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Executive Summary
7.

The executive summary must not exceed 2 sides in total of A4 and should be understandable to the
intelligent non-scientist. It should cover the main objectives, methods and findings of the research, together
with any other significant events and options for new work.
Robust emission inventories of atmospheric pollutants are critical to understanding and predicting impacts,
identifying key sources and mitigation opportunities. The objective of this study was to review the extent to
which land management is accounted for in the UK National Atmospheric Emissions Inventory as a source
of emissions of ammonia (NH3), nitrous oxide (N2O), nitrogen oxides (NO x), organic nitrogen (Norg),
methane (CH4), non-methane volatile organic compounds (NMVOC), particulate matter (PM) and heavy
metals (HM), in comparison with the current state of scientific knowledge; to ascertain whether there is
evidence for significant gaps or that key emission sources may have been overlooked.
The first step in identifying these unknowns was to review the current (2007) UK National Atmospheric
Emissions Inventory for each atmospheric pollutant, identifying current emission estimates from land
management sources. Potential missing sources were then identified through a combination of literature
review, expert knowledge and indications from atmospheric budgets that emission estimates were too low.
Additionally, sources currently accounted for, but with large uncertainty were also highlighted. Sources
were categorised broadly as soil (grassland, cropland and forest soils, cultivation operations, fertiliser and
pesticide applications, land use change and riparian zones), plants (crops, forests, burning), livestock
(direct emissions and from excreta) and other (including treatment and land application of organic
residues). Consideration of the final category is particularly important, given the increasing emphasis on
the potential of anaerobic digestion as a renewable energy source and the increasing need to recycle
organic residues from a range of domestic and industrial sources back to agriculture rather than to landfill.
Results of the review can be briefly summarised for each atmospheric pollutant as follows, with estimates
for the major unaccounted sources show in Table ES1:
Ammonia
More than 90% of NH3 emissions in the UK inventory are associated with land management sources.
There are not considered to be any major unknown sources of NH 3 emission from land management,
although there may still be considerable uncertainties in the estimates from many of the known sources
(e.g. for outdoor pig and poultry systems where little or no measurement data exist and estimates are
based largely on expert opinion). Emissions due to crop senescence are not currently included in the
inventory and net emissions have been reported for cereal crops between anthesis and harvest. Across all
UK crops, this could potentially increase the emission inventory total by up to 5%. The treatment and land
application of organic residues arising from a number of sources represents an area where activity is likely
to increase but current quantification of emissions is poor.
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Nitrous oxide
The UK inventory of N2O emissions accounts for emissions from nitrogen applied to soils as fertiliser and
livestock excreta and from livestock manure management (together accounting for >70% of total UK
emissions) and processes leading to emission are generally well understood. However, IPCC default
emission factors are applied for the majority of these sources resulting in considerable uncertainties in the
estimates; the use of country-specific emission factors derived from the growing body of UK experimental
data and/or through the use of process-based models could reduce these uncertainties. Nitrous oxide
emissions associated with land use change are currently not reported in the UK emission inventory
because the estimate produced using IPCC guidance methodology is unrealistically large and there is a
lack of relevant empirical data. Further work providing empirical datasets and validated models for UK
conditions for land use changes are required to provide a robust estimate for this source. There is limited
knowledge regarding emissions from composting and the recycling to land of organic residues from
household or industrial sources.
Nitrogen oxides
Nitrogen oxides comprise nitric oxide (NO) and nitrogen dioxide (NO 2). In the atmosphere, NO and NO2
can readily interconvert with one another and have extremely short lifetimes and so are more often
considered together as NOx. Land management currently accounts for <1% of total UK NO x emissions.
Although there are known sources (soils, manure management), quantification is often uncertain or
missing. Improved quantification is unlikely to have a significant impact on the UK NOx emission inventory
total as these sources are so small in comparison with other sectors. However, improved quantification
may be important to develop a better understanding of tropospheric ozone formation in rural areas.
Organic nitrogen
There is very limited knowledge about sources and processes leading to emissions of N org, and the role
that these may play in local and global nitrogen budgets. Organic nitrogen compounds are overlooked
components of the transfer of nitrogen from the atmosphere to the earth’s surface. Recent reviews have
indicated that the contribution of water-soluble organic nitrogen in precipitation to wet deposition may be
up to one-third of the total, yet little is known about the chemical composition, form or sources of this
material.
Methane
Emissions from land management account for >70% of total UK CH 4 emission, with enteric fermentation
by ruminants representing by far the major source. This is fully accounted for in the current UK CH 4
emissions inventory, although largely using default IPCC emission factors. A move to a more countryspecific methodology would improve the accuracy of the inventory and the ability to predict the impacts of
differing management or mitigation scenarios. Soils can act as a net source or sink of CH4 and, while more
understanding of the processes involved is required, overall impact of including emissions from soils in the
UK inventory is likely to be small. Reports from Australia of soil oxidation in grazed pastures providing a
CH4 sink which can exceed enteric emissions of the grazing livestock are not considered to apply to UK
conditions, where oxidation rates of soils in productive pastures are much lower and livestock densities
much greater. However, further research to provide more robust oxidation rates associated with different
soil types, land uses and management practices is warranted. There is no suggestion that direct
emissions from plants might be considered a significant source of CH 4 under current UK conditions.
Although emissions from manure management are included in the current inventory, using IPCC
-2
-1
methodology, recent measurements showed significant CH4 emissions (up to 4 kg m year ) from smallscale features on farmland not currently accounted for in the UK inventory, including seepage to soil from
liquid and solid manures, poached land surrounding feeding and water troughs, waterlogged areas and
gateways.
Non-methane volatile organic compounds
Biogenic emissions from plants are estimated to account for 90% of total global NMVOC emissions.
Emissions from managed crops, pastures and forests have not been robustly quantified for UK conditions
and could have important local impacts on troposphere ozone formation. Emissions from livestock and
livestock manures may represent a significantly underestimated emission source, potentially increasing
the UK inventory by >10%.
Particulate matter
10% of PM10 emissions are currently estimated to arise form land management sources, predominantly
form housed livestock. Many uncertainties remain regarding emissions of PM from agriculture and other
land management operations. Improved quantification of emission rates from different sources, and the
factors influencing these, is needed, as is an improved characterisation of the types of PM from each
source; the health impacts of a particulate arising from soil tillage may be quite different from those of a
particulate from an intensive poultry house.
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Heavy metals
Emissions of HM from land management sources are not currently included in the UK inventory. There are
large uncertainties as to the role of agriculture and land management in emissions of HM to the
atmosphere (potential sources include contaminated soil particulates), which, although likely to be
substantially lower than from industry and traffic sources, may be significant enough to warrant inclusion in
the UK inventory.
Importance in the context of Global Warming
Land management is an important source of both N2O and CH4, which have large global warming
potentials (GWP). Short-lived chemically active gases (NO x and NMVOC) can have an indirect effect on
greenhouse gases (mainly CH4 and ozone) and aerosols will also directly and indirectly impact on global
warming, both positively and negatively. New metrics are being developed in addition to the commonly
used GWP, which may better account for the different atmospheric lifetimes of the various gases and
improved modelling aims to better account for interactions between gases and aerosols. This increases
the importance, therefore, of robust quantification of emissions of both long- and short-lived species from
land management sources and highlights the need for integrated assessment of policies targeting air
quality (largely the shorter-lived species) and climate change (the longer-lived species).
Table ES1. Major unaccounted sources in the context of current (2007) emission estimates
Species
Source
Emission
As % of 2007 UK
As % of 2007
estimate
land management
total UK
(kt)
emission
emission
NH3
Crop senescence
2 - 12
1–4
1-4
Composting
3 - 50
1 – 19
1 – 17
N2O
Land use change
up to 7
up to 9
up to 6
Composting
0.3 - 1
<1 - 1
<1 - 1
NOx
Soils
13 - 38
1300 - 3800
<1
CH4
Composting
5 – 25
<1 - 1
<1 - 1
On-farm ‘wet patches’
> 250
>14
>10
NMVOC Crops
76 - 113
690 - 1030
8 - 12
Livestock
20 - 165
180 - 1500
2 - 18

