
concentrations of N in soil solution and discharging waters”.
The hypothesis put forward by Smith et al. (2000) that the ap-
plication of farm manures to arable soils can increase the soil
carbon stock to a greater extent than application to grasslands
was questioned by Soussana et al. (2004).

3.2.3. Soil tillage

Ploughing is an efficient practice for weed management in
organic cropping systems. However, soil tillage stimulates the
decomposition of soil organic matter, particularly by disrupt-
ing soil aggregates (Balesdent et al., 2000).

3.2.3.1 Limiting soil tillage

Limiting soil disturbance by reduced (shallow) tillage or no
tillage therefore decreases the decomposition rate of soil or-
ganic carbon (Smith et al., 2000; Rees et al., 2005). Depend-
ing on the study concerned, reduced tillage was as effective
as no tillage at storing C in soil (INRA, 2002) or it did not
induce significant change in soil organic carbon (Kern and
Johnson, 1993). Effectiveness of conversion to conservation
tillage on soil organic carbon sequestration also depends on
soil and climatic factors such as texture, temperature and wa-
ter availability (Lal, 2004a; Rees et al., 2005). For instance,
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light-textured and well-drained soils in moist and cool cli-
mates would sequester more soil organic carbon than clayey
and poorly-drained soils (Lal, 2004b). Reduced tillage would
also be more effective where relatively high soil carbon con-
tents occur simultaneously with relatively high decomposition
rates (Vleeshouwers and Verhagen, 2002).

The permanence of the tillage practices is another deter-
mining factor in soil carbon sequestration, because soil carbon
sequestered in arable soils is impermanent and is lost more
rapidly than it accumulates (Freibauer et al., 2004). Agricul-
tural soils that are tilled every few years may contain more
carbon than the same soils cultivated every year (Smith et al.,
1997), but even a single ploughing can drastically accentuate
emissions of CO2 from soil, because of an increase in the rate
of mineralisation (Reicosky et al., 1999).

One must also take into account that the absence of tillage
may lead to higher N2O emissions than conventional tillage,
due to larger soil aggregates, low gas diffusivity and greater
water retention near the soil surface making the soil less aero-
bic (Ball et al., 1999; Smith et al., 2001). The results of studies
comparing N2O emissions from conventional versus reduced
tillage are, however, conflicting (see e.g. Holland, 2004; Smith
and Conen, 2004), like those of studies comparing manure in-
corporation into the soil (as previously reported).

Moreover, the differences in N2O fluxes between the two
tillage systems are likely to change over time. Six et al. (2004)
showed increased N2O fluxes in the first 10 years of adoption
of no-tillage, but lower N2O fluxes in humid climates in no-
till than conventional till after 20 years. These results can be
explained by the transient lower crop yields and the greater
soil water content generally observed in recently established
no-till systems (Six et al., 2004), or by an improvement of the
soil structure with time (Holland, 2004). Conversely, methane
uptake was reported to be significantly increased under no-
tillage (Six et al., 2004). Finally, considering the three GHG
fluxes together, Six et al. (2004) found that no-tillage leads
to an increase in net global warming potential during the first
10 years, but to a strong decrease after 20 years of adoption in
humid climates.

West and Post (2002) and West and Six (2007) found
greater C sequestration for a decrease in tillage intensity as
compared with an increase in rotation complexity, but they
emphasised that increase in soil C following a change in ro-
tation complexity may occur over a slightly longer period of
time. The sequestration of soil organic carbon resulting from a
change in tillage may also depend on the crop species (Wright
et al., 2007).

None of these results take into account the direct machinery
energy consumption. The cultivation of soils by ploughing is
the most fuel-consuming process in the production of arable
crops (Holland, 2004). Conservation tillage has the additional
benefit of saving fuel and therefore of limiting CO2 emissions
(see e.g. Filipovic et al., 2006), even if systems based upon
conservation tillage may require additional operations such as
the creation of a stale seedbed (Holland, 2004).

3.2.3.2 Avoiding soil compaction

Soil compaction by tractor wheels and tillage machinery
may increase N2O emission (Ball et al., 1999) by favouring
the development of anaerobic zones within some of the soil
structural units as a result of the loss of air-filled macrop-
ores (McNeill et al., 2005). Therefore, avoiding compaction
by traffic and tillage may help to reduce N2O emissions, es-
pecially since compaction has a great effect on yield (Hansen,
1996; Stockdale et al., 2001) and thus on C storage and nitrate
leaching.

