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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.
	
The overall objective of this project was to produce a national inventory and map of livestock manure loadings to agricultural land, within a Geographical Information System (GIS). 

Organic manures are a valuable source of nutrients for crop growth and organic matter that can maintain and enhance soil physical properties. It has previously been estimated that around 67 million tonnes (fresh weight) of livestock manures are applied annually to agricultural land in England and Wales (Chambers et al., 2000); although the data on which these estimates were based (i.e. livestock numbers, manure production volumes etc.) are now dated. Accurate data on the quantities of liquid and solid manures produced and subsequently returned to agricultural land on a spatial and temporal basis will improve our ability to assess the effects of changes in livestock numbers, manure management practices and the impacts of legislation etc. on diffuse pollution losses from agriculture. 

In this project, a software tool (MANURES-GIS) was developed that implements a set of calculations to estimate the amounts of excreta produced annually by farm livestock, and subsequently apportions these quantities into handled and field-deposited manure. Following losses/gains/transformations during housing and manure storage, the quantities of handled manure nutrients (i.e. total nitrogen [N], ammonium-N, nitrate-N, organic N, total phosphorus [P], total potassium [K]), organic carbon (OC) and microbial pathogens (i.e. E. coli) loadings to agricultural land were quantified. The calculations encompass all parts of the manure management continuum (animal housing/grazing  storage  land spreading) and drew upon information from a large number of previous Defra-funded projects in the nitrate (NT), phosphorus (PE), ammonia (AM), climate change (CC) and farm waste (WA) research programmes.

MANURES-GIS creates a conceptual framework of manure/excreta flow pathways, by using Node and Link tree diagrams, similar to the NARSES model (Webb and Misselbrook, 2004). The framework is divided into six broad livestock classes (dairy cattle; beef cattle; pigs; sheep and other livestock; laying hens; broilers and other poultry). Each livestock class is further divided into stages; representing excretion, housing, grazing, hardstandings, storage, export and land spreading. These stages are then further subdivided, for example, housing may be on a slurry or solid manure based system, slurry storage may be in a lagoon or above-ground tank etc. At each stage, alterations to the composition of the manure may occur through loss processes (e.g. ammonia or methane emissions), gains (e.g. straw added during housing) or transformations (e.g. immobilisation of ammonium-N during farmyard manure - FYM storage). The effects of compositional changes are tracked using an audit process, allowing users to query a manure composition at any stage. Results from MANURES-GIS can be exported and viewed in spreadsheet packages, or in map format covering England and Wales at a 10 km x 10 km resolution in monthly or annual timesteps. Also, MANURES-GIS has been developed to facilitate future updates to the framework and to enable customised functions to be added, including linking to other models. Thus, MANURES-GIS can be used as a stand-alone tool or as a component in existing diffuse pollution models, such as MAGPIE (Lord and Anthony, 2000) and PSYCHIC (Davison et al., 2008). 

The MANURES-GIS software was ‘benchmarked’ against existing data on manure loadings to land, nutrient composition etc. to ensure that the outputs were robust. For example, data derived from MANURES-GIS on manure nutrient composition at the point of spreading was compared with ‘typical’ manure composition data in the “Fertiliser Manual (RB209)” (Defra, 2010); good agreement was found between the two datasets, indicating that MANURES-GIS was accurately estimating nutrient losses and transformations at the different stages of manure management. As a further level of validation, MANURES-GIS estimated manure total N contents (after housing and storage losses) were compared with livestock N production values published in Defra’s guidance on the Nitrate Vulnerable Zones – Action Programme (Anon, 2008; Cottrill and Smith, 2010); again there was good agreement between the two sets of values.

Around 72 million tonnes fresh weight of handled manures (slurry, FYM and poultry manure) were estimated to be produced in England and Wales, based on livestock numbers in 2004, compared with the previous estimate of 67 million tonnes (Chambers et al., 2000). A similar quantity (c.73 million tonnes) was estimated to be directly deposited by grazing livestock. Spatial representations showed that handled manure and directly deposited excreta loadings were greatest in north-west and south-west England and Pembrokeshire, largely driven by the ‘high’ numbers of cattle in these regions.

Around 310 kt of N were estimated to be applied annually in handled manures and 370 kt of N in excreta deposited directly by grazing (or free-range) livestock. Similarly, c.70 kt of P (equivalent to c.160 kt of phosphate - P2O5) and c.260 kt of K (equivalent to c.310 kt of potash - K2O) were estimated to be applied annually to soils. Annual additions of OC were estimated at c.3.3 million tonnes in handled manures and c.2.7 million tonnes in excreta deposited during grazing. Nutrient, OC and E.coli loadings were greatest in regions where there were ‘high’ numbers of cattle (i.e. north-west and south-west England and Pembrokeshire).

The outputs generated by MANURES-GIS provide updated and robust spatial data which could be used to underpin the Defra “Ammonia Emissions Inventory” (Misselbrook et al., 2009), “Nitrous Oxide Emissions Inventory”, phosphorus loss predictions using PSYCHIC (Davison et al., 2008) and nitrate leaching loss predictions using MAGPIE (Lord and Anthony, 2000) etc. 

A large quantity of data can be generated by MANURES-GIS, which can be expressed in tabular or graphical formats, as well as being represented spatially as GIS maps (in annual or monthly time steps). A selection of some of the data produced by MANURES-GIS is presented in this report, as an illustration of the breadth of outputs available.





	

	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;
	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).

1. OBJECTIVES

The overall objective of this project was to produce a national inventory and map of livestock manure loadings to agricultural land, within a Geographical Information System (GIS). In more detail, the objectives were: 
· To quantify the amounts of liquid and solid manures produced and applied annually to agricultural land on a spatial and temporal basis.
· To quantify nutrient (nitrogen [N)], phosphorus [P] and potassium [K]), organic carbon (OC) and microbial pathogen loadings from livestock manures and excreta on a spatial and temporal basis.
· To synthesise existing knowledge and activity data on manure management and land application practices within a GIS.
· To develop a software policy support tool to underpin existing diffuse pollution models (e.g. MAGPIE for nitrate, NARSES for ammonia, DNCD for nitrous oxide, PSYCHIC for phosphorus etc).

2. INTRODUCTION

It has been estimated that around 67 million tonnes (fresh weight) of livestock manures are applied annually to agricultural land in England and Wales (Chambers et al., 2000). Organic manures provide a valuable source of nutrients for crop growth and organic matter that can maintain and enhance soil physical properties, which is a key component of the management of soils to sustain Good Agricultural and Environmental Condition. 

Development of improved livestock manure management practices is essential if diffuse water pollution (e.g. by nitrate, ammonium, phosphorus and microbial pathogens) and air pollution (e.g. by ammonia, nitrous oxide and methane) from agriculture are to be reduced. The efficient utilisation of nutrients in livestock manures is dependent upon an accurate knowledge of annual livestock production volumes and nutrient contents, and their spatial distribution.  Moreover, there is a need to link production volumes to the actual amount and nutrient content of liquid manures (after dilution by water and subsequent losses during storage etc.) and solid manures (following straw additions during housing and subsequent losses during storage etc.) that are applied to land. Accurate data on the quantities of liquid and solid manures produced and subsequently returned to agricultural land on a spatial and temporal basis will improve our ability to assess the effects of changes in livestock numbers, manure management practices and the impacts of legislation etc. on diffuse pollution losses from agriculture. The development of a GIS based model of nutrient flows through the manure management continuum (animal housing/grazing  storage  land spreading) will provide improved data to underpin the Defra “Ammonia Emissions Inventory” (Misselbrook et al., 2009), “Nitrous Oxide Emission Inventory”, nitrate leaching loss predictions using MAGPIE (Lord and Anthony, 2000) and phosphorus loss predictions using PSYCHIC (Davison et al., 2008). A GIS based system will also enable the effects of changes in activity data (e.g. livestock housing systems, manure storage practices etc.) on nutrient emissions to the wider environment to be assessed.

3. APPROACH

In this project, a GIS tool (MANURES-GIS) was developed that implements a set of calculations to estimate the amounts of excreta produced annually by farm livestock and subsequently apportions these into field-deposited and handled manure. Following losses/gains/transformations during housing and storage, the quantities of manure nutrients (i.e. total-N, ammonium-N, nitrate-N, organic N, total P, total K), OC and microbial pathogens (i.e. E. coli) loadings to agricultural land has been quantified. The calculations encompass all parts of the manure management continuum (animal housing/grazing  storage  land spreading) and drew upon information from on a large number of previous Defra-funded projects in the nitrate (NT), phosphorus (PE), ammonia (AM), climate change (CC) and farm waste (WA) research programmes.

MANURES-GIS contains a conceptual framework of manure/excreta flow pathways, by using Node and Link tree diagrams, similar to the NARSES model (Webb and Misselbrook, 2004). The framework is divided into six broad livestock classes (dairy cattle; beef cattle; pigs; sheep and other livestock; laying hens; broilers and other poultry). Each livestock class is further divided into stages, representing excretion, housing, grazing, hardstandings, storage, export and spreading. These stages are then further subdivided, for example, housing may be on a slurry or solid manure based system, slurry storage may be in a lagoon or above-ground tank etc. At each stage, alterations to the composition of the manure may occur through loss processes (e.g. ammonia or methane emissions), gains (e.g. straw added during housing) or transformations (e.g. immobilisation of ammonium-N during farmyard manure - FYM storage). The effects of compositional changes are tracked using an audit process, allowing users to query a manure composition at any stage. Results from MANURES-GIS can be exported and viewed in spreadsheet packages, or in map format covering England and Wales at a 10km x 10km resolution in monthly or annual time steps. Also, MANURES-GIS has been developed to facilitate future updates to the framework and to enable customised functions to be added, including linking to other models. Thus, MANURES-GIS can be used as a stand-alone tool or as a component in existing diffuse pollution models, such as MAGPIE (Lord and Anthony, 2000) or PSYCHIC (Davison et al., 2008). 

A full description of the framework is given in Appendix 1

4. SETTING UP AND POPULATING MANURES-GIS

4.1 Creating Conceptual Frameworks

The first step in setting up MANURES-GIS was to create a series of Conceptual Frameworks for each of the livestock sectors (Dairy; Beef; Pigs; Sheep and Other Livestock; Layers; Broilers and Other Poultry) showing the flow of manure/excreta through the manure management continuum. The Conceptual Frameworks for each Sector (Figures A1-A6) also show the stages at which a loss/gain/transformation takes place to the manure composition (Appendix 2). These were then input into MANURES-GIS as tree diagrams, using the Graph Display (see Appendix 1, Section 2.4).

Some simplifications were made to the manure flows to enable MANURES-GIS to be readily populated with data, but without compromising the system outputs. For example, for the dairy, beef and pig sectors it was assumed that all washdown and hardstanding run-off water (including leachate losses from solid manure heaps) was directed to a slurry store, rather than to a separate dirty water store. For the poultry and sheep sectors, the small quantity of leachate lost from solid manure heaps was assumed to be collected and put back onto the heap These simplified assumptions had little impact on MANURES-GIS outputs as the nutrient quantities involved were small (<0.2% of total nutrient flows).

4.2. Populating the Conceptual Frameworks

4.2.1. Excreta quantities and composition

The MANURES-GIS framework is driven by the quantity and composition of excreta produced by different types of livestock, and on a spatial basis by livestock numbers. The tree diagram for each livestock sector has a number of Source Nodes (see Appendix 1, Section 2.1) where this initial information is entered. As the spatial data on livestock numbers was obtained from the Agricultural Census, MANURES-GIS needed to operate using data on excreta quantities and composition by Census livestock category. The most up to date information on the quantity and nutrient (N and P) content of livestock excreta contained in Defra’s guidance on the Nitrate Vulnerable Zones – Action Programme was used (Anon. 2008; Cottrill and Smith, 2010). However, the livestock categories in Anon. (2008) were not the same as those used in the Agricultural Census and so the two datasets had to be combined. Tables A1-A3 (Appendix 2) show how the Anon. (2008) livestock categories relate to the Agricultural Census categories used in MANURES-GIS, together with excreta volume, N, P and K excretion figures.  As K excretion figures were not included in Anon. (2008) the data in Tables A1-A3 and used in MANURES-GIS were derived using excreta volumes and the typical K content of slurry (at 10% dry matter for cattle and 6% dry matter for pigs) or solid manure in the “Fertiliser Manual (RB209)” (Defra, 2010). Some apportioning of Census categories for cattle between the dairy and beef sectors was also required (e.g. 57% of bulls – K11, K12 were apportioned to the dairy sector and 43% the beef sector). For growing pigs, the weight bands used in the Census and Anon. (2008) definitions were not the same, so a pragmatic decision was made on which Census category to assign to which NVZ category. These judgements were made by the same ADAS experts who produced the Anon. (2008) standards (i.e. Ken Smith and Bruce Cottrill).