Emission
estimate as
Mt CO2eq
up to 2.1
0.1 – 0.3
0.1 – 0.6
>6.3
<0.1 – 0.6
<0.1 – 0.9

In conclusion, there exists a range in the degree to which emission sources of atmospheric pollutants from
land management sources have been captured in the UK National Atmospheric Emissions Inventory and
in the uncertainties associated with the estimated emissions. For emissions of NH3, N2O and CH4, the
processes leading to emission are largely understood and all major sources are thought to be captured in
the current inventory, with the exception of N2O emissions from land use change and CH 4 emissions from
unmanaged on-farm ‘wet patches’. The latter, in particular, may add considerably to the current
greenhouse gas inventory for UK agriculture and more robust measurements and estimates of total source
area are required. Quantification of uncertainties in the estimates for some of these sources is still
required, as is an assessment of the improvement in accuracy of estimates through the development of
country-specific emission factors for N2O and CH4 in particular. There is very limited knowledge about
sources and processes leading to emissions of Norg, and the role that these may play in local and global
nitrogen budgets. Land management is known to be a source of NO x, NMVOC and PM emissions, and
potentially also HM emissions. Improved quantification is required to assess the importance of land
management as a source of these pollutants in comparison with other sectors and, if appropriate, to
determine the potential for mitigation. There is also a need for further consideration of the interaction
between chemically active short- and longer-lived atmospheric gases and aerosols and the potential
implications on climate change predictions and associated policy development.

Project Report to Defra
8.

As a guide this report should be no longer than 20 sides of A4. This report is to provide Defra with
details of the outputs of the research project for internal purposes; to meet the terms of the contract; and
to allow Defra to publish details of the outputs to meet Environmental Information Regulation or
Freedom of Information obligations. This short report to Defra does not preclude contractors from also
seeking to publish a full, formal scientific report/paper in an appropriate scientific or other
journal/publication. Indeed, Defra actively encourages such publications as part of the contract terms.
The report to Defra should include:
 the scientific objectives as set out in the contract;
 the extent to which the objectives set out in the contract have been met;
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details of methods used and the results obtained, including statistical analysis (if appropriate);
a discussion of the results and their reliability;
the main implications of the findings;
possible future work; and
any action resulting from the research (e.g. IP, Knowledge Transfer).
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1. Introduction
Inventories of UK anthropogenic emissions of air pollutants and greenhouse gases are compiled annually (e.g.
Dore et al., 2008; www.naei.org.uk) as part of the UK obligation under international legislation for monitoring and
reporting (e.g. the United Nations Framework Convention on Climate Change, the UNECE Convention on Long
Range Transboundary Air Pollution, The EC National Emission Ceilings Directive). Such inventories are also
important in providing information to policy makers on the key polluting sources, so that informed decisions can
be made in developing mitigation strategies. Significant uncertainties or omissions from such inventories may
result in significant errors in the prediction of potential policy impacts and the implementation of inappropriate
measures. For example, the suggestion by Keppler et al. (2006) that living plants are a significant source of
methane (CH4), although since widely refuted (Nisbet et al., 2009; Dueck et al., 2007), would have had important
implications for the global CH4 budget and the role of natural sources of CH4 in climate change. This review
focuses on air pollution and greenhouse gas emissions arising from land management (predominantly agriculture
and forestry) in the UK, attempting to identify key unknowns and uncertainties and the implications these may
have for policy development and future research requirements.
The atmospheric pollutants considered in this review are ammonia (NH 3), nitrous oxide (N2O), nitrogen oxides
(NOx), organic nitrogen (Norg), methane (CH4), non-methane volatile organic compounds (NMVOC), particulate
matter (PM) and heavy metals (HM). Ammonia is of concern because of potential damage to sensitive
ecosystems through acidification and eutrophication, and also because of its role in the formation of secondary
PM (through reaction in the atmosphere with sulphate or nitrate) and their implications regarding human health
(Erisman et al., 2007). Nitrous oxide and CH4 are powerful greenhouse gases, with global warming potentials of
298 and 25 times that of carbon dioxide, respectively (Forster et al., 2007). Nitrous oxide is now also considered
as the major anthropogenic emission causing stratospheric ozone depletion (Ravishankara et al., 2009). Nitrogen
oxides are associated with human health impacts (respiratory diseases), contribute to the production of
photochemical smog in the presence of sunlight and in the formation of tropospheric ozone (with similar human
health effects and also leading to crop yield reductions and ecosystem damage) if VOC are also present (Pandis
et al., 1991). The sources, composition and deposition of N org in the atmosphere are important in understanding
local and global nitrogen budgets and their environmental impacts (e.g. Neff et al., 2002). Atmospheric deposition
of HM to aquatic and terrestrial ecosystems can have direct toxic effects on plants and animals, as well as wider
impacts, as they accumulate through the food chain.
2. Scientific objectives
The objective of this study was to review the extent to which land management is accounted for as a source of
emission of these various atmospheric pollutants and greenhouse gases according to the current state of
scientific knowledge and to ascertain whether there is evidence for significant gaps, uncertainties or key emission
sources that may have been overlooked.
3. Approach
‘Unknowns’ were defined according to 4 categories:
a)
b)
c)
d)