3.2.3.3 Incorporating crop residues

Incorporation of crop residues tends to increase soil organic
matter, thus storing C in the soil, but N-rich crop residues may
stimulate rapid denitrification and associated nitrous oxide
emissions, even in coarse-textured soils (Velthof et al., 2002).
From a N2O mitigation point of view, incorporating residues
with low N content is better than a homogeneous mixing of N-
rich materials into the soil (Ambus et al., 2001). Incorporation
of N-rich, low C/N ratio residues leads to rapid mineralisation
and a large rise in soil mineral N, while residues low in N, such
as cereal straw, can lead to net immobilisation of N in the short
to medium term (Watson et al., 2002). On livestock farms,
however, straw is more likely to be used for bedding. More-
over, based on a review of published Canadian studies, Gre-
gorich et al. (2005) concluded that ploughing manure or crop
stubble into the soil in the autumn led to higher levels of N2O
production (2.41 kg N-N2O ha−1 year−1) than if residues were
left on the soil surface (1.19 kg N-N2O ha−1 year−1). Minerali-
sation of N from crop residues may also result in nitrate leach-
ing, depending on the quantity of N in the plant material and
its C/N ratio (Berry et al., 2002), on the synchrony between
N release and plant demand (Eriksen et al., 2006), and on soil
texture.

The N content of crop residues also influences soil C se-
questration. Incorporation of crop species producing residues
with high C/N ratios (such as wheat) was shown to favour
C sequestration compared with residues with low C/N ratios,
which stimulated decomposition of native soil organic matter
(Wright et al., 2007). Nevertheless, even low C/N ratio mate-
rials are beneficial for C sequestration after their incorporation
(Rees et al., 2005).

In any case, crop residues should not be burned to avoid
emissions of aerosols (Hays et al., 2005) and of CO2, resulting
in C losses for the system (Lal, 2004b).

In conclusion, Table IV summarises the effects on GHG and
NH3 emissions of the different mitigation options discussed
for crop production. The main mitigation options concern the
introduction of perennial crops or the longer duration of tem-
porary leys, a reduction of the tillage or the improvement of
crop N-use efficiency through effective management of ma-
nure and slurry, by growing catch crops or by delaying the
ploughing of leys. The long-term effects of these mitigation
options are still uncertain because of the difficulty of predict-
ing and controlling the C and N dynamics of organic matter in
soils.
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Table IV. Effects on greenhouse gas and ammonia emissions of mitigation options at the crop production stage.

Mitigation options for crop production CH4 N2O CO2 NH3

Crop rotation

Increasing diversity in crop rotation – – ➔ –

Introducing perennial crops – ➔ ➔ –

Prolonging the lifespan of – – ➔ after ploughing ➔
➔ after ploughing –

temporary leys

Cultivating catch crops – ➔ at short term ➔? at long term ➔ at short term ➔? at long term –

Genetic Breeding crops improving N – ➔ ? – –

selection use efficiency

Fertilisation

Synchronizing N inputs with – ➔ – –

crop uptake

Timing effluent application – ➔ – –

with soil wetness

Improving the fertilisation – ➔? ➔ ? or ➔? –

Soil tillage

Reducing tillage ➔? ➔? or➔ ? ➔ –

Avoiding soil compaction – ➔ ➔ –

Incorporating crop residues – ➔? ➔ –

3.3. Grasslands

In this section we will discuss conversion from arable to
grassland and review mitigation options applicable to grazing
management.

3.3.1. Conversion from arable to grassland

Several studies comparing farmland management options in
Europe have indicated that conversion from arable to grassland
(and to a lesser extent from temporary grassland to permanent
grassland) provides high soil C sequestration potential (INRA,
2002; Smith, 2004). The results of Ammann et al. (2007) sug-
gest, however, that the conversion of arable land to managed
grassland has a positive effect on the carbon balance during the
first 3 years only if the system receives nitrogen inputs. A mod-
erate increase in N supply to nutrient-poor permanent grass-
lands has also been shown in long-term surveys to increase
grassland topsoil organic carbon stocks, except for nutrient-
poor grasslands developed on organic soils (Soussana et al.,
2004). To be effective, the conversion from arable to grass-
land should remain permanent, because the ploughing under
of grassland results in large CO2 and N2O emissions (Vellinga
et al., 2004). Also, carbon losses are much faster after return-
ing grassland to arable use than the build-up of soil carbon
when establishing grassland (Soussana et al., 2004).