Additionally, data were required on the quantities of dry matter, water, ammonium-N, nitrate-N and organic-N, and OC excreted, together with FIO (faecal indicator organism - measured as E.coli) excretion levels (Tables A4-A6). The split between the different forms of N excreted was based on the proportions specified in NARSES (Webb and Misselbrook, 2004).  OC excretion was based on excreta volume, dry matter and the dry matter OC concentrations of slurry and solid manure reported in the MANDE database (Defra project NT2006) i.e. 33% OC for dairy and pig slurry; 39% OC for beef slurry; 28% OC for layer manure; 33% OC for broiler litter. Data collated from previous Defra- and FSA-funded research undertaken by ADAS and IGER-North Wyke between 2002 and 2008 provided six measurements of E. coli concentrations in ‘fresh’ cattle, pig and sheep excreta (i.e. where E.coli numbers had not had time to decline); with a mean E.coli concentration of 109 cfu/100ml. There was no evidence from this limited dataset to suggest a difference in excreta E. coli concentrations between livestock types. 

4.2.2. Apportioning excreta/manure flows

In the tree diagrams, the flow of manure can be apportioned between several pathways. For example, for the dairy sector (Figure A1) excreta deposited during winter housing can either be slurry-based or FYM-based. Similarly, stored slurry can be in lagoon, above-ground tank, weeping wall or ‘other’ store types. At each step, the proportion of manure is defined in the Links which connect the parent Node and child Nodes on the tree diagram. Where possible, data on manure apportionment was taken from NARSES (Webb and Misselbrook, 2004) to ensure that both pieces of software were consistent and work from the same base data.

i) Apportionment of excretion

Animals excrete in different places on a farm throughout the year. For example, Figure A1 shows that dairy cattle may excrete: a) during grazing; b) during winter housing; c) during ‘summer’ housing i.e. in milking parlours; d) on collecting yards in winter; e) on collecting yards in summer and; f) on feeding yards. Data to apportion excreta volumes between these different routes on an annual basis were taken from NARSES (Webb and Misselbrook, 2004). For example for dairy cows (K1), 38% of excreta was estimated to be deposited during grazing over the course of a year (Table A7), with these amounts varying throughout the year. As MANURES-GIS works on monthly time steps, the excreta apportionment was calculated on a monthly basis, using information on the total days housed from NARSES and on the timing of housing, based on data from the 2006 Practice Survey (Defra, 2006), (Tables A7-A11, Appendix 2). For the pig and poultry sectors, excretion apportionment was assumed to be the same throughout the year.

Note: i) the methodology used here assumes that excreta volumes are apportioned in the same way as N is apportioned by NARSES.
         ii) the proportions of annual excretion assume the following use of hardstandings:
Dairy cows:	65% of the national herd use collecting yards
			30% of the national herd use feeding yards (191 days/year)
	Beef cattle	45% of the national herd use feeding yards (167 days/year)
	Sheep		67% of the national herd use feeding/handling yards (26 days/year)
	Pigs		5% of the national herd use loading areas (4 days/year)

ii) Apportionment from the hardstanding, housing and storage nodes

Apportionment of excreta/manure from the hardstanding, housing and storage nodes in MANURES-GIS was populated using data from NARSES (Webb and Misselbrook, 2004), which is summarised in Tables A12-A15 (Appendix 2). For broilers and turkeys, it was assumed that 35% of the litter was incinerated (Table A15) and this is treated in MANURES-GIS as a ‘loss’ from the system; although the P and K in the ash may ultimately be recycled back to agricultural land.

iii) Apportionment from spreading nodes

MANURES-GIS recognises that different manure types can be spread to land via the spreading nodes defined in the tree diagram (e.g. for the dairy sector the manure can be spread as FYM or slurry) and to different land uses based on spreading node definitions (e.g. for the dairy sector each manure type can be spread to arable spring cropping, arable autumn cropping or grassland). To estimate how different manure types were spread to the available land, two issues were considered: i) the proportion of the manure going to each land use and; ii) the proportion of manure spread each month to each land use. This was achieved using a ‘look-up’ table approach where the relevant information was imported into the MANURES-GIS data dictionary (see Appendix 1). 

A ‘look-up’ table was constructed to provide information on the relative probability (on a national level) of each manure type being applied to each land use. Firstly, a national table was produced containing land use area data and the percentage of each manure type spread to each land use (Table A16), using data from the 2007 British Survey of Fertiliser Practice (Welch, 2008). The crops included in each broad land use type are given in Table A17 (Appendix 2). 

The next step was to calculate the relative probability of manure application to each land use type (e.g. the percentage of a manure type spread to grassland divided by the percentage of the area that is grassland) based on land area information from the 2004 Census (i.e. 57% grass; 17% spring cropping and 26% autumn cropping). These figures were then normalised and the results (Table A18) used to estimate the relative likelihood of manure being spread to each land use type. Thus, cattle slurry will for preference be spread to grassland, whereas pig and poultry manures will for preference be spread to arable land (if present in each 10 km x 10 km grid square). 

Table A18 was then used to relate the relative national likelihood of manure being spread to each land use type to the actual land use at a local level (i.e. for each 10 km x 10 km grid square). The examples in Table A19, shows the distribution of dairy slurry to hypothetical grid squares with different land use types and areas. The final step was to calculate how much of each manure type was spread in each month of the year, using data from the 2007 British Survey of Fertiliser Practice (Table A20). 

iv) Apportionment of excreta deposited during grazing to managed grass land and rough grazing 

MANURES-GIS assumes that all excreta deposited by grazing dairy and beef cattle (and outdoor poultry and pigs) is onto managed grassland. However, this assumption could not be applied to sheep, where large numbers are reared on rough grazing land (i.e. land beyond the intake wall). Therefore, a ‘simple’ method for apportioning sheep excreta between managed grassland and rough grazing was devised based on the proportions of the two land use types in each 10 km x 10 km grid square. Thus, if a grid square contained 30% rough grazing and 70% managed grassland, sheep excreta amounts were apportioned pro rata. 

4.2.3 Losses, gains and transformations

i) Gaseous N losses 

Ammonia (NH3) emissions are the main route of N loss during manure management, with losses occurring from excreta deposited during housing and onto hardstandings, as well as from stored manures. We used NARSES to derive the most robust and up-to-date values for ammonia losses from housing, hardstandings and storage (i.e. emission factors - EFs), Table A21 in Appendix 2.

During housing and manure storage, N is also lost (via denitrification processes) as nitrous oxide (N2O), nitric oxide (NO) and di-nitrogen (N2) gases. Although this route accounts for considerably lower amounts of N loss than ammonia emissions, N2O is an important greenhouse gas, with a global warming potential around 300 times greater than carbon dioxide (CO2). Again, we used NARSES EFs for N2O, NO and N2 losses from poultry housing (no data were available for other types of livestock housing) and slurry stores, with losses from solid manure stores estimated using data from Defra project WA0716 (Table A22). 

Note: i) results from Misselbrook et al. (2001) were reviewed and showed that N2O losses from outdoor concrete yards were very low (c.0.004% of the ammonium-N deposited), therefore, it was decided not to include these within MANURES-GIS.
         ii) gaseous N losses are time dependent, with loss amounts affected by the length of time manure is stored. For simplicity within MANURES-GIS, a single figure has been used for each defined storage period.

ii) Gaseous C losses

Methane is emitted from excreta deposited during housing and from manure storage. Methane EFs for the different livestock categories were calculated using the IPCC (2006) methodology. The EFs (as initially calculated) were expressed as kg CH4/animal/day and were converted to a loss expressed as a percentage of manure OC (based on the quantity of OC excreted per animal per day; Tables A4-A6), as shown in Table A23 in Appendix 2.

Carbon dioxide (CO2) losses during manure management occur as a result of composting processes in managed or unmanaged solid manure heaps. In MANURES-GIS, it was assumed that 45% of manure OC was lost as CO2 during FYM storage and 5% during poultry manure storage (Defra project WA0656). A smaller decrease in the quantity of dry matter was also assumed to occur (15% for cattle, pig and sheep FYM; 2% for poultry manures); reflecting the fact that a proportion of FYM and poultry manure dry matter will be ash (typically in the range 5-30% of the dry matter content) that will not be lost during storage. There was little UK information on CO2 losses during slurry storage. Dinuccio et al. (2008) reported losses of CO2-C from pig slurry storage at 5C of 20% of volatile solids (VS) compared with CH4-C losses of c.3% of VS. Similarly, CO2-C losses from cattle slurry storage at 5C were 7.7% of VS compared with CH4-C losses of 1.6% of VS. In contrast, Loyon et al. (2006) reported similar CO2-C and CH4-C emission rates (42 and 50 g/m3/day, respectively) from stored pig slurry, and Umetsu et al. (2005) similar CO2 and CH4 losses from stored dairy slurry of 0.20 and 0.19 l/g, respectively. As MANURES-GIS expresses C losses as a percentage of manure OC, these data could not be used directly, so a ratio of CO2-C to CH4-C losses was derived (1:1), based on results from the body of literature reviewed.


iii) Leaching and evaporation

Leaching losses of nutrients and FIOs can occur from livestock housing and during manure storage. In MANURES-GIS, it was assumed that leaching losses during housing were minimal. We assessed data on leachate nutrient losses from conventional (i.e. uncovered) solid manure (pig FYM, cattle FYM and broiler litter) heaps in Defra project WA0716. These data indicated that c.50% of total N losses in leachate were as NH4-N/NO3-N (i.e. derived from the readily available N in the solid manure heaps) and c.50% as organic-N (i.e. derived from the organic-N in the solid manure heaps). These data were then converted into a mean reduction in the (initial) ammonium-N content of 6% and a reduction in organic-N of 2% for use in MANURES-GIS. Similarly, mean leachate losses of 4% of total P and 18% of total K (of initial heap contents) were reported in Defra project WA0716. The leachate from solid manure heaps stored on concrete was assumed to be managed according to best practice i.e. collected and transferred into a slurry storage facility (Figures A1, A2 and A4). For solid poultry and sheep manures (Figures A3, A5 and A6), leachate lost from the storage heaps was assumed to be collected separately (as dirty water) and recycled back to the heap (i.e. there were no losses).

The quantity of liquid lost from solid manure storage heaps was also measured in Defra project WA0716, with c.20% of the original quantity of water in the manure heaps lost. It was assumed that 10% of the water was lost as leachate (and collected as described above) and 10% was lost through evaporation.

iv) E.coli losses

Data on E.coli concentrations in slurry, FYM and poultry manures taken from housing (i.e. fresh) or following storage (i.e. aged) (see Section 4.2.1) were used to derive percentage reduction factors (Table A24 in Appendix 2). It was assumed that the same reduction factors applied to all types of slurry store (i.e. covered and uncovered tanks and lagoons).

Like gaseous N losses, E.coli die-off during storage is time dependent. For example, Nicholson et al. (2005) reported pathogen survival times of up to 3 months in slurry/dirty water tanks and less than 1 month in batch stored solid manure heaps. However, at this stage for simplicity a single figure was used for defined storage periods, recognising in the case of slurry that most stores are frequently re-inoculated with fresh excreta (i.e. they are not batch stores). 

v) Straw (bedding) additions

The addition of straw, for animals housed on FYM-based systems, represents an important source of nutrients and OC. In MANURES-GIS, the straw addition rates used in PLANET (version 2) were adopted i.e. 30% of excreta volume for dairy cows, 15% of excreta volume for all other livestock (www.planet4farmers.co.uk). For poultry, bedding amounts were included in the estimates of excreta volumes (where appropriate). Changes in the composition of the solid manure were then calculated, using data on the typical concentration of nutrients and OC in the combination of livestock excreta and straw (Table A25 in Appendix 2).

vi) Dilution with water

Dilution of slurries may occur as a result of wash water addition, run-off water from hardstandings/roofs and through rainwater entering (uncovered) slurry stores. Note: on some farms washdown and run-off water may be collected separately into a dirty water store, this route is not (presently) considered in MANURES-GIS.