Unknown source with unquantified emission;
Known source with unquantified emission;
Known source with a rough estimate, but unknown uncertainty;
Known from estimates for other parts of the world, but no specific data for the UK.

The first step in identifying these unknowns was to review the current (2007) UK emissions inventory for each
atmospheric pollutant (Table 1, excepting Norg, which is not reported). Data for Table 1 were taken from the UK
National Atmospheric Emissions Inventory web-site (http://www.naei.org.uk/), where emission sources are
categorised according to the EMEP/CORINAIR Nomenclature for Reporting (NFR) categories. Those considered
as land management for the purposes of this review include Agriculture (NFR 4), Forest and Grassland
Conversion (NFR 5) and some elements of Waste Management (NFR 6). In the current UK inventory of
atmospheric pollutants, therefore, land management sources account for the majority of NH 3, N2O and CH4
emissions, are a significant source for emissions of PM10, but could be considered insignificant for NO x, NMVOC
and HM.
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Table 1. Total UK emission of selected atmospheric pollutants in 2007 and the proportion arising from land
management (Dore et al., 2008)
Total anthropogenic
UK emission

Emission from UK land
†
management sources
(kt)

Proportion from land
management sources
(%)

(kt)
NH3
289
267
92
N2O
110
81
73
NOx
1486
1
<1
CH4
2327
1840
79
NMVOC
942
11
1
PM10
135
14
10
HM
Varies with metal
unknown
unknown
†
Agriculture, forest and grass conversion, solid waste disposal to land, composting and anaerobic digestion
Potential missing sources were then identified through a combination of literature review, expert knowledge and
indications from atmospheric budgets that emission estimates were too low. Sources were categorised broadly as
soil (grassland, cropland and forest soils, cultivation operations, fertiliser and pesticide applications, land use
change and riparian zones), plants (crops, forests, burning), livestock (direct emissions and from excreta) and
other (including treatment and land application of organic residues other than livestock excreta). Consideration of
the final category is particularly important, given the increasing emphasis on the potential of anaerobic digestion
as a renewable energy source and the increasing need to recycle organic residues from a range of domestic and
industrial sources back to agriculture rather than to landfill.
4. Results and Discussion
A summary of the current state of knowledge regarding potential UK land management emission sources for each
of the considered atmospheric pollutants is given in Table 2.
4.1 Ammonia
Detailed emission inventories for agricultural (Misselbrook et al., 2000) and non-agricultural (Sutton et al., 2000)
sources revealed emissions to be lower than expected from atmospheric budget studies (Sutton et al., 2000).
This gap was closed to a large extent through further refinement of inventory estimates and, in particular, the
inclusion of emissions from outdoor yards used by livestock which had previously not been accounted for
(Misselbrook et al., 2006; Misselbrook et al., 2001). There are not considered, therefore, to be any major
unknown sources of NH3 emission from land management, although there may still be considerable uncertainties
in the estimates from many of the known sources (e.g. for outdoor pig and poultry systems where little or no
measurement data exist and estimates are based largely on expert opinion). Direct emissions from livestock via,
e.g., sweat have not been discretely quantified, but are accounted for in measurements of emission from livestock
housing or grazing.
Decomposition of litter on forest floors might be expected to be associated with NH 3 emission, although reports of
measurements specifically from this source were not found. (Razgulin and Stepanov (2009) reported a small flux
from the soil under a Russian bilberry-birch forest). More generally, forests and other extensively land areas are
associated with net deposition of NH3, although there can be short periods of emission (e.g. Horvath, 2004;
Sutton et al., 1997; Sutton et al., 1993a). Non-inclusion of these sources in the UK NH 3 emission inventory is
therefore of little significance, although inclusion of bidirectional NH3 exchange from such land areas is important
in subsequent transport and deposition modelling.
Burning biomass, whether above-ground vegetation or organic soils, produces ammonia (NH 3) gas. An estimate
of NH3 emissions from controlled biomass burning in the UK can be made on the assumption that this is
dominated from muirburn of heather moorlands. There are no data available for measurements of emissions from
heather burning specifically, so estimates are based on the proportion of ‘fuel’ N emitted as NH3 or the ratio of
NH3 emission to ‘fuel’ dry matter derived from a number of biomass burning studies (e.g.Bertschi et al., 2003; Lee
and Atkins, 1994; Allen, 1964). Although considerable uncertainty exists in the estimate of emission for this
source, a top of the range estimate would still represent <1% of total UK NH3 emission.
Bidirectional exchange of NH3 in fertilised agricultural grassland and crops has been relatively well studied in
recent years and it is known that there are periods of net emission associated with fertiliser applications and
periods of crop senescence (Milford et al., 2009; Nemitz et al., 2000; Sutton et al., 1993b; Whitehead et al.,
1988). The current UK inventory estimate of NH3 emissions from fertiliser applications to crops and grassland
acknowledges that the emission derives from the combined soil and plant system (Misselbrook et al., 2004).
However, emissions due to senescence are not currently included in the inventory. Schjoerring and Mattsson
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(2001) reported seasonal emissions of 1 - 5 kg ha from fertilised arable crops in Denmark, representing 1 - 4%
of applied fertiliser nitrogen, with 50% or more occurring between anthesis and harvest. Across UK crops, this
could potentially increase the emission inventory total by up to 12 kt NH3.
Riparian zones would not generally be associated with direct nitrogen inputs as part of water quality management
plans and significant NH3 emissions would not be expected. Measurements from a grazed riparian ecosystem in
the USA (Walker et al., 2002) were of the same order as emissions from conventionally grazed pasture systems,
so there would be no justification for adding this as a discrete source to the UK inventory. Inland fish farming
enterprises may be associated with NH3 emissions (Aubin et al., 2006; Gross et al., 1999), although the scale and
magnitude of these is likely to be small.
Composting of organic residues is associated with NH 3 emissions, although for green waste (grass, woodchips,
prunings) these emissions might be considered biogenic and may even be lower from composting than from