Until recently, the general assumption was that soil carbon
fluxes were in balance in permanent pasture, i.e. in the absence
of changes in environmental factors and in land use and man-
agement, an equilibrium value was reached for all soil organic
C pools (e.g. Freibauer et al., 2004; Lovett et al., 2006). How-
ever, the recent results of Soussana et al. (2007) do not con-
firm this concept of carbon sink saturation for permanent semi-
natural grasslands, which displayed net carbon storage. Their
study indicated that extensively managed (i.e. semi-natural)
but N-rich grasslands may store more carbon than highly in-
tensive (i.e. newly sown grass-clover mixtures) grasslands.

Conversion of annual fodder or cereal crops into temporary
or permanent grasslands or conversion of temporary grassland
into permanent grassland means an increasing proportion of
grass in the diet of animals, which often corresponds with an
extensification of the livestock production at the farm level.

3.3.2. Grazing management

3.3.2.1 Livestock density

We will consider here the possible mitigation options in-
duced by the management of the livestock density with a con-
stant herd size, and not the limitation of emissions resulting
from a reduction of the number of animals on the farm. Un-
der continuous grazing systems, the effect of stocking rate on
methane production per animal is not consistent. For instance,
McCaughey et al. (1997) observed a decrease in absolute CH4

emissions (g d−1) and CH4 yield (CH4 energy loss as a percent-
age of gross energy intake, % of GEI) with increasing stocking
rates of steers (1.1 versus 2.2 steer ha−1), while Pinares-Patino
et al. (2007) found only a reduction in the CH4 yields (% GEI)
and not in the absolute CH4 emissions per animal with increas-
ing stocking rates of heifers (1.1. versus 2.2 LU ha−1). When
pastures were rotationally grazed, stocking rates had no effect
on CH4 production (McCaughey et al., 1997).

Increasing livestock density seems not to be an efficient
mitigation option, since the nitrogen surplus increases with
increasing stocking density (Stockdale et al., 2001; Dalgaard
et al., 2002). It is therefore likely to enhance the potential for
N2O losses from urine and dung excreted during grazing, espe-
cially since the increased trampling of grazing animals causes
soil compaction and thus an increase in the number of anaer-
obic sites on the soil, which in turn may favour N2O emis-
sions (Oenema et al., 1997). The surplus nitrogen may also
be lost by nitrate leaching: Eriksen et al. (1999) observed a
tendency towards increased nitrate leaching losses with in-
creasing stocking density. Moreover, modelling results from
Soussana et al. (2004) indicated that the magnitude of the C
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Table V. Effects on greenhouse gas and ammonia emissions of mitigation options for grasslands.

Mitigation options for grasslands CH4 N2O CO2 NH3

Land use Permanent conversion from arable to

grassland (to a less extent from temporary to – – ➔ –

permanent grassland)

Grazing

management

Increasing livestock density ➔ ? or 0? ➔? ➔? –

Selective grazing associated with grass maturity ➔ ? – – –

sink of grazed grasslands declined with the mean annual stock-
ing rate. On the other hand, a drastic reduction in livestock
density is also not recommended, since Allard et al. (2007)
showed that grassland management methods that abruptly re-
duced grazing pressure (1.2 to 0.6 LU ha−1 year−1) and fer-
tiliser input (80 to 0 kg N ha−1 year−1) gradually reduced the
C storage potential of the grassland.

3.3.2.2 Grazing system

There is limited information with regard to the effects of
rotational grazing versus continuous grazing on CH4 produc-
tion. For steers, McCaughey et al. (1997) observed that at low
stocking rates (1.1 steer ha−1), CH4 production (L ha−1 d−1)
was 9% lower for rotational grazing than continuous grazing.

Selective grazing which is associated with grass matu-
rity is likely to limit CH4 emissions. Pinares-Patino et al.
(2003) showed that the grazing of grass at early heading in-
duced a decrease of 10% in CH4 emissions compared with
the grazing of the same grass at a later stage of maturity
when digestibility was lower. Nevertheless, CH4 emissions are
generally more determined by feed intake rather than feed
digestibility (McCaughey et al., 1999; Pinares-Patino et al.,
2007), an increase in feeding level inducing lower CH4 losses
as a fraction of gross energy intake (Boadi et al., 2004).

As EU 1804/99 regulation specifies that the rearing systems
for herbivores are to be based on maximum use of “pasturage”,
we will not discuss mitigation options affecting the length of
the grazing period. This maximum use of grasslands should,
however, be managed in order to prevent adverse effects on
soil (compaction) or vegetation (through overgrazing), which
affect N2O and CH4 emissions (soil compaction) or nitrate
leaching (scarce vegetation), as discussed previously.