Dilution by rainwater depends on climatic conditions (i.e. rainfall is higher in western than eastern England), the area of open concrete yards and the surface area of an uncovered store. For simplicity within MANURES-GIS, a simple dilution factor was used to account for the addition of water (i.e. rain and washdown rates) based on the typical dry matter (DM) contents of ‘fresh’ excreta and stored slurry as follows:

Dairy/beef
Slurry at 10% DM (i.e. fresh excreta) contains 10 kg DM and 90 l water.
Slurry at 6% DM (i.e. typical of stored slurry) contains 10 kg DM and 147 l water
Hence, an additional 57 l water was added (i.e. 57/90 = 63% increase)
Pigs
Slurry at 6% DM (i.e. fresh excreta) contains 6 kg DM and 94 l water.
Slurry at 4% DM (i.e. typical of stored slurry) contains 6 kg DM and 140 l water
Hence, an additional 46 l water was added (i.e. 46/94 = 49% increase)





vii) Mineralisation and immobilisation

In addition to N losses as ammonia and other gases, and N gains with straw addition, N can be transformed from one form to another through the microbially mediated process of mineralisation (i.e. from organic-N to ammonium-N) and immobilisation (i.e. from ammonium-N to organic-N). NARSES (Misselbrook and Webb, 2004) estimates of these transformations were used in MANURES-GIS (i.e. mineralisation of 10% of organic-N for all stored slurries and immobilisation of 40% of ammonium-N for all straw-based manures).

5. SPATIAL DATASETS

The spatial data used to drive MANURES-GIS was from the 2004 Agricultural Census, which was the most recent dataset available providing livestock numbers and land use information at a 10 km x 10 km grid square resolution.

6. VALIDATION

The MANURES-GIS software was extensively tested to ensure robustness of the outputs and was ‘benchmarked’ against existing national data on manure loadings to land and nutrient composition. For example, data from MANURES-GIS on the nutrient composition of manures at the point of spreading were compared with typical manure composition data from the “Fertiliser Manual (RB209)” (Defra, 2010) and Defra project NT2006 (Defra, 2003). There was good agreement between the datasets (Table 1), indicating that MANURES-GIS was correctly estimating nutrient losses and transformations through each manure management stage. As a further level of validation, MANURES-GIS estimated manure total N contents (after housing and storage losses) were compared with livestock N production values (i.e. the N remaining in livestock manure after housing and storage losses) published in Anon. (2008) and Cottrill and Smith (2010); again there was good agreement between the two datasets (Table 2).
	
	
	
	






Table 1. Manure composition data derived from MANURES-GIS outputs compared with typical values from the “Fertiliser Manual (RB209)” (Defra, 2010) and Defra project NT2006
	
	Dry matter 
(%)
	Total N
 (kg/t)
	Ammonium-N 
(kg/t)1
	Ammonium-N
(% Total N)
	Total P 
(kg/t)
	Total K 
(kg/t)
	OC
(% dry matter)

	Manure type
	Manures-GIS
	RB209
	Manures-GIS
	RB209
	Manures-GIS
	RB209
	Manures-GIS
	RB209
	Manures-GIS
	RB209
	Manures-GIS
	RB209
	Manures-GIS
	NT20062

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Dairy FYM
	22
	25
	4.8
	6.0
	0.6
	0.6
	13
	10
	1.1
	1.4
	4.4
	6.7
	32
	33

	Beef FYM
	20
	25
	4.5
	6.0
	0.8
	0.6
	17
	10
	0.9
	1.4
	4.1
	6.7
	33
	33

	Pig FYM
	17
	25
	6.6
	7.0
	1.5
	1.0
	22
	14
	1.4
	2.6
	3.1
	6.7
	33
	32

	Sheep FYM
	17
	25
	3.8
	7.0
	0.5
	0.7
	12
	10
	1.1
	1.4
	7.1
	6.7
	28
	35

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Dairy slurry
	7
	6
	2.9
	2.6
	1.6
	1.2
	54
	46
	0.6
	0.5
	2.3
	2.7
	32
	33

	Beef slurry
	6
	6
	2.3
	2.6
	1.2
	1.2
	52
	46
	0.5
	0.5
	2.8
	2.7
	38
	39

	Pig slurry
	4
	4
	3.6
	3.6
	2.2
	2.5
	59
	69
	1.0
	0.8
	1.9
	2.0
	27
	33

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Layer manure
	
34
	
35
	
10
	
19
	5.0
	9.5
	50
	50
	3.7
	6.1
	7.8
	7.9
	30
	28

	Broiler litter
	58
	60
	19
	30
	11.6
	10.5
	61
	35
	5.8
	10.9
	13.1
	15.0
	28
	33

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


1Includes Uric acid-N for poultry manures
2Defra project NT2006 (MANure Analysis DatabasE - MANDE), Defra (2003)



Table 2. N losses for England and Wales estimated by MANURES-GIS compared with Nitrate Vulnerable Zones – Action Programme (Anon, 2008) figures
	
	MANURES-GIS
	NVZ-AP

	Livestock type
	N excreted (kt)
	Quantity of N lost 
(kt)
	N loss
(% N excreted)
	Livestock census category
	N excreted (kg/animal/yr)
	N produced (kg/animal/year)
	N loss
(% N excreted)

	
	
	
	
	
	
	
	

	Dairy
	242
	40
	17
	Dairy cow (K1)
	117
	101
	14

	Beef
	247
	32
	13
	Beef cow (K6)
	92
	83
	10

	Pig
	47
	13
	28
	Finisher pig (L10)
	17.4
	12.3
	29

	Sheep
	150
	3
	2
	Sheep (M1)
	10
	9.8
	2

	Layer
	21
	9
	42
	Layer (N31)
	0.74
	0.41
	45

	Broiler
	79
	22
	27
	Broiler (N10)
	0.51
	0.39
	24

	
	
	
	
	
	
	
	









7. RESULTS

7.1 Summary of outputs

A very large quantity of data is generated by MANURES-GIS, which can be expressed in tabular or graphical format, as well as being represented spatially as GIS maps in annual or monthly time steps. A summary matrix of the data which can be extracted is shown in Table 3; each property can be interrogated for each manure type and land use combination. For example, it is possible to determine the quantity of OC applied in dairy FYM to spring arable crops in each month (and to represent this spatially if required). In addition, changes to each property from each transformation can be ‘tracked’ at each manure management stage (and at each relevant node within a stage). For example, it is possible to determine the quantity of N lost via ammonia emissions from slurry and FYM based dairy cattle housing, and from different types of manure stores.

Table 3. Summary matrix of data outputs generated by MANURES-GIS
	Property
	Manure type
	Land use
	Stage (Node)
	Transformation

	
	
	
	
	

	Volume
Dry matter
(solids)
Water

Total N
Ammonium N
Organic N

Total P

Total K

OC

E.coli
	Dairy FYM
Dairy slurry
Dairy excreta

Beef FYM
Beef slurry
Beef excreta

Pig FYM
Pig slurry
Pig excreta

Sheep FYM
Sheep excreta

Layer manure
Layer excreta

Broiler litter
Broiler excreta
	Grassland

Spring arable
Autumn arable

Rough grazing*

	Hardstanding: 
· collecting yards (summer)
· collecting yards (winter)
· feeding yards

Housing:
· slurry housing
· FYM housing
· reduced emission housing

Storage:
· FYM/solid manure storage
· lagoon covered
· lagoon uncovered
· tank covered
· tank uncovered
	NH3 emissions
N2 emissions
N2O emissions
NO emissions

CH4 emissions
CO2 emissions


E.coli die off

NH4-N immobilisation
Organic-N mineralisation

Leaching loss
Evaporation loss

Straw addition

Water addition


*Sheep excreta only

It was not practical to present all of the data that MANURES-GIS can generate in this report, so a selection of the type of outputs which can be produced is presented in the following sections. 

7.2 Manure quantities

MANURES-GIS was used to estimate the quantities of handled manure (i.e. slurry, FYM and poultry manure) produced and excreta deposited by livestock during grazing (Table 4). Around 72 million (fresh weight) tonnes of handled manures were estimated to be produced in England and Wales compared with the previous estimate of 67 million tonnes (Chambers et al., 2000), with a similar quantity (73 million tonnes) estimated to be deposited by grazing livestock. Spatial representations of these data as handled manure spread (as tonnes of fresh weight manure per hectare of agricultural land) or deposited (as tonnes of fresh weight excreta per hectare of grassland plus rough grazing) on an annual basis are shown in Figures 1 and 2, respectively. Loadings of handled manure (i.e. slurry, FYM and poultry manure) were greatest (up to c.20 t/ha of agricultural land) in north-west and south-west England and Pembrokeshire (Figure 1), driven by the ‘high’ numbers of cattle in these regions. For a more detailed breakdown, tables, graphs or maps can also be produced for each livestock type (i.e. dairy, beef, pigs, sheep, laying hens, broilers) and for each month to show how manure loadings change throughout the year (data not shown). In addition, maps can be produced showing the absolute quantities (in tonnes) of manure or excreta produced in a 10 km x 10 km grid square, which could be useful in planning the location and capacity of anaerobic digestion plants etc.



Table 4. Total annual quantities of handled manures and directly deposited excreta produced in England and Wales 
	Sector
	Livestock numbers
(million)
	Solid manure
spread2
(Mt/yr fresh weight)
	Slurry
spread3
(Mt/yr fresh weight)
	Excreta deposited4
(Mt/yr fresh weight)
	Incinerated
(Mt/yr fresh weight)

	
	
	
	
	
	

	Dairy
	2.4
	9.6
	25.5
	16.4
	-

	Beef
	4.5
	16.0
	8.7
	25.8
	-

	Sheep1
	26.4
	1.5
	-
	30.0
	-

	Pigs
	4.3
	3.1
	3.4
	0.7
	-

	Laying hens
	28.2
	1.1
	-
	0.1
	-

	Broilers
	117
	2.5
	-
	<0.1
	0.4

	
	
	
	
	
	

	Total
	
	33.8
	37.7
	73.0
	0.4

	
	
	
	
	
	


1Includes sheep, goats, deer and horses
2Includes additions of straw/litter and volume losses during solid manure storage
3Includes additions of washdown/runoff water
4Deposited during grazing or by free-range/outdoor reared animals


7.2 Manure nutrient loadings

MANURES-GIS was also used to estimate total manure nutrient (N, P and K), OC and E.coli loadings to agricultural land in England and Wales (Table 5). It was estimated that c.310 kt of N are applied annually to soils in slurry and solid manure applications, and c.370 kt of N in excreta deposited directly by grazing (or free-range) livestock. Similarly, c.70 kt of P (equivalent to c.160 kt of P2O5) and c.260 kt of K (equivalent to c.310 kt of K2O) were estimated to be applied annually in slurry and solid manure applications. By way of comparison, Chambers et al. (2000) previously estimated that c.340 kt of N, c.90 kt of P and c.250 kt were applied annually in handled manures to agricultural land in England and Wales. Annual additions of OC to soils in slurry and solid manure application were estimated at c.3.3 million tonnes, and c.2.7 million tonnes from excreta deposited during grazing. In addition, MANURES-GIS also supplies data on dry matter (solids), water, NH4-N and organic-N loadings to agricultural land. 

Spatial representations of these data are presented in Figures 3-7 and show that the areas of highest loadings are the same as those for handled manures and directly deposited excreta amounts (i.e. north-west and south-west England and Pembrokeshire), driven by the ‘high’ numbers of cattle in these areas. As before, tables, graphs or maps can be produced for each livestock type and for each month to show how nutrient, OC and E.coli loadings change throughout the year (data not shown).