natural degradation (Chou and Buyuksonmez, 2006). Ammonia emissions from composting of household waste,
which contain significant quantities of food waste, can be up to 30% of the initial nitrogen content, depending on
operating conditions, although some of this may be recovered in condensate (Jarvis et al., 2009; Eklind et al.,
2007; Beck-Friis et al., 2001). Assuming that approximately 10 million tonnes of UK household waste is
composted, with a total N content of between 0.5 - 2% and an emission of between 5 – 20% of initial total N, NH3
emission from this source could be in the range 3 – 50 kt NH3. Active composting of livestock manure (i.e.
regular turning of the manure heap) increases NH3 emissions compared with conventionally stored manure
(Parkinson et al., 2004), although this is not currently widely practised in the UK. Anaerobic digestion of livestock
slurries results in a material with a lower total solids content and a higher pH (Sommer, 1997; Sommer and
Husted, 1995), potentially increasing NH 3 emissions from post-digestion slurry stores if left uncovered. However,
the counteracting influences of the pH and total solids content changes may result in little overall difference in
NH3 emissions following land spreading of digested compared with undigested slurry (Pain et al., 1990). Codigestion with food waste or other organic residues can increase the amount of nitrogen in the system and
potentially increase NH3 emissions depending on operating and storage conditions. Subsequent application of the
digestate to land also represents an emission source. The treatment and land application of organic residues
arising from a number of sources therefore represents an area where activity is likely to increase but current
quantification of emissions is poor.
4.2 Nitrous oxide
Nitrous oxide emissions arise predominantly from the processes of nitrification and denitrification, with soils being
the major source. In general, N2O production increases with increasing concentrations of ammonium and nitrate,
available organic C (carbon) content and with increasing soil wetness and soil density (Skiba and Smith, 2000).
However, when the soil becomes too wet, N2O is further reduced to N2, therefore N2O emissions decrease
(Davidson, 1991). The UK inventory of N2O emissions accounts for emissions from nitrogen applied to soils as
fertiliser and livestock excreta and from livestock manure management. However, IPCC default emission factors
are applied for the majority of these sources, resulting in considerable uncertainties in the estimates; the use of
country-specific emission factors derived from the growing body of UK experimental data and/or through the use
of process-based models with detailed activity data could reduce these uncertainties substantially.
The influences of soil cultivation, irrigation and drainage on N 2O emissions depend on soil conditions. Ploughing
and drainage of a heavy soil, in which denitrification to N 2 dominates over N2O, would increase rates of N2O
production and emission. For a less heavy soil, the opposite may be the case. Irrigation would promote the
anaerobicity required for denitrification. Depending on the soil characteristics, this may increase N 2O emissions
or, for a heavier soil, may promote denitrification to N 2, thereby reducing N2O emissions. While some data and
models are available (e.g. Chen et al., 2008), significant uncertainties exist in our ability to quantify the effect of
these processes on N2O emissions.
Nitrous oxide is also produced in soils during nitrate ammonification, but the contribution of this process to
emissions from soils is unknown. While likely to be a small source in comparison with denitrification, little is known
about the environmental conditions conducive to this process. Current research (Defra project AC0105) seeks to
address this and provide information on the potential magnitude of this source and for finding conditions
conducive to the mitigation of N2O production during ammonification, which are likely to differ from those for
denitrification.
Nitrous oxide concentrations in the soil are much larger than in the atmosphere, and consequently the soil water
may be supersaturated with N2O. This can result in plant mediated emissions, with emissions of N2O through the
plant leaves (e.g. Chang et al., 1998). For most short vegetation, plant mediated emissions are accounted for by
the typical chamber measurements. However the importance of this transport in larger crops and trees, in
particular on soils likely to have large concentrations of N2O has yet to be determined.
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Nitrous oxide emissions associated with land use change are currently not reported in the UK emission inventory
because the estimate produced using IPCC guidance methodology (c. 7 kt N2O) is very uncertain and there is a
lack of relevant empirical data (Jackson et al., 2009). Land use change is generally associated with net
mineralization (e.g. conversion of forests or grassland to cropland) or immobilization (e.g. conversion of cropland
to grassland) of soil nitrogen, thereby increasing or decreasing the potential for N 2O emissions, respectively.
Further work providing empirical datasets and validated models for UK conditions for land use changes is
required to provide a robust estimate for this source. Emissions due to changes in fertiliser use associated with
land use change are accounted for in fertiliser use statistics as input to the UK emission inventory. The total area
in the UK converted to wetlands is restricted to small insignificant areas of newly created riparian zones, along
rivers in nitrogen vulnerable zones (NVZ). This activity has a potential to decrease N 2O emissions, if the soil
water filled pore space (WFPS) can be maintained above 90% (Skiba and Smith, 2000). Anaerobic conditions
and the accumulation of soil organic matter content favour denitrification to proceed to N 2 rather than stop at N2O
production, which is generally the case in more aerobic soils.
-2

Composting is a source of N2O. A study on household waste showed emissions ranging from 1–1464 mg N2O m
-1
day . This large range in emissions indicates the importance of compost management (Beck-Friis et al., 2000).
Composting of green waste was shown to have an emission factor of 0·5% of the total nitrogen content of the
initial material (Hellebrand, 1998). Assuming 10 million tonnes of UK household waste is composted, with a total
N content of between 0.5 – 2%, this would increase the estimate of total UK N 2O emissions by 0.3 – 1.5 kt N2O.
Organic amendments to land containing carbon and nitrogen will be a potential source of N 2O emissions. Apart
from livestock manures, these are not currently accounted for in the UK N 2O emissions inventory. Further work is
required to characterize the composition of such amendments and predict the subsequent N2O emissions for
given application rates, timings and conditions.