In conclusion, Table V summarises the effects on GHG and
NH3 emissions of the different mitigation options discussed
for grasslands. The main mitigation option consists of con-
verting arable to grassland, especially permanent grasslands
which allow C sequestration. Concerning grazing manage-
ment, a higher livestock density may lead to a decrease in
CH4 emissions by the grazing animals, but to an increase in
N2O emissions from their excreta and to a decrease in the C
stored by the grasslands. In the same way, selective grazing as-
sociated with lower stocking density allows a decrease in CH4

emissions through an increasing digestibility of intake com-
pared with a more complete use of grass.

Table VI. Effects on greenhouse gas and ammonia emissions of mit-

igation options for other prospects.

Mitigation options CH4 N2O CO2 NH3

Arable field Introducing hedgerows or tree belts – – ➔ ➔

Farm scale Increasing energy efficiency – – ➔ –

Crop Producing plant oil – – ➔ –

3.4. Other prospects

In this paragraph we give some leads on other types of mit-
igation options that may apply to organic mixed crop-dairy
systems. Their effects on GHG and NH3emissions are sum-
marised in Table VI. Hedgerows or tree belts may be intro-
duced in arable field margins to store carbon, and to recapture
part of the NH3 emitted into the air by the farm (Theobald
et al., 2002). Increasing the energy efficiency is also a way
to reduce CO2 emissions. Diesel savings may be achieved by
technological solutions (e.g. better mechanical efficiency of
tractors, use of wind or solar energy instead of fossil fuel) or by
improved farm machinery management (e.g. optimised field
operations and work planning, see e.g. Dyer and Desjardins
2003; Couvreur, 2006). In the context of organic mixed crop-
dairy systems, the production of biomass for energy (bioen-
ergy crops) is not feasible on a large scale. However, the pro-
duction of small quantities of plant oil that can be used as
fuel and which also provide oil-seed cakes for livestock feed-
ing (see e.g. Brunschwig and Lamy, 2006) is worth study-
ing, though these crops should not be grown in preference to
pastures.

4. DISCUSSION

As discussed at the beginning of this article, to judge the
appropriateness of mitigation options, it is essential to assess
their impact on the carbon and nitrogen cycles at the whole-
farm level. However, as highlighted in this review, it is far
from easy because each mitigation option involves trade-offs
between gases, and because there are often interactions and
feedbacks among mitigation options. The choice of a set of
mitigation options will therefore rely on the careful assessment
of the balance between their beneficial and adverse effects.
The establishment of this balance should consider not only
the overall emissions of GHG and NH3 resulting from the im-
plementation of the chosen mitigation options (including fuel
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Table VII. General characteristics of whole-farm greenhouse gas models (adapted from Schils et al., 2007).

DairyWise FarmGHG SIMSDAIRY FarmSim

Authors Schils et al. (2006) Olesen et al. (2006) Del Prado et al. (2006) Saletes et al. (2004)

Model type Empirical Empirical Semi-mechanistic Semi-mechanistic

CH4 and N2O emissions x x x x

CO2emissions x x x

C sequestration x

NH3 and NO3 emissions x x x x

Pre-chain emissions x x x

Animal welfare x

Biodiversity x

Soil quality x

carbon costs for farm operations), but also their environmental
and agronomic side effects. GHG and NH3 mitigation mea-
sures often have accompanying benefits on other environmen-
tal components than global warming. For instance, C storage
in soils has several unintended beneficial effects on soil fertil-
ity and water quality (see e.g. Lal, 2004a) and hedgerows used
to store C in vegetation have many other valuable functions
(see e.g. Marshall and Moonen, 2002) such as windbreaks or
habitat for wild plants and animals. In addition to the consider-
ation of environmental side effects, it is important to consider
the effects of mitigation measures on animal welfare, which
is another objective of organic farming. Animal welfare may
be affected in several ways: e.g. through the feeding, housing
conditions (type of bedding), presence of shelters (trees) on the
pasture, length of the grazing period, etc. We will not consider
in this article the economic and social aspects of the imple-
mentation of mitigation options (see e.g. Smith et al., 2007).

In this article we have examined the effects of mitiga-
tion options at the farm level. But to draw conclusions about
their positive effects on global change, it seems important
to consider also the emissions generated by the production
and transport of materials needed to implement the mitigation
measures (e.g. purchased concentrates, biogas plant). Besides,
mitigation options also have to be devised for the transport
of dairy farm products (exported from the farm). To reduce
fuel consumption, an off-farm strategy consists, for instance,
of moving to a more regionally-based economy, in which the
producer and consumer are brought closer together (Johnson
et al., 2007).