Figure 1. Total handled manure (FYM, slurry and poultry manure) loadings to agricultural land (tonnes fresh weight/hectare) in England and Wales
[bookmark: _GoBack][image: ]
Figure 2. Total directly deposited excreta loadings to grassland and rough grazing (tonnes fresh weight/hectare) in England and Wales
[image: ]

Figure 3. Total N loadings (kg/ha) to agricultural land with handled manures (FYM, slurry and poultry manure) 
[image: ]
Figure 4. Total P loadings (kg/ha) to agricultural land with handled manures (FYM, slurry and poultry manure)
[image: ]

Figure 5. Total K loadings (kg/ha) to agricultural land with handled manures (FYM, slurry and poultry manure)
[image: ]
Figure 6. OC loadings (kg/ha) to agricultural land with handled manures (FYM, slurry and poultry manure) 
[image: ]

Figure 7. E.coli loadings (numbers/ha) to agricultural land with handled manure (FYM, slurry and poultry manure)
[image: ]



Table 5. Total annual quantities of nutrients, organic carbon and E.coli in manures and directly deposited excreta produced in England and Wales 
	
	Total N
(Kt)
	Total P
(Kt)
	Total K
(Kt)
	OC
(Mt)
	E.Coli
(log10 CFU)

	Sector
	Solid manure
	Slurry
	Excreta deposited
	Solid manure
	Slurry
	Excreta deposited
	Solid manure
	Slurry
	Excreta deposited
	Solid manure
	Slurry
	Excreta deposited
	Solid manure
	Slurry
	Excreta deposited

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Dairy
	46
	75
	90
	10
	16
	15
	43
	59
	54
	0.7
	0.5
	0.5
	19
	20
	20

	Beef
	72
	20
	136
	14
	4
	20
	66
	24
	87
	1.1
	0.2
	1.0
	19
	19
	20

	Sheep
	6
	-
	142
	2
	-
	22
	11
	-
	197
	<0.1
	-
	1.2
	15
	20
	20

	Pigs
	20
	12
	4
	4
	3
	1
	10
	7
	2
	0.2
	<0.1
	<0.1
	18
	19
	19

	Laying hens
	11
	-
	1
	4
	-
	<1
	9
	-
	<1
	0.1
	-
	<0.1
	17
	-
	18

	Broilers
	48
	-
	1
	15
	-
	<1
	33
	-
	<1
	0.4
	-
	<0.1
	17
	-
	17

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	203
	107
	374
	49
	23
	59
	171
	90
	341
	2.5
	0.8
	2.7
	19
	20
	20

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	










7.3 Timing of manure applications

MANURES-GIS manages data in monthly timesteps, which can be useful in providing information on how changes in livestock and manure management practices throughout the year affect, for example: excretion during grazing, or the quantities of manure and nutrients applied to different crop types. Figure 8 shows how excretion during grazing ceases when dairy and beef cattle are housed during the winter months, but that excretion by sheep, mostly occurs outside (except during lambing) throughout the year.

Figure 8. Quantity of excreta deposited during grazing by dairy cattle, beef cattle and sheep.


[image: ]

Changes in slurry spreading patterns over the course of a year are shown in Figure 9. The largest quantities of cattle slurry are applied to grassland over the winter/spring period i.e. November to April (Figure 9a); most slurry is applied to spring sown arable crops in February and March (Figure 9b); and in contrast most slurry is applied to winter sown arable crops in the August to October period (Figure 9c). Similar graphs can be produced of FYM and poultry manure spreading patterns.

7.4 Estimates of nutrient losses

MANURES-GIS estimates the quantities of nutrients lost at the different stages of manure management (i.e. from hardstandings, housing, storage). For example, estimated NH3-N losses (kt) for England and Wales from MANURES-GIS were compared with values in the 2008 “Ammonia Emissions Inventory for Agriculture” (Table 6) and showed good agreement. 

Table 6. NH3-N losses (kt) for England and Wales estimated by MANURES-GIS compared with values in the 2008 “Ammonia Emissions Inventory for Agriculture” (Misselbrook et al., 2009).
	Livestock type
	MANURES-GIS

	2008 Ammonia Inventory1


	
	
	

	Dairy
	33
	25

	Beef
	18
	19

	Pig
	9
	8

	Sheep
	1
	4

	Poultry
	12
	12

	
	
	

	Total
	73
	68

	
	
	




1Data converted to kt N for losses from housing, hardstandings and storage, and adjusted to estimate losses in England and Wales based on the proportions of livestock in England and Wales compared to the UK.


Figure 9. Quantities of dairy, beef and pig slurry applied to (a) grassland, (b) spring sown arable crops and (c) winter sown arable crops.
[image: ](a)
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8. SUMMARY AND CONCLUSIONS

The MANURES-GIS software tool was developed to implement a robust set of calculations for estimating the amounts of excreta produced annually by farm livestock, and subsequently apportions these quantities into handled and field-deposited manure. Following losses/gains/transformations during housing and storage, the quantities of manure nutrients (i.e. total-N, ammonium-N, nitrate-N, organic N, total P, total K), organic carbon (OC) and microbial pathogen (i.e. E. coli) loadings to agricultural land were quantified. The calculations encompass all parts of the manure continuum (animal housing/grazing  storage  land spreading) and drew upon information from on a large number of previous Defra-funded projects.

MANURES-GIS creates a conceptual framework of manure/excreta flow pathways, by using Node and Link tree diagrams, similar to the NARSES model (Webb and Misselbrook, 2004). The framework is divided into six broad livestock classes (dairy cattle; beef cattle; pigs; sheep and other livestock; laying hens; broilers and other poultry). Each livestock class is then divided into stages: representing excretion, housing, grazing, hardstandings, storage, export and spreading. These stages are then further subdivided, for example, housing may be on a slurry or solid manure system, slurry storage may be in a lagoon or above-ground tank etc. At each stage, alterations to the composition of the manure may occur through loss processes (e.g. ammonia or methane emissions), gains (e.g. straw added during housing) or transformations (e.g. immobilisation of ammonium-N during FYM storage). The effects of composition changes are tracked using an audit process, allowing users to query a manure composition at any stage. Results from MANURES-GIS can be exported and viewed in spreadsheet packages, or in map format covering England and Wales at a 10km x 10km resolution in monthly or annual timesteps. MANURES-GIS has been developed to facilitate future enhancements to the software to enable customised functions to be added, including linking to other models. Thus, MANURES-GIS can be used as a stand-alone tool or as a component in existing diffuse pollution models, such as MAGPIE (Lord and Anthony, 2000) or PSYCHIC (Davison et al., 2008). 

The MANURES-GIS software was tested to ensure the robustness of outputs and was ‘benchmarked’ against existing national data on manure loadings to land and nutrient composition etc. For example, data derived from MANURES-GIS on the nutrient composition of manures at the point of spreading were compared with ‘typical’ manure composition data in the “Fertiliser Manual (RB209)” (Defra, 2010); good agreement was found between the two datasets, indicating that MANURES-GIS was correctly estimating nutrient losses and transformations at the different stages of manure management. As a further level of validation, MANURES-GIS estimated manure total N contents (after housing and storage losses) were compared with values published in NVZ-AP guidance (Anon, 2008; Cottrill and Smith, 2010); again there was good agreement between the two sets of values.

MANURES-GIS estimated that around 72 million tonnes of handled manures (slurry, FYM and poultry manure) were produced in England and Wales, compared with the previous estimate of 67 million tonnes (Chambers et al., 2000), with a similar quantity (c.73 million tonnes) estimated to be directly deposited by grazing livestock. Spatial representations of these data showed that manure and directly deposited excreta loadings were greatest in north-west and south-west England and Pembrokeshire, largely driven by the ‘high’ number of cattle in these regions. MANURES-GIS also estimated that c.310 kt of N were applied annually in manure applications and c.370 kt of N in excreta deposited directly by grazing (or free-range) livestock. Similarly, c.70 kt of P (equivalent to c.160 kt of P2O5) and c.260 kt of K (equivalent to c.310 kt of K2O) were estimated to be applied annually in manure applications. Annual manure additions of OC to soils were estimated at c.3.3 million tonnes and c.2.7 million tonnes from excreta deposited during grazing. Nutrient, OC and E.coli loadings were all highest in regions with the largest number of cattle (north-west and south-west England and Pembrokeshire).

Data generated by MANURES-GIS on the quantities of manure and nutrients produced and subsequently returned to agricultural land (on a spatial and temporal basis) will improve our ability to assess the effects of changes in livestock numbers, manure management practices and legislation on diffuse pollution losses from agriculture. Some examples of how MANURES-GIS can be used to assess the effects of a range of different livestock husbandry and manure management practices are given in Appendix 3. 




9. RECOMMENDATIONS FOR FURTHER WORK

· There would be merit in developing a simple web-based version of MANURES-GIS (similar to ALOWANCE http://www.wrap.org.uk/farming_growing_and_landscaping/index.html. ) to make selected data (e.g. manure quantities, nutrient loadings) more widely available to policy makers, the research community and other interested parties etc.

· There will be a need to update MANURES-GIS when more recent spatial data on livestock numbers become available (presently MANURES-GIS is based on 2004 agricultural census data).

· There will be a need to update MANURES-GIS when livestock N (and P) production standards are updated, and as scientific information on nutrient losses and transformations improves at both spatial and temporal scales.

.
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APPENDIX 1

MANURES-GIS DESCRIPTION

MANURES-GIS (Figure 1) has been produced in a VBA (Visual Basic for Applications) integrated development environment and consists of an Engine and a Data Manager. The Engine provides the functionality to create and modify a conceptual framework, link stages within conceptual frameworks to spatial data and to produce customised loss/gain/transformation functions. The Data Manager allows data to imported into the database, populates the Data Dictionary, handles the data produced by the Engine and provides a simple GIS interface to interrogate the results. 

Figure 1. The MANURES-GIS welcome ‘splashscreen’
[image: ]


1. The VBA Integrated Development Environment

Existing modelling programs such as NARSES (Webb and Misselbrook, 2004) and PSYCHIC (Davison et al., 2008) use a simple text interface and include simple flow control statements and declaration of temporary variables. To write code in this manner requires users to know the exact name of the object to code against and any scripting error will only be picked up during a run, usually causing the software to crash. MANURES-GIS takes a step forward in allowing expert users to add and update information in a more convenient way, by incorporating VBA. VBA is commonly used to customise and add greater functionality to MS Office programs, such as Excel or Word, by exposing existing objects and components and enabling users to add automated processes.

2. The Engine

The MANURES-GIS Engine tracks the flow of excreta/manure through manure management systems using Node and Link tree diagrams, which map the transfer of manure between stages (e.g. housing, storage) and enable the composition to be altered through losses (e.g. ammonia emissions), gains (e.g. addition of straw) and transformations (e.g. immobilisation of ammonium-N during housing).

A Node is conceptualised as a physical location in the manure management system, such as livestock housing or a manure store. Links represent the physical transfer of material between locations (Nodes) and can be used to represent the division of material between different housing, storage and spreading options. A tree diagram (or conceptual framework) is constructed by linking Nodes. The number of animals and initial excreta quantities and composition are input to the system in Source Nodes at the top of the tree diagram, which is then tracked depending on specified losses, gains and transformations, with the remaining and altered manure composition passed forward through to each subsequent node. Separate tree diagrams were constructed for the different livestock sectors (dairy cattle; beef cattle; pigs; sheep and other livestock; laying hens; broilers and other poultry) to represent the different flows of excreta/manure (see Figures A1-A6). 

[bookmark: _Toc224001346]2.1 Nodes and Links

Nodes receive, process and pass forward manure amounts and composition for each parent Node that they are linked to. Manure composition is made up of a number of properties, namely: total-N, ammonium-N (including uric acid N for poultry manures), nitrate-N, organic-N, total-P, total-K, Organic-C, E. coli, water, dry matter (DM) plus a ‘future proofing’ generic property[footnoteRef:1]. The composition after adjustments (i.e. losses, gains and transformations) is passed forward to the next node according to the proportions specified in the Links. There are currently eight distinct Node types that make up the MANURES-GIS framework, and represent a range of manure management systems. [1:  The generic property adds future proofing flexibility to MANURES-GIS enabling the potential addition of further manure attributes (e.g. heavy metals) at a later date. ] 


Source Nodes. These nodes represent a source of excreta at the head of the tree diagram. On a monthly basis, the Source Node requires input data on the number of animals, together with the quantity and composition of the excreta.

Housing Nodes, Hardstanding Nodes and Storage Nodes. These nodes allow adjustments to be made to the amount and manure composition through losses, gains and transformations.
· Losses/gains. Each manure property may be lost from or added into the system, and the altered composition is then passed forward to the next Node, for example, through the addition of straw during the housing stage. The changes can be month specific or occur on an annual basis.
· Transformations. Each manure property may be altered or transformed into a different manure property. For example, during solid manure storage ammonium-N can be immobilised as organic-N. The changes can be month specific or annualised.

Export node. This type of node is used to represent manures which are exported (e.g. poultry litter that is incinerated).

Grazing Node. These nodes are used to represent animals grazing in a field where excreta is deposited directly onto land. A Grazing Node is the final node in the tree diagram. 

Spreading Node. There may be a number of types of Spreading Nodes representing the application of different types of manure to different land uses (e.g. dairy FYM to grass; dairy slurry to arable spring cropping). A Spreading Node is the final node in the tree diagram.

Constraint Node. A Constraint Node implements restrictions on the timing of activities. For example, manure may be generated every month at a Source Node, but it is passed forward via a Constraint Node to represent more realistic spreading timings following storage.

Marker Node. Marker Nodes enable multiple sources of manure to be treated similarly, without having to duplicate large sections of the tree diagram. 

Watcher Node. A Watcher Node is used to ‘check’ manure attributes that pass through it. The purpose of a Watcher Node is to aid users in checking the conceptual framework at each stage of the manure management system. 