4.3 Nitrogen oxides
Nitrogen oxides comprise nitric oxide (NO) and nitrogen dioxide (NO 2). In the atmosphere, NO and NO2 can
readily interconvert with one another and have extremely short lifetimes and so are more often considered
together as NOx. As for N2O, NO emissions from soils are a product of microbial nitrification and denitrification,
with the ratio of NO and N2O emission to the atmosphere being controlled by soil physical and chemical
characteristics, soil management and climate (Skiba et al., 1997).
Soil N2O fluxes from the dominant terrestrial ecosystems in Europe have been studied extensively, but similar
research on NO is limited to many fewer studies. Reasons for this are that it is more complex to measure NO
fluxes and, whereas soil microbial processes are the main source of N 2O, they only contribute to less than 10% of
total NOx emissions in industrialised nations and only 3% in the UK (Stohl et al., 1996).
Measurements of NO in livestock breath have been made in relation to detecting respiratory diseases (Roller et
al., 2007), but concentrations are extremely small and this can be considered an insignificant source. Livestock
excreta spread onto fields are a known source of NO (e.g. Vallejo et al., 2005; Paul et al., 1993). Emissions from
other organic amendments applied to soils are likely to be of the same order, related to N input, although the C:N
ratio of the amendment is also likely to be an influencing factor. Groenestein and Faassens (1996) showed that
deep litter housing for pigs was only a very small source of NO emission. However, there is little information on
NO emissions from manure storage systems. Anaerobic and wet manure storage systems are an unlikely source
of significant rates of NO, but dry storage systems and dung heaps may be, especially during low rainfall periods
when the surface layer may be well aerated and promote nitrification and NO release.
Nitric oxide emissions from fertiliser applications to soils have been better quantified and modelled than from
other land management sources, with data suggesting emission factors broadly similar to those for N 2O (Stehfest
and Bouwman, 2006; Bouwman et al., 2002). Soil tillage reduces the WFPS and increase the air filled porosity of
the soil, thereby increasing aerobic microbial processes, including mineralisation and nitrification, and has been
shown to significantly increase NO emissions (Pinto et al., 2004; Skiba and Ball, 2002; Yamulki and Jarvis, 2002;
Skiba et al., 1997). Based on the limited data available, Skiba et al. (1997) estimated an emission from UK
agricultural soils of between 13 – 38 kt NO. Information on NO emissions from forest soils also exists. A forest
specific version of the DNDC model has been developed (Butterbach-Bahl et al., 2001) and applied to simulate
NO emissions from all European forests (Kesik et al., 2005). Butterbach-Bahl et al. (2009) used combined
agricultural and forest versions of DNDC to estimate European-wide soil NO emission, estimating that it
contributed 4-6% of total NOx, but that the contribution may increase to >10% in early summer, when fertilizerinduced emissions peak.
Plants can act as a significant sink for NO x (Fowler et al., 1998; Davidson and Kingerlee, 1997) but also as a
direct source of NO. It has been shown that senescing leaves emit NO together with ethylene (Leshem et al.,
1998). Nitric oxide emission rates from intact leaves are generally low and only account for 0.01–0.1% of the
nitrate reductase activity in the tissue (Rockel et al., 2002). Wildt et al. (1997) showed a direct relationship
between NO emissions and CO2 uptake by a range of plants. From this relationship he deduced that globally
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plants emit 0.23 Tg N y , which is less than 0.5 % of the total global NO x emission. For short vegetation, chamber
measurements will account for direct plant emissions in addition to soil flux, but direct plant emissions may not
have been fully considered for taller crops and forests.
Processes associated with land use change that influence N 2O emissions are also likely to influence NO
emissions in a similar way, although little or no data exist for this source. Similarly, no data exist for NO emissions
from riparian zones, but these are unlikely to represent a significant source.
Literature values for NO emissions from composting could not be identified. However, Hellebrand (1998) showed
that N2O and CH4 emissions from the composting of green waste could be reduced by aeration, suggesting that
under those conditions NO emissions are likely to be the dominant source of N release. If aeration of composts
becomes a commonly used practice to mitigate possible N 2O and CH4 emissions, then the importance of NO
should be investigated.
Land management is known to be a source of NOx emissions, although quantification from discrete sources is
often uncertain or missing. Improved quantification is unlikely to have a significant impact on the UK NO x
emission inventory total, as these sources are so small in comparison with other sectors. However, improved
quantification may be important to develop a better understanding of tropospheric ozone formation in rural areas.
4.4 Organic nitrogen
Organic nitrogen compounds are overlooked components of the transfer of nitrogen from the atmosphere to the
earth’s surface. Recent reviews (Cornell et al., 2003; Keene et al., 2002; Neff et al., 2002) have indicated that the
contribution of water-soluble organic nitrogen (WSON) in precipitation to wet deposition may be up to one-third of
the total, yet little is known about the chemical composition, form or sources of this material. Initial scepticism
about the nature of WSON has to some extent been dispelled (Cape, 2001), but the broad range of possible
composition and emission sources means that the transfer pathways are still somewhat uncertain. It is known, for
example, that both biological and chemical processes interconvert inorganic and organic nitrogen (Zhang and
Anastasio, 2003; Calvert, 2002), but it is not clear how much biological and chemical activity may occur in the
atmosphere or on the surfaces of sampling equipment. The presence of both gaseous and particulate WSON in
the atmosphere implies that dry deposition is an important but yet unquantified pathway for transfer of organic
nitrogen to the earth’s surface.
Recent studies in the UK have shown that the careful application of quality control measures can result in the
unequivocal measurement of Norg in precipitation (Cape, 2001). The use of a biocide as a general principle
prevents microbial degradation of a rain sample both during and after sampling, although in practice, microbial
losses may be small at low ambient temperatures. Application of these techniques to a network of sites across
the United Kingdom over a period of up to 2 years showed a consistent pattern of N org in rainfall across the
country. Expressed as a percentage of total water-soluble nitrogen, the contribution of Norg was least in the north
and east of the country and greatest in the south and west, and ranged from 24 to 40% (Cape et al., 2004).
+
Although there appeared to be a positive correlation between annual average N org and ammonium (NH4 )
+
concentrations across the sites, the seasonal patterns showed that Norg and NH4 were not strongly correlated
through the year.
The chemical composition of the water-soluble Norg is not known. The sources of these compounds in air and rain
are also unknown; possibilities include urea and amines (from agriculture), hydrogen cyanide and methyl cyanide
(from biomass burning), organic nitrates (from NO x and NMVOC emissions) and biological debris
(resuspended/emitted). The quantities of emissions of water-soluble Norg are likely to be comparable to those of
NH3.
Although the contribution of organic N to both wet and dry N deposition is very uncertain, it is likely that some if