Another factor to take into consideration is the period
of time needed to establish the balance between beneficial
and adverse effects of mitigation options. GHG (especially
N2O) and NH3 emissions vary greatly over time, particu-
larly because of the influence of meteorological conditions on
physicochemical and biological reactions governing them. The
effectiveness of a mitigation measure will thus show strong
year-to-year variations. Furthermore, the delay between the
implementation of a mitigation measure and the reduction of
the emissions will greatly vary between mitigation options.
For instance, an improvement in the method of applying ma-
nure will have an immediate effect on NH3 emissions, whereas
a change in land management or in soil tillage affecting the soil
properties (and thus soil carbon sequestration and N2O emis-

sions) will probably involve a time scale of several years. Also,
the kinetics of carbon accumulation following change in land
use or grassland management are non-linear, i.e. they are more
rapid during the early years after adopting a practice which
enhances accumulation (INRA, 2002). The balance of a mit-
igation measure may thus change with time. For instance, as
discussed above, Six et al. (2004) found that zero tillage leads
to an increase in net global warming potential during the first
10 years, but to a strong decrease after 20 years of adoption in
humid climates.

The soil and climatic context of each mixed crop-dairy sys-
tem will be important for determining the most effective set of
mitigation options. The soil characteristics, particularly its hy-
dromorphy, will play an important role in the N2O emissions
and in soil organic matter mineralisation; it will also affect the
best time for manure application or soil tillage (trafficability),
and even the balance between grassland and arable areas. This
balance may also determine the amount of straw in the manure
but it is not clear whether slurry or farmyard manure will be
more beneficial for global warming.

Decision support tools would be useful to assess the balance
of different sets of mitigation options by taking into consid-
eration trade-offs, interaction and feed-back among practices
for different time scales and at the farm level, and by evalu-
ating their impact upon environmental and agronomic compo-
nents. Simulation models already exist on the dairy farm scale
(reviewed by Schils et al., 2007; Tab. VII) but they still need
improvements to accurately evaluate mitigation options from
organic dairy farms. In particular, GHG emissions resulting
from legume incorporation and from deep litter mats need fur-
ther research to be accurately modelled. Simulation modelling,
combining biophysical and decisional models, would also help
farmers with their management decisions at both strategic and
tactical levels.

Besides, the assessment of mitigation options (and the vali-
dation of models) is only possible if accurate measurements
of the GHG and NH3 emissions or of the carbon storage
are available. Measuring greenhouse gas emissions for the
different farm components, however, presents serious difficul-
ties (see e.g. the review of McGinn, 2006), particularly be-
cause emissions are characterised by a high spatial and tempo-
ral variability. Measurements are necessary, not only to assess
the efficiency of mitigation options but also to identify all the
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major sources of GHG emissions of mixed crop-dairy systems,
some of which may currently be underestimated, such as, for
instance, ditches or fresh heaps of maize silage (Hensen et al.,
2006).

5. CONCLUSION

The most promising mitigation options are firstly measures
that increase energy efficiency or fuel savings, because they
are beneficial in any case. Secondly, techniques improving ef-
ficiency of N management at field and farm levels should also
be promoted because they affect not only N2O and NH3 emis-
sions, but also nitrate leaching. A better use of N at the farm
level is, however, confronted by difficulties in organic mixed
crop-dairy systems, either to optimise the total N intake of the
livestock or to improve the N-use efficiency of crop and grass
production. For instance, the management of the N content of
the diet has to cope with the varying and unpredictable pro-
portion of legumes in pastures, and the mineral N content of
the soil is difficult to control through application of manures
and incorporation of crop residues. Thirdly, biogas production
through anaerobic digestion of manure seems a promising and
efficient way to mitigate GHG emissions, but the profitability
of this expensive investment needs to be studied in the local
context before its implementation. Last but not least, the way
the farmer will implement the mitigation options, i.e. his prac-
tices, will be a determining factor in the reduction of GHG and
NH3 emissions. Some techniques such as composting may or
may not be considered as a mitigation option, depending on
the farmer’s practices.

Options aiming to reduce GHG and NH3 emissions result in
numerous trade-offs between air pollutant emissions and nutri-
ent flows that may occur in all the components of the farming
system, and that may involve time scales of decades or even
more. Before its implementation, a mitigation option should
therefore be assessed in the context of the whole farming sys-
tem or even larger by including pre- and post-chains, at least
on the time scale of the crop rotation and if possible, by con-
sidering other issues than global warming, e.g. water quality,
soil fertility, animal welfare, biodiversity, etc. The interactions
and feedback that can take place among a set of mitigation op-
tions also have to be considered. The determination of the most
effective set of mitigation options would thus benefit from the
development of decision support tools based on dynamic mod-
els of the C and N cycles of the whole farming system.
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