Links. A Link connects two Nodes and defines the direction of manure flow. Where there are two or more Links from a Node, the manure from the Node is distributed to each subsequent Node in proportion to the Link weights, which can vary by month. 

2.2 Data Dictionary

The data dictionary is used to store spatial, temporal and national data for use in the MANURES-GIS Engine. These data can be scrutinised and modified by users. For example, the data dictionary holds details of straw composition (Table A26) and the quantities of manure spread each month (Table A21) 


2.3 Running MANURES-GIS

The MANURES-GIS Engine allows users to create a conceptual framework (tree diagram) and link this to spatial data held in the data dictionary. Users can assign spatial database items to the attributes of a Node (see Section 3.1). If a user has already created a conceptual framework, the MANURES-GIS Engine will build an XML file, which can be saved along with any other code files created in the VBA environment. 

MANURES-GIS calculations for each monthly timestep have two parts: i) calculating the proportion of the manure which will reach each Node and ii) calculating adjustments to the composition of the manure reaching each Node. The calculations begin with the Source Nodes and then move through the tree, completing the calculations for each Node before moving on to subsequent Nodes. 

i) Calculating the proportion of the manure which reaches a node

Each Source Node is given the value of one for each monthly interval, which is then divided between subsequent nodes based on the link weights. It is possible for an individual node to be made up of different proportions of manures from a number of Source Nodes. Each node records the proportion of the manure which has reached it from the Source Nodes, allowing an audit trail to be kept. 

ii) Calculating adjustments to the composition of the manure reaching a node

Each Source Node is used to represent a livestock sector type which will produce excreta of a certain composition, and the number of animals which make up that grouping. At each subsequent Node the composition of the upstream Node is passed to it, together with a reference to the Source Node. At each subsequent Node, adjustments may be made which effect the manure composition. 

iii) Calculating manure spreading 

MANURES-GIS recognises that different manure types are spread to land based on the Spreading Nodes defined in the tree diagram (e.g. Dairy FYM, Dairy slurry, Beef FYM, Beef slurry, Pig FYM, Pig slurry, Sheep FYM, Layer manure, Poultry litter) and different land uses, again based on Spreading Node definitions (e.g. arable spring cropping, arable winter cropping, grassland, rough grazing [sheep only]). Information on the spreading of different manure types to the different land uses is held in a ‘look-up’ table imported into the data dictionary (see Section 5.2.2). 

iv) Calculating nutrient, OC and E.coli loadings

MANURES-GIS calculates the total quantities of nutrients, OC and E. coli generated from directly deposited excreta and managed manures, which can be broken down by livestock sector (and by livestock type groupings within sectors) and presented in monthly or annual timesteps.

2.4. Framework Manager

The Framework Manager is a graphical interface that is used to design and populate the MANURES-GIS tree diagrams (conceptual framework).

The Framework Manager interface has three display areas (Figure 2). The Graph Display shows the Node and Link tree representation of the excreta/manure flow pathways through a manure management system. The Attributes tab displays the general attributes of the MANURES-GIS framework and the selected livestock Sector or selected Node on the Graph Display. The Node/Link Attributes tab displays the attributes of individual Nodes or Links selected on the Graph Display. A toolbar displays buttons that edit the features of the Model Graph. 


Figure 2: The Framework Manager interface.





Graph Display. This shows the Node and Link tree representation of excreta/manure flow pathways through a manure management system, with each Livestock Sector on a separate tab. The Livestock Sector names are displayed on the tabs along with an indicator of whether the Livestock Sector should be included in the overall calculations of manure applications to agricultural land. Each Node on the Graph Display is shown as an icon, next to the Node name and beneath an image which can be selected from a library. There are eight types of Node (see Section 2.1), each with a unique icon and recommended three letter acronym to be used as part of the name. Each Link on the Graph Display is shown as a blue arrow connecting two Nodes, with an icon and the Link name centred on the arrow.

Attributes tab. This tab has three sub-tabs for Framework, Sector and Graph attributes. The Framework sub-tab displays the editable Framework name. The Sector sub-tab displays the editable name and description of the livestock Sector that is currently shown on the Graph Display. The Graph sub-tab displays the editable name, description, type and Stage of the Node or Link currently selected on the Graph Display. The Stage name assigned to a Node can be used to group and summarise emissions (e.g. to calculate total ammonia emissions during the housing Stage or the storage Stage).

Node/Link attributes tab. This tab allows actions to be created or deleted, default values to be modified and customised functions to be created. The functionality exposed depends on the Node type or Link selected. The Edit Defaults interface allows the user to enter values for the currently selected node, link or action. If a user is modifying or creating a custom action, they will see the defaults screen (Figure 3) and will be able to: 
· Create transformations. This is achieved by choosing the source property from which a quantity will be removed and a destination property to which it will be added (e.g. changing from ammonium-N to organic-N as a result of immobilisation during FYM storage). 
· Alter quantities of properties. The interface allows a user to enter monthly values for each property which will change that property. For example, by entering a value of 1.1 the property would be increased by 10% (e.g. the ‘water’ property at a slurry Storage Node may be increased due to the addition of washdown water), whereas a value of 0.9 would reduce the property by 10% (e.g. the ‘ammonium-N’ property may be decreased at a Housing Node due to losses from ammonia emissions). It is possible to add actual quantities (rather than a proportion) to a Node via the ‘Addition actual values’ check box. 

Figure 3: Edit Defaults interface for Node actions

[image: ]


Using VBA, it is possible to create specific code modules and ‘call’ other models such as MANNER-NPK or PLANET to extend the capability of the software.

3. The Data Manager

The MANURES-GIS Data Manager provides users with a quick way to: i) select a Conceptual Framework, ii) choose data scenarios, iii) run the software, iv) view the outputs and v) export the data. 

3.1. Importing data

The MANURES-GIS Data Manager enables spatial (e.g. land use and animal numbers from the Agricultural Census) and non-spatial (e.g. national data on the timing of manure applications) data to be imported into the database, using the Import interface. The Data Viewer interface (Figure 4) provides users with a simple way of viewing imported data.


Figure 4. Data viewer interface showing livestock numbers from the 2004 Agricultural Census.





3.2 The Scenario Manager

The Scenario Manager enables users to reference a set of imported spatial and non-spatial datasets, and relate these to a specific Conceptual Framework. Thus, a user may run a Conceptual Framework for the Dairy Sector (using 2004 Agricultural Census livestock numbers) and then run another scenario using projected dairy cow numbers to assess the impact this would have on the total quantity of manure generated nationally or for a selected area.

3.3 The GIS viewer

The viewer is a simple GIS tool which enables users to view imported spatial data, framework outputs and imported shape files. The Viewer has two main objectives: (i) to allow comparison of framework results data and (ii) to allow the selection of a geographical area of interest for the framework to run.

3.4 The Export wizard. 

The Export wizard enables data to be exported to other applications. The data exported includes a description of the input data layers used to produce the dataset, as well as the details of the Conceptual Framework. The data export function is structured to enable integration into other modelling frameworks (e.g. MAGPIE and PSYCHIC), as well as being flexible enough for use in future applications. The outputs have spatial resolutions of both 1 km2 and 10 km2, since both MAGPIE and PSYCHIC utilise data at 1 km2 resolution.

APPENDIX 2
FIGURES AND TABLES
Figure A1. Conceptual framework for the dairy sector
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Figure A2. Conceptual framework for the beef sector
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Figure A3. Conceptual framework for the sheep and other stock sector
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Figure A4. Conceptual framework for the pig sector
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Figure A5. Conceptual framework for the laying hen sector
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Figure A6. Conceptual framework for the broiler sector
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Table A1. Excreta quantities and N, P and K excretion (and N production as published in the NVZ-AP) for dairy and beef cattle
	Description in the NVZ-AP (2008)
	Census Category 
	
Excreta volume
	N excretion 
	N production*
	P excretion per animal
	K excretion per animal

	 
	 
	(kg or l /day)
	(kg/hd/yr)
	(kg/hd/yr)
	(kg/hd/yr)
	(kg/hd/yr)

	 
	 
	 
	 
	 
	 
	 

	Dairy cow
	
	
	
	 
	
	

	After first calf and annual milk yield more than 9000 litres
	Not used
	
	
	 
	
	

	After first calf and annual milk yield between 6000 to 9000 litres
	K1
	53
	117
	101
	19.2
	64

	After first calf and annual milk yield less than 6000 litres
	Not used
	
	
	 
	
	

	From 13 months up to first calf
	K2, K3, K4, K5, K7,K8
	40
	67
	61
	10.9
	48

	From 3 months and less than 13 months**
	K18, K19
	20
	32
	29
	5.4
	24

	Beef cows or steers
	
	
	
	 
	
	

	From 25 months - females for breeding weighing more than 500kg
	K6
	45
	92
	83
	13.5
	55

	From 25 months - females for breeding weighing 500kg or less
	Not used
	
	
	 
	
	

	From 25 months - females or steers for slaughter
	K13, K15, K9
	32
	56
	50
	9.6
	39

	From 13 months and less than 25 months
	K14, K16, K10
	26
	56
	50
	6.9
	32

	From 3 months and less than 13 months
	Not used
	
	
	 
	
	

	Bulls
	
	
	
	 
	
	

	Breeding - from 25 months
	K11
	26
	53
	48
	9.6
	32

	Breeding - from 3 months and less than 25 months
	K12
	26
	56
	50
	6.9
	32

	Non-breeding, 3 months and over
	Not used
	
	
	 
	
	

	 
	
	
	
	 
	
	

	Calf (all categories) up to 3 months***
	K17
	7
	10.4
	8.8
	2.0
	8.5

	
	
	
	
	
	
	


*N production is the quantity of N present after losses during housing and storage are accounted for (Anon, 2008)
**Based on a rearing period of 10 months
***Based on a rearing period of 2 months


Table A2. Excreta quantities and N, P and K excretion (and N production as published in the NVZ-AP) for pigs
	Description in the NVZ-AP (2008)
	Census Category 
	
Excreta volume
	N excretion
	N production*
	P excretion per animal
	K excretion per animal

	 
	 
	(kg or l /day)
	(kg/hd/yr)
	(kg/hd/yr)
	 (kg/hd/yr)
	 (kg/hd/yr)

	 
	
	
	
	
	
	

	Breeding pigs
	
	
	
	
	
	

	Sow (including litter up to 7kg) fed on a diet without synthetic amino acids (mean of with and without amino acid diets)
	L1, L3
	10.9
	21.5
	18.0
	5.9
	9.2

	Sow (including litter up to 7kg) fed on a diet supplemented with synthetic amino acids
	Not used
	
	
	 
	
	

	Maiden gilt 66kg and over
	L5, L2
	5.6
	19.4
	16.0
	3.2
	4.8

	Breeding boar from 66 kg up to 150 kg
	Not used
	
	
	 
	
	

	Breeding boar from 150 kg
	L4
	8.7
	25
	17.5
	4.5
	7.4

	 
	
	
	
	 
	
	

	Other pigs
	
	
	
	 
	
	

	From 7 kg and less than 13 kg
	L14
	1.3
	1.8
	1.4
	0.21
	1.1

	From 13 kg and less than 31 kg
	Not used
	
	
	 
	
	

	From 31 kg and less than 66 kg
	L12, L13
	3.7
	12.5
	8.8
	1.9
	3.1

	From 66 kg and intended for slaughter
	L10, L11, L7
	5.1
	17.4
	12.3
	2.8
	4.3

	
	
	
	
	
	
	

	
	
	
	
	
	
	


*N production is the quantity of N present after losses during housing and storage are accounted for (Anon, 2008)

Table A3. Excreta quantities and N, P and K excretion (and N production as published in the NVZ-AP) for poultry, sheep and other stock.
	Description in the NVZ-AP (2008)
	Census Category 
	
Excreta volume
	N excretion
	N production*
	P excretion per animal
	K excretion per animal

	 
	 
	(kg or l /day)
	(kg/hd/yr)
	(kg/hd/yr)
	 (kg/hd/yr)
	 (kg/hd/yr)

	Fowls and other poultry
	
	
	
	
	
	

	Chicken used for the production of eggs for human consumption - less than 17 weeks
	N2
	0.04
	0.34
	0.24 
	0.074
	0.12

	Chicken used for the production of eggs for human consumption - from 17 weeks (caged)
	N31, N32
	0.12
	0.74
	0.41
	0.157
	0.33

	Chicken used for the production of eggs for human consumption - from 17 weeks (not caged)
	N33
	0.12
	0.86
	0.55
	0.175
	0.33

	Chickens raised for breeding - less than 25 weeks
	Not used
	
	
	 
	
	

	Chickens raised for breeding - from 25 weeks**
	N5, N6, N7
	0.12
	1.07
	0.74
	0.239
	0.63

	Chickens raised for meat**
	N10
	0.06
	0.51
	0.39
	0.101
	0.33

	Duck
	N13, N16
	0.10
	1.60
	0.90
	0.384
	0.23

	Turkey – male (mean of male and female)**
	N15, N14
	0.14
	1.74
	1.20
	0.431
	0.76

	Turkey - female
	Not used
	
	
	
	
	

	Ostrich
	Not used
	 
	
	
	
	

	Sheep
	
	
	
	
	
	

	After lambing or tupping - weight less than 60 kg (mean of <60kg and >60kg)
	M1, M4, M7, M9, M13, M14 
	4.2
	10.0
	9.8
	1.4
	10.1

	After lambing or tupping - weight from 60 kg
	Not used
	
	
	 
	
	

	From 6 months up to 9 months old
	Not used
	
	
	 
	
	

	From 9 months old to first lambing, first tupping or slaughter
	M17, P7
	1.8
	0.6
	0.6***
	0.17
	4.4

	Other stock
	
	
	
	 
	
	

	Goat
	P5, P6
	3.5
	20.6
	15.0
	3.0
	8.5

	Deer - breeding
	P10
	4.3
	14.8
	15.2
	2.8
	10.3

	Deer - other
	Not used
	
	
	 
	
	

	Horse
	P1, P2
	24.5
	23.1
	21.0
	8.7
	44.5


*N production is the quantity of N produced after losses during housing and storage are accounted for (Anon, 2008)
**Includes litter
***The figure of 1.4 kg/yr given in Anon (2008) is incorrect (K. Smith, ADAS; pers.comm.)