not all water-soluble organic N compounds such as amino-acids are readily assimilated by plants (e.g. GalletBudynek et al., 2009) and therefore may contribute directly to eutrophication. Moreover, some components such
as nitrophenols are thought to be phytotoxic (Natangelo et al., 1999). The difficulty in measuring and quantifying
such compounds has meant that our estimates of N deposition are systematically low by a significant proportion
over much of the UK.
4.5 Methane
Enteric fermentation by ruminants represents the major source of CH 4 emissions from land management
activities. This is fully accounted for in the current UK CH 4 emissions inventory, although largely using default
IPCC Tier 1 emission factors. A move to a more country-specific methodology (Tier 2 or Tier 3) would improve the
accuracy of the inventory and the ability to predict the impacts of differing management or mitigation scenarios.
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The net CH4 emission from soil is influenced by the activity of two microbial communities, the methanogens and
CH4 oxidisers. Methane production requires strict anaerobic conditions and in the UK the wettest parts of
moorlands are the largest source of CH4, but even the contribution of these to the total national emission is less
than 5%. Most of the CH4 produced in the deeper anaerobic layers of a soil by the methanogens is oxidised by
the CH4 oxidisers in the aerated upper parts of the same soil. Methane oxidation rates vary widely across different
-2 -1
land use types, with rates of 1 – 200 μg m h being reported (Smith et al., 2000). Conversion of natural land to
managed (agricultural) land results in significant decreases in soil CH 4 oxidation rates, typically by 70%, with very
slow recovery rates on reversion (Smith et al., 2000). Willison et al. (1995), in common with others, reported CH 4
oxidation rates in soils to follow the order woodland > grassland > arable. Nitrogen fertiliser has been shown to
reduce CH4 oxidation, especially when applied in the ammonium form (Ojima et al., 1993; Powlsen et al., 1997;
Smith et al., 2000). The inhibiting action of N additions is due in the short term to ammonium interfering with the
methanotrophic enzyme system (Boeckx and van Cleemput, 1996) and in the longer term to changes in the
microbial community. Organic N additions (e.g. livestock manure) have much less effect than mineral fertilisers on
oxidation rates (Powlesen et al., 1997; Seghers et al., 2003). Tillage is often associated with a decrease in soil
CH4 oxidation rate, but Suwanwaree and Robertson (2005) argued that the effects of tillage and increased N
availability were often confounded and in a controlled experiment reported no effect of soil disturbance (simulated
tillage) per se. Increasing soil moisture is associated with decreasing CH 4 oxidation rate (Mosier et al., 1997).
Various agrochemicals (herbicides and pesticides) have also been shown to inhibit CH4 oxidation (e.g. Boeckx et
al., 1998).
Recent studies in Australia have suggested that the CH 4 oxidation in grazed pastures may exceed enteric
emissions by grazing cattle. Prof Mark Adams of the University of Sydney has measured CH 4 oxidation rates of
-2 -1
100 μg m h in relatively high organic matter soils (5 – 7%) in the Snowy Mountains region of Australia, under
extensive grazing. Li and Kelliher (2007) compared oxidation rates in freely and poorly drained grassland soils in
-2 -1
New Zealand, with and without additions of cattle urine, reporting mean rates of 20 and 7 μg m h for the freely
and poorly drained soils, respectively, and showed significant short-term reductions (40 – 60%) following the
addition of urine. Oxidation rates for soils under grazed pastures in the UK would more typically be in the range 0
-2 -1
– 10 μg m h (Powlsen et al., 1997) and the much higher stocking rates than for Australia (and therefore greater
urine additions) would mean that enteric emissions from grazing livestock farms in the UK would far exceed the
CH4 oxidation sink of grazed pastures. Changes in farming practices aimed at increasing soil CH 4 oxidation rates
are unlikely to have significant effects on total net CH 4 emissions for the UK, although further research to provide
more robust oxidation rates associated with different soil types, land uses and management practices is
warranted.
That plants can act as a conduit for CH4, particularly in wetland, has long been known (e.g. Sebacher et al.,
1985). However, more recent observations have suggested that direct plant emissions of CH 4 may be significant
under some circumstances (e.g. Keppler et al., 2006). Although there is still some debate regarding the
mechanism and significance of this (Nisbet et al., 2009; Beerling et al., 2008; Dueck et al., 2007), Qaderi and
Reid (2009) have suggested that such emissions may increase under climatic stress conditions (higher
temperatures and drought). There is no suggestion that this might be considered a significant source of CH 4
under current UK conditions.
Composting of household waste and green waste is a source of CH4, although emission rates can vary greatly
according to compost management (; Andersen et al., 2010; Beck-Friis et al., 2000). Applying reported emission
-1
factors of between 0.5 and 2.4 g CH4 kg fresh material (Andersen et al., 2010; Beck-Friis et al., 2000) to the 10
million tonnes of household waste in the UK that is composted gives an estimated emission of between 5 – 25 kt
CH4.
Methane emissions from livestock manure management, including emissions from manure applications and
grazing returns to soil, are accounted for in the UK CH4 emission inventory, using IPCC default emission factors
specific to manure management systems. However, recent measurements showed significant CH4 emissions (up
-2
-1
to 4 kg m year ) from small-scale features on farmland not currently accounted for in the UK inventory, including
seepage to soil from liquid and solid manures, poached land surrounding feeding and water troughs, waterlogged
areas and gateways (Matthews et al., 2009). Although small in area (<5% of total farm area), accounting for
emissions from these sources greatly increased the estimate of CH 4 emission from the total farm area (by
between 15 – 150%) as calculated according to default IPCC methodology. These results are from only 4
livestock farms and further data (emission measurements and source area estimates) are required to provide a
robust basis for scaling to national impact, but applying the lower end of this estimate to the current inventory total
would increase UK CH4 emissions by 250 kt.
4.6 Non-methane volatile organic compounds
Biogenic plant sources of NMVOC are estimated to account for 90% of total global NMVOC emissions (Guenther
et al., 1995). An estimate of biogenic NMVOC emission is reported in the UK inventory, but not included in the UK
total. Isoprene is a major component of plant emissions, particularly from trees, where it may have evolved as a
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mechanism to protect leaves from sunlight-induced rapid heating (Sharkey et al., 2008). Oxygenated
hydrocarbons (ethanol, methanol) are more dominant in emissions from pasture, with lower overall emission rates
than from forests (Kirstine et al., 1998), although cutting and drying are associated with elevated fluxes (de Gouw
et al., 1999; Kirstine et al., 1998). Kirstine and Galbally (2004) estimated that NMVOC from grass and grass
cutting in cities could account for up to 5% of total NMVOC and that grass cutting behaviour may contribute to
weekday/weekend ozone concentration differences. Elevated emissions of NMVOC have been measured during
the flowering period of oil seed rape (Muller et al., 2002), an important crop in the UK. Karl et al. (2009) estimated
NMVOC emissions from agricultural crops in Great Britain to be 113 kt, somewhat larger than an earlier estimate
by Simpson et al. (1999) of 76 kt. Land use and management may therefore have important local or regional
impacts on tropospheric ozone formation through the emission of biogenic NMVOC, but this has not been well
characterised for the UK.
Emissions of NMVOC are known to occur directly from livestock (Hobbs and Mottram, 2000) and livestock
manure (Ngwabie et al., 2008; Hobbs et al., 2004), although Shaw et al. (2007) reported that the dominant
NMVOC emitted from a dairy house in California had ozone formation potentials of approximately 10% of typical
combustion or biogenic NMVOC. Sun et al. (2008) found alcohols (methanol and ethanol) to be the major
NMVOC from dairy cows (volatile fatty acid concentrations were largely below detection limits), with most of the
emission arising from the manure rather than directly from the animal. They estimated mean flux of alcohols to
-1 -1
exceed 0.25 g cow h (Sun et al., 2008). Applying this emission factor to the UK cattle population results in a
total emission of c. 20kt NMVOC. Hobbs et al. (2004) estimated total NMVOC emission of 165 kt from UK
livestock, which, if included in the UK inventory, would increase the UK total emission by >10%.
Biomass burning is associated with NMVOC emissions (Bertschi et al., 2003; Goode et al., 1999) and burning of
heather moorland might therefore be locally important as an emission source, although contributing little to the
national total.
4.7 Particulate matter
Approximately 10% of primary PM10 emissions (i.e. directly emitted, not including the formation of secondary PM
from atmospheric processes) reported in the UK inventory are from land management sources, based largely on
initial estimates by Phillips et al. (2002), with housed livestock (predominantly poultry) as the major source.
However, it is acknowledged that there are large uncertainties in the estimated emission factors. At the European
scale (EU15), agriculture is estimated to account for 25% of PM 10 and 5% of PM2.5, although there is a large gap
between measured atmospheric PM levels and those modelled, suggesting that emissions from agricultural
sources, amongst others, may have been underestimated (Erisman et al., 2008). Mitigation of point sources of
PM emission within other sectors is likely to increase the overall importance of PM emissions from the more
diffuse sources within the agricultural sector (Klimont and Amann, 2002), increasing the requirement for more
robust estimates.
Emissions of PM from intensive livestock housing are influenced by feeding practices, animal type and
environmental factors, resulting in a broad range in reported emission rates (Cambra-Lopez et al., 2010). In pig
housing, feed and faecal matter are cited as being the major source of PM, while in poultry housing the major
sources are litter, down feathers and mineral crystals from excreta (Cambra-Lopez et al., 2010). Straw-bedded
cattle and pig housing systems, common in the UK, might also be expected to be associated with PM emissions,
but there has been little quantification to date. Additionally, there has been no quantification of PM emissions from
slurry and solid manure spreading operations.
Many uncertainties still remain, therefore, regarding emissions of PM from agriculture and other land
management operations. Improved quantification of emission rates from different sources, and the factors
influencing these, is needed, as is an improved characterisation of the types of PM from each source; the health
impacts of a particulate arising from soil tillage may be quite different from those of a particulate from an intensive
poultry house.
4.8 Heavy metals
Agriculture and land management are not considered as sources of HM emissions to the atmosphere in the
current UK inventory (Table 1). However, results of a study in Taiwan indicated that soil was implicated as the
source for 20 – 40% of particulate metals measured at a farm sampling site, with industry and traffic being the
other sources (Fang et al., 2003). Heavy metal inputs to agricultural soils in England and Wales have been
quantified, showing livestock manures (c. 30% of Zn and Cu) and inorganic fertilisers (20% of Cd and 10% of Ni)
to be important sources (Nicholson and Chambers, 2006), with that in manures deriving from the metal content of
feed (Nicholson et al., 1999). Additional sources were identified as atmospheric deposition, sewage sludge,
agrochemicals, industrial wastes, green wastes compost, canal and river dredgings, metal corrosion, lead shot
and irrigation water (Nicholson and Chambers, 2006). As with PM emissions, manure spreading and the
application of pesticides, herbicides and fungicides may represent a currently unquantified direct source of HM
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emissions to the atmosphere, while re-suspension (e.g. during soil cultivation) of HM deposited on agricultural
land may represent an unquantified secondary source.
There are therefore large uncertainties as to the role of agriculture and land management in emissions of HM to
the atmosphere, which, although likely to be substantially lower than from industry and traffic sources, may be
significant enough to warrant inclusion in the UK inventory.
4.10 Importance in the context of Global Warming
An important consideration with potentially highly relevant policy implications are the impacts of the atmospheric
pollutants being reviewed on global warming. Greenhouse gases contribute to climate change by absorbing the
Earth’s infrared radiation that would otherwise escape to space. The major greenhouse gases are water vapour,
carbon dioxide, CH4, N2O and tropospheric ozone. As discussed above, land management is an important source
of both N2O and CH4, which have large global warming potentials (GWP, relative to a value of 1 for carbon
dioxide) and long atmospheric lifetimes (Table 3).
Short-lived chemically active gases (NO x and NMVOC) can have an indirect effect on greenhouse gases (mainly
CH4 and ozone) and aerosols will also directly and indirectly impact on global warming (e.g. Shindell et al., 2009).
Nitrogen oxides react in the troposphere to cause a decline in CH4 concentrations, and have short-term
(increasing) and longer term (decreasing) effects on ozone concentration. The net effect on radiative forcing
depends on the cancellation of these effects and generally results in a net global cooling effect, although there is
strong dependence on the magnitude, location and season of NO x emission (Derwent et al., 2008). Non methane
VOC in the atmosphere are precursors of tropospheric ozone and therefore have a positive global warming effect.
Aerosols can directly alter the radiative balance of the Earth-atmosphere system by scattering and absorbing
shortwave and longwave radiation. The indirect effect of aerosols is the mechanism by which they modify the
microphysical and hence the radiative properties, amount and lifetime of clouds. The net effect of the aerosol is
dependent on the nature of the aerosol and can be very strongly positive (e.g. black carbon) or negative (e.g.
organic carbon, sulphate), with a range of GWP100 values reported (Fuglestvedt et al., 2009), adding importance
to improving the speciation of PM emissions from land management sources.
Although GWP100 values (GWP over a 100 year time horizon) can be computed for short-lived species (Table 3),
uncertainties in current chemical transport models and the markedly different climatic effects for the same mass
emissions from different locations mean it is difficult to adopt these within current policy making. However, recent
work by Shindell et al. (2009) has shown the impact that short-lived species can have on GWP values of
greenhouse gases, particularly taking account of the direct and indirect effects of aerosols (Table 3). Although
subject to large uncertainties, the estimated impact on the GWP value of CH 4, in particular, is significant and
perhaps should be accounted for in optimisation of climate change mitigation policies.
Table 3. Global warming potential (100 year time horizon) and atmospheric lifetime for relevant species without
and with inclusion of direct and indirect effect of aerosols (after Shindell et al., 2009)
Species