Table A4. Proportions of N excreted in different forms, dry matter and water proportions, and OC and E.coli excretion by dairy and beef cattle
	Census description
	Census cate-gory
	NH4-N
(% total N)1
	Nitrate-N
(% total N)1
	Organic N (% total N)1
	DM 
(% excreta)2
	Water 
(% excreta)2
	OC
(kg/hd/
yr)3
	E.coli
(CFU/hd/yr)4

	
	
	
	
	
	
	
	
	

	Dairy females
	
	
	
	
	
	
	
	

	All cows that have calved
	K1
	60
	0
	40
	10
	90
	638
	1014

	Heifers in first calf >2 years
	K2
	60
	0
	40
	10
	90
	482
	1014

	Heifers in first calf  1-2 years
	K3
	60
	0
	40
	10
	90
	482
	1014

	Other females intended for dairy herd replacement >2 years
	K4
	60
	0
	40
	

10
	

90
	482
	1014

	Other females intended for dairy herd replacement 1-2 years
	K5
	60
	0
	40
	

10
	

90
	482
	1014

	
	
	 
	 
	 
	
	
	
	

	Beef females
	
	 
	 
	 
	
	
	
	

	All cows that have calved
	K6
	60
	0
	40
	10
	90
	641
	1014

	Heifers in first calf >2 years
	K7
	60
	0
	40
	10
	90
	569
	1014

	Heifers in first calf  1-2 years
	K8
	60
	0
	40
	10
	90
	370
	1014

	Other females intended for (beef) herd replacement >2 years
	K9
	60
	0
	40
	

10
	

90
	456
	1014

	Other females intended for (beef) herd replacement 1-2 years
	K10
	60
	0
	40
	10
	90
	370
	1014

	
	
	 
	 
	 
	
	
	
	

	Bulls 
	
	 
	 
	 
	
	
	
	

	For service > 2 years
	K11
	60
	0
	40
	10
	90
	370
	1014

	For service 1-2 years
	K12
	60
	0
	40
	10
	90
	370
	1014

	
	
	 
	 
	 
	
	
	
	

	Other cattle over 1 year
	
	 
	 
	 
	
	
	
	

	Females intended for slaughter > 2 years
	K13
	60
	0
	40
	
10
	
90
	456
	1014

	Females intended for slaughter 1-2 years
	K14
	60
	0
	40
	
10
	
90
	370
	1014

	Other male cattle over 1 year > 2 years
	K15
	60
	0
	40
	
10
	
90
	456
	1014

	Other male cattle over 1 year 1-2 years
	K16
	60
	0
	40
	
10
	
90
	370
	1014

	
	
	 
	 
	 
	
	
	
	

	Other cattle under 1 year
	
	 
	 
	 
	
	
	
	

	Intended for slaughter as calves
	K17
	60
	0
	40
	 
10
	
90
	100
	1013

	Other female calves
	K18
	60
	0
	40
	10
	90
	285
	1014

	Other male calves
	K19
	60
	0
	40
	10
	90
	285
	1014

	
	
	
	
	
	
	
	
	


1Proportions specified in NARSES (Webb and Misselbrook, 2004)
2Typical dry matter content of undiluted excreta (Smith and Frost, 2000)
3Based on excreta quantity and the typical OC content of fresh manures (33% for dairy, 39% for beef) - Defra project NT2006.
4Based on excreta quantity and the mean E.coli content of fresh excreta (109 CFU/100ml). CFU = coliform forming units.




Table A5. Proportions of N excreted in different forms, dry matter and water proportions, and OC and E.coli excretion by pigs and sheep
	Census description
	Census cate-gory
	NH4-N
(% total N)1
	Nitrate-N
(% total N)1
	Organic N (% total N)1
	DM 
(% excreta)2
	Water 
(% excreta)2
	OC
(kg/hd/
yr)3
	E.coli
(CFU/
hd/yr)4

	
	
	
	
	
	
	
	
	

	Breeding pigs
	
	
	
	
	
	
	
	

	Sows in pig
	L1
	70
	0
	30
	6
	94
	79
	1013

	Gilts in pig
	L2
	70
	0
	30
	6
	94
	40
	1013

	Suckled or dry sows being kept for further breeding
	L3
	70
	0
	30
	6
	94
	79
	1013

	Boars being used for service
	L4
	70
	0
	30
	6
	94
	63
	1013

	Gilts over 50 kg not yet in pig but expected to be used or sold for breeding
	L5
	70
	0
	30
	

6
	

94
	40
	1013

	
	
	 
	 
	 
	
	
	
	

	Barren sows for fattening
	L7
	70
	0
	30
	6
	94
	37
	1013

	
	
	 
	 
	 
	
	
	
	

	All other pigs
	
	 
	 
	 
	
	
	
	

	110 kg and over
	L10
	70
	0
	30
	6
	94
	37
	1013

	80 to 110 kg
	L11
	70
	0
	30
	6
	94
	37
	1013

	50 to 80 kg
	L12
	70
	0
	30
	6
	94
	27
	1013

	20 to 50 kg
	L13
	70
	0
	30
	6
	94
	27
	1013

	Under 20 kg
	L14
	70
	0
	30
	6
	94
	9
	1012

	 
	 
	 
	 
	 
	
	
	
	

	Breeding sheep 1 year and over
	
	 
	 
	 
	
	
	
	

	Intended for further breeding
	M1
	60
	0
	40
	10
	90
	60
	1013

	Intended for slaughter
	M4
	60
	0
	40
	10
	90
	60
	1013

	Female sheep (>1 Year) not yet used for breeding already put or to be put to ram
	M7
	60
	0
	40
	10
	90
	60
	1013

	Rams for service (1 year old and over)
	M9
	60
	0
	40
	
10
	
90
	60
	1013

	
	
	 
	
	
	
	
	
	

	Other sheep and lambs 
	
	 
	
	
	
	
	
	

	Other sheep (1 year old and over) female
	M13
	60
	0
	40
	
10
	
90
	60
	1013

	Other sheep (1 year old and over) male
	M14
	60
	0
	40
	
10
	
90
	60
	1013

	Lambs under 1 year
	M17
	60
	0
	40
	10
	90
	26
	1013

	
	
	
	
	
	
	
	
	


1Proportions specified in NARSES (Webb and Misselbrook, 2004) 
2Typical dry matter content of undiluted excreta (Smith and Frost, 2000; Smith et al., 2000)
3Based on excreta quantity and the typical OC content of fresh manures (33% for pigs, 39% for sheep) - Defra project NT2006
4Based on excreta quantity and the mean E.coli content of fresh excreta (109 CFU/100ml). CFU = coliform forming units.




Table A6. Proportions of N excreted in different forms, dry matter and water proportions, and OC and E.coli excretion by poultry and other stock
	Census description
	Census cate-gory
	NH4-N
(% total N)1
	Nitrate-N
(% total N)1
	Organic N (% total N)1
	DM 
(% excreta)2
	Water 
(% excreta)2
	OC
(kg/hd/
yr)3
	E.coli
(CFU/
hd/yr)4

	
	
	
	
	
	
	
	
	

	Fowls and other poultry
	
	
	
	
	
	
	
	

	Growing pullets to point of lay
	N2
	70
	0
	30
	35
	65
	1.4
	1011

	Birds in laying flock -caged
	N31
	70
	0
	30
	35
	65
	4.3
	1011

	Birds in laying flock - barn/perchery
	N32
	70
	0
	30
	
35
	
65
	4.3
	1011

	Birds in laying flock - free range
	N33
	70
	0
	30
	
35
	
65
	4.3
	1011

	Layer breeders
	N5
	70
	0
	30
	60
	40
	8.7
	1011

	Broiler breeders
	N6
	70
	0
	30
	60
	40
	8.7
	1011

	Cocks and cockerels
	N7
	70
	0
	30
	60
	40
	8.7
	1011

	Broilers
	N10
	70
	0
	30
	60
	40
	4.3
	1011

	Ducks
	N13
	70
	0
	30
	35
	65
	3.6
	1011

	Geese
	N14
	70
	0
	30
	35
	65
	5.0
	1012

	Turkeys
	N15
	70
	0
	30
	60
	40
	10.1
	1012

	All other birds
	N16
	70
	0
	30
	35
	65
	3.6
	1011

	 
	 
	
	
	
	
	
	
	

	Other stock types
	
	
	
	
	
	
	
	

	Horses - owned
	P1
	60
	0
	40
	10
	90
	349
	1014

	Horses - not owned
	P2
	60
	0
	40
	10
	90
	349
	1014

	Goats - breeding females - dairy
	P5
	60
	0
	40
	
10
	
90
	50
	1013

	Goats - breeding females - not dairy
	P6
	60
	0
	40
	
10
	
90
	50
	1013

	Other goats and kids
	P7
	60
	0
	40
	10
	90
	26
	1013

	Farmed deer
	P10
	60
	0
	40
	10
	90
	61
	1013

	
	
	
	
	
	
	
	
	


1Proportions specified in NARSES (Webb and Misselbook, 2004). For poultry manures, includes uric acid-N.
2Typical dry matter content of undiluted excreta including litter where appropriate (Smith and Frost, 2000; Smith et al., 2000)
3Based on excreta quantity and the typical OC content of fresh manures (28% for layer manure, 33% for broiler litter, 39% for horse and goat manures) - Defra project NT2006.
4Based on excreta quantity and the mean E.coli content of fresh excreta (109 CFU/100ml). CFU = coliform forming units.



Table A7. Apportionment (%) of excreta from Source Nodes by month for dairy cattle (K1).
	Routes
	Annual*
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Grazing
	38
	0
	0
	0
	22
	67
	67
	67
	67
	67
	24
	0
	0

	Housing summer
	7
	0
	0
	0
	4
	12
	12
	12
	12
	12
	4
	0
	0

	Collecting yards summer
	12
	0
	0
	0
	7
	21
	21
	21
	21
	21
	7
	0
	0

	Housing winter
	31
	72
	72
	72
	48
	0
	0
	0
	0
	0
	47
	72
	72

	Feed yards winter
	3
	7
	7
	7
	5
	0
	0
	0
	0
	0
	5
	7
	7

	Collecting yards winter
	9
	21
	21
	21
	14
	0
	0
	0
	0
	0
	14
	21
	21

	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Based on the apportionment of N by NARSES (see Section 4.2.2)

Table A8. Apportionment (%) of excreta from Source Nodes by month for other dairy, beef heifers, calves (K2-K5,K7,K8, K18,K19)
	Routes
	Annual*
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Grazing
	65
	0
	0
	0
	90
	100
	100
	100
	100
	100
	94
	0
	0

	Housing winter
	31
	89
	89
	89
	9
	0
	0
	0
	0
	0
	6
	89
	89

	Feed yards winter
	4
	11
	11
	11
	1
	0
	0
	0
	0
	0
	1
	11
	11

	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Based on the apportionment of N by NARSES (see Section 4.2.2)

Table A9. Apportionment (%) of excreta from Source Nodes by month for beef cattle (K6, K9-K16)
	Routes
	Annual*
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Grazing
	62
	0
	0
	0
	73
	100
	100
	100
	100
	100
	74
	0
	0

	Housing winter
	31
	82
	82
	82
	22
	0
	0
	0
	0
	0
	21
	82
	82

	Feed yards winter
	7
	18
	18
	18
	5
	0
	0
	0
	0
	0
	5
	18
	18

	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Based on the apportionment of N by NARSES (see Section 4.2.)

Table A10. Apportionment (%) of excreta from Source Nodes by month for sheep (M1, M4, M7, M9, M13, M14)
	Routes
	Annual*
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Grazing
	95
	100
	100
	51
	100
	100
	100
	100
	100
	100
	100
	100
	100

	Housing winter
	4
	0
	0
	39
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Collecting yards winter
	1
	0
	0
	10
	0
	0
	0
	0
	0
	0
	0
	0
	0

	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Based on the apportionment of N by NARSES (see Section 4.2.2)

Table A11. Apportionment (%) of excreta from Source Nodes by month for horses and deer (P1, P2, P10)
	Routes
	Annual*
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Grazing
	75
	0
	100
	100
	100
	100
	100
	100
	100
	100
	100
	0
	0

	Housing winter
	25
	100
	0
	0
	0
	0
	0
	0
	0
	0
	0
	100
	100

	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Based on the apportionment of N by NARSES (see Section 4.2.2)



Table A12. Apportionment (%) of excreta from hardstandings and housing Nodes for dairy and beef cattle
	Description
	Census 
Category
	Housed excreta as slurry
	Housed excreta as FYM
	FYM spread fresh
	FYM stored

	Dairy
	 
	 
	
	 
	

	Dairy cows
	K1
	66
	34
	31
	69

	Dairy heifers
	K2, K3
	66
	34
	31
	69

	Dairy replacement > 2yrs
	K4
	18
	82
	31
	69

	Dairy replacement 1- 2yrs
	K5
	18
	82
	31
	69

	Dairy bulls < 2yrs
	K11 * 0.575
	18
	82
	31
	69

	Dairy bulls > 2yrs
	K12 * 0.575
	18
	82
	31
	69

	Dairy calves
	K18 * 0.076
	18
	82
	31
	69

	Beef 
	 
	 
	
	
	

	Beef cows
	K6
	18
	82
	31
	69

	Beef heifers
	K7, K8
	18
	82
	31
	69

	Beef > 2 years
	K9,K13, K15
	18
	82
	31
	69

	Beef 1-2 years
	K10, K14, K16
	 
	
	
	

	Bulls >2 years
	K11 * 0.425
	18
	82
	31
	69

	Bulls 1-2 years
	K12 * 0.425
	18
	82
	31
	69

	Intended for slaughter as calves
	K17
	0
	100
	31
	69

	Other calves
	K18 * 0.924, K19
	18
	82
	31
	69



Table A13. Apportionment (%) of excreta from hardstandings and housing Nodes for pigs and sheep
	Description
	Census Category
	Free range/
outdoor
	Housed excreta as slurry
	Housed excreta on reduced emission systems
	Housed excreta as FYM
	FYM spread fresh
	FYM stored

	Pigs
	 
	 
	 
	 
	 
	 
	 

	Sows and gilts
	L1, L2, L3
	36
	72
	3
	25
	31
	69

	Boars 
	L4
	28
	0
	0
	100
	31
	69

	Maiden gilts
	L5
	28
	35
	0
	65
	31
	69

	110 kg and over
	L7, L10
	1
	31
	4
	65
	31
	69

	80 to 110 kg
	L11
	1
	31
	4
	65
	31
	69

	50 to 80 kg
	L12
	1
	31
	4
	65
	31
	69

	20 to 50 kg
	L13
	1
	31
	4
	65
	31
	69

	Weaners
	L14
	8
	50
	0
	50
	31
	69

	 
	 
	 
	 
	 
	 
	
	

	Sheep and other stock
	 
	 
	 
	 
	 
	
	

	Sheep
	M1, M4, M7, M9, M13, M14
	 -
	 -
	 -
	100
	0
	100

	Lambs under 1 year
	M17
	 -
	 -
	 -
	100
	0
	100

	Horses and deer
	P1, P2, P10
	 -
	 -
	 -
	100
	0
	100

	Goats 
	P5, P6, P7
	 -
	 -
	 -
	100
	0
	100

	 
	 
	 
	 
	 
	 
	 
	 




Table A14. Apportionment (%) of excreta from hardstandings and housing Nodes for poultry
	Description
	Census Ref
	Free range*
	Housed excreta as 
poultry
	Housed excreta on reduced emission systems**
	Poultry spread fresh
	Poultry stored

	Layers
	 
	 
	
	 
	 
	

	Birds in laying flock - caged
	N31
	0
	40
	60
	50
	50

	Birds in laying flock - barn/perchery
	N32
	0
	100
	0
	50
	50

	Birds in laying flock - free range
	N33
	20
	100
	0
	50
	50

	 
	 
	 
	
	 
	
	

	Broilers and other poultry
	 
	 
	 
	 
	
	

	Pullets
	N2, 
	2
	100
	0
	50
	50

	Breeders
	N5, N6, N7,
	2
	100
	0
	50
	50

	Ducks, geese
	N13, N14
	2
	100
	0
	50
	50

	Broilers
	N10
	1
	100
	0
	50
	50

	Turkeys
	N15
	2
	100
	0
	50
	50

	All other birds
	N16
	2
	100
	0
	50
	50

	 
	 
	 
	 
	 
	 
	 


*From NARSES (Webb and Misselbrook, 2004)
**The reduced emission system for laying hens is belt-scraped housing. 


Table A15. Apportionment (%) of excreta from storage Nodes for each livestock Sector
	Sector
	Census 
Category
	Poultry incinerated
	%slurry spread fresh
	%slurry stored
	Stored slurry lagoon
	Stored slurry tank
	Stored slurry weeping wall
	Slurry stores covered or crusted
	Slurry stores not covered or crusted

	Dairy
	 
	-
	16
	84
	39
	39
	22
	80
	20

	Beef 
	 
	-
	25
	75
	39
	39
	22
	80
	20

	Pigs
	
	-
	27
	73
	47
	53
	0
	3
	97

	Sheep and other stock
	
	-
	
	
	
	
	
	
	

	Layers
	
	-
	
	
	
	
	
	
	

	Broilers and other poultry
	
	
	
	
	
	
	
	
	

	Pullets
	N2, 
	0
	
	
	
	
	
	
	

	Breeders
	N5, N6, N7,
	0
	
	
	
	
	
	
	

	Ducks, geese
	N13, N14
	0
	
	
	
	
	
	
	

	Broilers
	N10
	35
	
	
	
	
	
	
	

	Turkeys
	N15
	35
	
	
	
	
	
	
	

	All other birds
	N16
	0
	
	
	
	
	
	
	




Table A16. Proportion (%) of each manure type spread to different land uses in England for 2007 (Welch,  2008).

	Land use

	Dairy slurry
	Dairy FYM
	Beef slurry
	Beef FYM
	Sheep FYM
	Pig slurry
	Pig FYM
	Layer
	Broiler litter

	Grass
	89
	63
	89
	63
	63
	32
	10
	7
	7

	Spring cropping
	8
	22
	8
	22
	22
	21
	60
	35
	35

	Autumn cropping
	3
	15
	3
	15
	15
	47
	30
	58
	58




Table A17. Crops included in each broad land use class

	Land use
	Crops included

	
	

	Autumn cropping
(pre 31st December)
	Winter wheat, winter barley, winter oilseed rape, winter oats (or all oats), rye/triticale (for grain), winter beans, cabbage.

	
	

	Spring cropping
(post 31st December)
	Spring barley, spring oats, spring oilseed rape, spring wheat, potatoes, sugar beet, peas, linseed, forage maize, fodder roots, flax, field vegetables (except cabbage)..

	
	

	Grass
	Grass five years and over, grass less than five years old

	
	

	Rough grazing
	Rough grazing




Table A18. Relative likelihood (%) of different manure types being spread to each land use.

	Land use
	Cattle slurry
	Cattle and sheep FYM
	Pig slurry
	Pig FYM
	Poultry manure

	Grass
	72
	37
	15
	4
	3

	Spring cropping
	23
	44
	35
	73
	48

	Autumn cropping
	5
	19
	50
	23
	49



Table A19. Distribution of dairy slurry for hypothetical grid squares

	
	Area (%)
	Dairy slurry distribution (%)

	
	Grass
	Spring cropping
	Autumn cropping
	Grass
	Spring cropping
	Autumn cropping

	Grid square 1
	33.3
	33.3
	33.3
	72
	23
	5

	Grid square 2
	80
	10
	10
	95
	4
	1

	Grid square 3
	0
	100
	0
	0
	100
	0

	Grid square 4
	20
	30
	40
	62
	30
	8




Table A20.  Proportion of manure by type and land use, which is applied in each month
	Manure type
	Land use
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec

	
	 
	
	
	
	
	
	
	
	
	
	
	
	

	Cattle slurry
	Grass
	0.15
	0.17
	0.17
	0.08
	0.04
	0.06
	0.04
	0.04
	0.04
	0.03
	0.08
	0.10

	 
	Spring cropping
	0.06
	0.26
	0.26
	0.13
	0.02
	0.02
	0.03
	<0.01
	0.04
	0.02
	0.11
	0.04

	 
	Autumn cropping
	<0.01
	0.09
	0.09
	0.04
	0.01
	0.01
	0.01
	0.20
	0.43
	0.11
	0.01
	<0.01

	 
	 
	
	
	
	
	
	
	
	
	
	
	
	

	 Cattle FYM
	Grass
	0.13
	0.14
	0.14
	0.07
	0.03
	0.04
	0.03
	0.08
	0.08
	0.10
	0.07
	0.09

	 
	Spring cropping
	0.05
	0.26
	0.26
	0.13
	0.02
	0.02
	0.03
	0.01
	0.03
	0.06
	0.09
	0.04

	 
	Autumn cropping
	0.02
	0.03
	0.03
	0.01
	0.01
	0.01
	0.02
	0.22
	0.49
	0.13
	0.03
	0.01

	 
	 
	
	
	
	
	
	
	
	
	
	
	
	

	 Pig Slurry
	Grass
	0.07
	0.16
	0.16
	0.08
	0.07
	0.09
	0.07
	0.11
	0.11
	0
	0.04
	0.05

	 
	Spring cropping
	0.14
	0.21
	0.21
	0.11
	0
	0
	0
	0
	0
	0
	0.24
	0.09

	 
	Autumn cropping
	0.02
	0.14
	0.14
	0.07
	0
	0
	0
	0.21
	0.24
	0.13
	0.04
	0.02

	 
	 
	
	
	
	
	
	
	
	
	
	
	
	

	 Pig FYM
	Grass
	0
	0.12
	0.12
	0.06
	0
	0
	0
	0
	0.29
	0.42
	0
	0

	 
	Spring cropping
	0.07
	0.29
	0.29
	0.15
	0
	0
	0
	0
	0.04
	0
	0.12
	0.05

	 
	Autumn cropping
	0.01
	0.03
	0.03
	0.01
	0.01
	0.01
	0.02
	0.11
	0.60
	0.14
	0.02
	0.01

	 
	 
	
	
	
	
	
	
	
	
	
	
	
	

	 Poultry
	Grass
	0.05
	0.26
	0.26
	0.13
	0.04
	0.05
	0.04
	0.09
	0
	0.05
	0.03
	0.03

	 
	Spring cropping
	0.05
	0.27
	0.27
	0.14
	0.03
	0.03
	0.04
	0
	0
	0.05
	0.09
	0.03

	 
	Autumn cropping
	0
	0.04
	0.04
	0.02
	0.01
	0.01
	0.02
	0.28
	0.58
	0
	0
	0

	 
	 
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	





	
	
	
	
	
	
	
	
	
	Slurry storage

	Livestock sector
	Feed yards
	Collecting yards
	
	Solid manure housing
	
	Slurry housing
	Reduced emission housingc
	Solid manure storage
	Lagoon uncovered
	Lagoon covered
	Tank uncovered
	Tank covered

	Dairy
	52a
	30b
	All other dairy
	23
	
	32
	-
	35
	52
	26d
	10
	5d

	
	
	
	Calves (K18)
	8
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Beef
	52a
	-
	Other beef
	23
	
	32
	-
	35
	52
	26d
	10
	5d

	
	