N2O
CH4
NH3
NOx
NMVOC
PM
†

‡

Atmospheric
lifetime

th

114 years
12 years
10 days
<1 day
Typically <1 day
4 – 7 days

GWP100
Not incl. aerosol
†
effects

Incl. direct
aerosol

Incl
direct+indirect
aerosol

298
25
0
-10 to -30
0.5 to 5.5
-70 to 460

24 to 33
-19
-60 to -125
2 to 5

26 to 41
-15
-75 to -240
3 to 8

UK 2007
emission (Mt
‡
CO2eq)

32.8
58.2
0.5 to 5.2

From IPCC 4 assessment report
Based on reported emission of gas and GWP100 from this table

Recent discussions have been examining the use of GWP100 values against other metrics (such as the timedependent global temperature change potential), particularly with respect to the relative importance of shorterand longer-lived atmospheric species (e.g. Fuglestvedt et al., 2009; Shine et al., 2007). The development of
improved atmospheric modelling and the potential benefits of a move to a temperature change metric for
greenhouse gases (Shine et al., 2007) increase the importance of robust quantification of emissions of both longand short-lived species from land management sources. This highlights the need for integrated assessment of
policies targeting air quality (largely the shorter-lived species) and climate change (the longer-lived species).
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4.10 Estimating the magnitude and significance of the key unaccounted sources
Table 4 provides estimates for the major unaccounted sources identified in this review, in the context of current
UK total emission and that from land management. These values must be treated with caution because of the
large uncertainties associated with them (as they are based on very limited data not necessarily representative of
UK-wide conditions), but they are useful in providing an indication of the areas where more data are required.
Table 4. Major unaccounted sources in the context of current (2007) emission estimates (as shown in Table 1)
Species
Source
Emission
As % of 2007 UK
As % of 2007
Emission
estimate (kt)
land management
total UK
estimate as Mt
emission
emission
CO2eq
NH3
Crop senescence
2 - 12
1–4
1-4
Composting
3 - 50
1 – 19
1 – 17
N2O
Land use change
up to 7
up to 9
up to 6
up to 2.1
Composting
0.3 - 1
<1 - 1
<1 - 1
0.1 – 0.3
NOx
Soils
13 - 38
1300 - 3800
<1
CH4
Composting
5 – 25
<1 - 1
<1 - 1
0.1 – 0.6
On-farm ‘wet patches’
> 250
>14
>10
>6.3
NMVOC
Crops
76 - 113
690 - 1030
8 - 12
<0.1 – 0.6
Livestock
20 - 165
180 - 1500
2 - 18
<0.1 – 0.9
In terms of their significance with respect to total emissions from UK land management, each of the categories in
Table 4 is important, while in terms of significance compared to the UK totals inventories, N 2O and CH4 emissions
from composting and NO x emissions from soils are less important. With respect to global warming potential, an
improved estimate of CH4 emissions from on-farm ‘wet patches’ is extremely important and improved data on N 2O
emissions from land use change are also warranted.

5. Conclusions
Robust emission inventories of atmospheric pollutants are critical to understanding and predicting impacts,
identifying key sources and mitigation opportunities and are required to fulfil the reporting obligations of the UK to
international conventions. While significant advances in knowledge have been made concerning the role of land
management for some of these pollutants, there is still a considerable lack of knowledge for others. For emissions
of NH3, N2O and CH4, the processes leading to emission are largely understood and all major sources are
thought to be captured in the current inventory, with the exception of N2O emissions from land use change and
CH4 emissions from unmanaged on-farm ‘wet patches’. The latter, in particular, may add considerably to the
current greenhouse gas inventory for UK agriculture and more robust measurements and estimates of total
source area are required. Quantification of uncertainties in the estimates for some of these sources is still
required, as is an assessment of the improvement in accuracy of estimates through the development of countryspecific emission factors for N2O and CH4 in particular. There is limited knowledge about sources and processes
leading to emissions of Norg, and the role that these may play in local and global nitrogen budgets. Land
management is known to be a source of NOx, NMVOC and PM emissions, and potentially also HM emissions.
Improved quantification is required to assess the importance of land management as a source of these pollutants
in comparison with other sectors and, if appropriate, to determine the potential for mitigation. There is also a need
for further consideration of the interaction between chemically active short- and longer-lived atmospheric gases
and aerosols and the potential implications on climate change predictions and associated policy development.
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