	
	Calves (K17,18,19)
	8
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Pigs
	-
	-
	All other pigs
	25
	Sows (L1-3)
	19
	13
	30
	52
	26d
	13
	3e

	
	
	
	Fatteners/weaners (L7, L10-14)
	22
	Gilts (L5)

	13

	3.9

	
	
	
	
	

	
	
	
	
	
	Fatteners
(L7, L10-13)
	33

	23

	
	
	
	
	

	
	
	
	
	
	Weaners (L14)
	15

	11

	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Sheep
	52a
	-
	
	22
	
	-
	-
	35
	-
	-
	-
	-

	
	
	
	
	
	
	
	
	
	
	
	
	

	Layers
	-
	-
	
	37
	
	-
	17
	18
	-
	-
	-
	-

	
	
	
	
	
	
	
	
	
	
	
	
	

	Broilers
	-
	-
	Broilers
	8
	
	-
	6
	9
	-
	-
	-
	-

	
	
	
	Pullets
	17
	
	-
	12
	
	
	
	
	

	
	
	
	Breeding Hens
	17
	
	-
	12
	
	
	
	
	

	
	
	
	Turkeys
	19
	
	-
	13
	
	
	
	
	

	
	
	
	Ducks/geese
	17
	
	-
	12
	35 (Duck FYM)
	-
	-
	-
	-

	
	
	
	Other poultry
	17
	
	-
	12
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	


Table A21. Ammonia emission factors - EF (% ammonium-N present in manure). Source: NARSES (Webb and Misselbrook, 2004).
a75% of ammonium-N lost from all hardstanding types. Scraping efficiency is 30%, so losses only occur from the 70% of excreta left.
b75% of ammonium-N lost from all hardstanding types. Scraping efficiency is 60%, so losses only occur from the 40% of excreta left.
cFor pigs, assumes a c.30% abatement. For layers, refers to belt-scraping. For other poultry, assumes a 30% abatement.
dAssumes 50% abatement for floating cover/crust
eAssumes 80% abatement for rigid cover


Table A22. N2O/NO/N2-N emission factors (% ammonium-N). 
	Livestock sector
	
	FYM housing*
	Solid manure storage**
	Slurry storage*

	Cattle
	
	-
	23/-/36
	0.1/0.01/0.3

	
	
	
	
	

	Pigs
	
	-
	23/-/36
	0.3/0.03/0.9

	
	
	
	
	

	Sheep
	
	-
	23/-/36***
	-

	
	
	
	
	

	Layers
	
	27/-/-
	1/-/36***
	-

	
	
	
	
	

	Broilers
	Broilers
	12/-/-
	1/-/36
	-

	
	All other poultry
	19/-/-
	23/-/35 (Duck FYM)
	

	
	
	
	
	
















*NARSES: Webb and Misselbrook (2004)
**Defra project WA0716. There is an additional loss of NO/N2 of 13% organic-N from solid manure stores
***Sheep FYM assumed to be the same as for cattle FYM. Layer manure assumed to be the same as for broiler litter.


Table A23.  CH4-C emission factors (% of manure OC)
	Livestock sector
	FYM/poultry housing
	Slurry housing
	Hard-standings
	FYM/poultry store
	Uncovered slurry tank/lagoon
	Covered slurry tank/lagoon

	
	
	
	
	
	
	

	Cattle 
	1
	1
	0.2
	0
	3
	2

	Pig 
	2
	2
	-
	1
	12
	7

	Sheep
	1
	-
	-
	1
	-
	-

	Layers*
	-
	-
	-
	0
	-
	-

	Broilers*
	-
	-
	-
	1
	-
	-

	
	
	
	
	
	
	


*Emissions for poultry are from housing and storage. Loss applied in MANURES-GIS at the storage stage.


Table A24. Reductions in E.coli concentrations during housing and storage
	Manure type
	Excreta
(CFU/100ml)
	After housing
(CFU/100ml)
	% reduction
(log reduction)
	After storage
(CFU/100ml)
	% reduction (log reduction)

	Cattle slurry
	109
	109*
	0
	107
	99 (2)

	Cattle FYM
	109
	107
	99 (2)
	104*
	99.9 (3)

	Pig slurry
	109
	109*
	0
	106
	99.9 (3)

	Pig FYM
	109
	107*
	99 (2)
	104
	99.9 (3)

	Sheep FYM
	109
	107*
	99 (2)
	104*
	99.9 (3)

	Poultry
	109
	107*
	99 (2)
	103
	99.99 (4)

	
	
	
	
	
	


* Concentration inferred from the data for the most similar manure type


Table A25. Typical composition of straw.
	Property
	Concentration
(kg/t fresh weight - fw unless stated otherwise)

	DM(%)
	85

	Water (%)
	15

	Total N
	5.51

	Ammonium-N
	0

	Nitrate-N
	0

	Organic-N
	5.5

	Total P
	0.52

	Total K
	7.93

	OC (% DM)
	404

	E.coli (cfu/100ml)
	0


1PLANET: 5.0 kg/t fw for wheat straw and 6.0 kg/t fw for barley straw. 
2PLANET: 1.2 kg/t fw P2O5 for winter wheat and winter barley straw.
3PLANET: 9.5 kg/tfw K2O for winter wheat and winter barley straw.
4Source: SoilQC (Defra project SP0530)

APPENDIX 3

USING MANURES-GIS FOR SCENARIO TESTING

The MANURES-GIS software tool was used to assess the impacts of a range of scenarios where changes were made to animal husbandry methods, manure management practices etc. The following scenarios were selected after consultation with the Project Steering Group:

1. A reduction in the quantity of N and P excreted by livestock (e.g. as a result of dietary changes).
2. All laying hens to be moved from deep pit to belt-scraped housing.
3. All dairy cows and pigs moved from slurry to solid manure management systems.
4. All slurry stores covered.
5. All dairy cows housed indoors (i.e. no grazing).
6. Extend the grazing season for dairy cows (i.e. assume that dairy cows are fully housed from December to February compared with the current housing period of November to March).
7. Assess the effect of changing livestock numbers (from the MANURE-GIS baseline in 2004) to Business As Usual (BAU) projected numbers in 2020 (Defra project WT03035).
The impacts of the scenarios were assessed in relation to the current situation in England and Wales as implemented in MANURES-GIS and described in the main body of this report. This is referred to henceforth as the ‘Baseline’ scenario.

Scenario 1. Reducing the quantity of N and P excreted by livestock

For this scenario, the quantity of N and P excreted by all livestock classes (dairy, beef, sheep, pigs, poultry) was reduced by 20% to mimic the effect of reducing dietary N and P intakes i.e. the N and P excretion rates in Tables A1-A3 were reduced by 20%.

Tables A26 and A27 show that the effect of this change would be to reduce the quantity of N and P applied in handled manures to agricultural land or deposited during grazing; see Figures A7 and A8 for spatial representations of scenario 1.

Table A26. Effect of reducing N excretion on total annual quantities of N (kt) in handled manures and directly deposited excreta in England and Wales (Scenario 1) 
		
	Baseline
	Scenario 1

	Sector
	FYM
	Slurry
	Excreta deposited
	FYM
	Slurry
	Excreta deposited

	
	
	
	
	
	
	

	Dairy
	46
	75
	90
	39
	60
	72

	Beef
	72
	20
	136
	60
	16
	108

	Sheep
	6
	-
	142
	5
	-
	120

	Pigs
	20
	12
	4
	17
	10
	3

	Laying hens
	11
	-
	1
	9
	-
	1

	Broilers
	48
	-
	1
	40
	-
	1

	
	
	
	
	
	
	

	Total
	203
	107
	374
	179
	86
	305

	
	
	
	
	
	
	



This scenario would have benefits in terms of reduced ammonia emissions from livestock housing and manure storage (c.14 ktN) and following land spreading. Also, there would be associated reductions in nitrate leaching losses and direct/indirect nitrous oxide emissions following land spreading.


Table A27. Effect of reducing P excretion on total annual quantities of P (kt) in handled manures and directly deposited excreta in England and Wales (Scenario 1) 

	
	Baseline
	Scenario 1

	Sector
	FYM
	Slurry
	Excreta deposited
	FYM
	Slurry
	Excreta deposited

	
	
	
	
	
	
	

	Dairy
	10
	16
	15
	9
	13
	12

	Beef
	14
	4
	20
	11
	3
	16

	Sheep
	2
	-
	22
	1
	-
	17

	Pigs
	4
	3
	1
	3
	3
	<1

	Laying hens
	4
	-
	<1
	3
	-
	<1

	Broilers
	15
	-
	<1
	12
	-
	<1

	
	
	
	
	
	
	

	Total
	49
	23
	59
	39
	19
	45

	
	
	
	
	
	
	



This scenario would have benefits in terms of reduced (c.20%) phosphorus loadings to land and associated losses via surface runoff and drainflow/leaching, particularly following slurry (liquid manure) applications.

Figure A7. N loading rates (kg/ha) to agricultural land from handled manures and directly deposited excreta (kg/ha) in (a) the ‘Baseline’ and (b) Scenario 1
	(a)
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	(b)
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Figure A8. P loading rates (kg/ha) to agricultural land from handled manures and directly deposited excreta (kg/ha) in (a) the ‘Baseline’ and (b) Scenario 1
	(a)
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	(b)
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Scenario 2. All caged laying hens moved from deep pit to belt-scraped housing

Currently in England and Wales it is estimated that around 40% of caged laying hens are kept in ‘conventional’ deep-pit housing systems and 60% in belt-scraped housing systems; the latter system reduces the amount of ammonia lost from housing as the manure is maintained in a drier condition than in deep-pits under caged housing (Table A14). For this scenario, it was assumed that all laying hens would be moved from deep-pit to belt-scraped housing systems, and the impact on ammonia-N losses was assessed. 

Estimates from MANURES-GIS indicated that moving all caged laying hens from deep-pit to belt-scraped housing systems would reduce ammonia-N losses from the laying hen sector from 4.4 kt (Baseline) to 3.6 kt (Scenario 2); a reduction of 0.8 kt (equivalent to c.20%). Spatial representations of ammonia-N losses from caged laying hens in the ‘Baseline’ and Scenario 2 are compared in Figure A9.

Figure A9. Ammonia-N losses (kg) from laying hens in (a) the ‘Baseline’ and (b) Scenario 2
	(a)
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	(b)
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The reductions in ammonia losses during housing and storage (c.0.8 ktN) would lead to a greater readily available N content of the layer manure and hence ammonia emissions at land spreading would be increased, but by a lower amount. Similarly, nitrate leaching losses and direct/indirect nitrous oxide emissions would be increased by a small amount following land spreading.  However, overall manure N use efficiency would be increased.

Scenario 3. All dairy cows and pigs moved from slurry to solid manure management systems

In England and Wales, it is estimated that around 66% of dairy cow and c.30% of growing pig manure is handled as slurry (Tables A12 and A13). Previous research has shown that rearing cattle in straw-based (FYM) housing systems can reduce ammonia emissions from housing by c.30% compared with slurry based housing (Table A21); and by analogy in this scenario the same emission reduction was applied to pigs. For this scenario, it was assumed that all dairy cows and housed pigs would be moved to solid manure (FYM) management systems, and the impact on ammonia-N losses was assessed. 

Table A28. Effect on ammonia-N losses (kt) of moving all dairy cows and housed pigs to solid manure management systems (Scenario 3) 
	Sector
	‘Baseline’
	Scenario 3
	Reduction

	
	
	
	

	Dairy
	32.7
	26.1
	6.6 (20%)

	
	
	
	

	Pigs
	8.7
	5.5
	3.2 (37%)

	
	
	
	

	Total
	41.4
	31.6
	9.8 (24%)

	
	
	
	



Estimates from MANURES-GIS indicated that moving all dairy cows to solid manure management systems would reduce ammonia-N losses by 6.6 kt (Table A28); these reductions are equivalent to c.20% of total ammonia-N losses from the dairy sector. However, there would be many practical issues to overcome (e.g. the need for investment in new buildings, availability and transport of straw to livestock production areas, labour requirements etc). 

In addition to the ammonia loss reductions (c.6.6 ktN) during housing and storage – ammonia emissions, nitrate leaching losses and direct/indirect nitrous oxide emissions would be reduced following land spreading as a result of the lower readily available N content of FYM (compared with slurry). However, nitrous oxide emission would be increased during storage but (probably) by a lower amount than the reductions following land spreading.

Scenario 4. All slurry stores covered

In England and Wales, it is estimated that the majority of cattle and pig slurry is stored prior to land spreading. Of this, around 80% of cattle slurry is stored in tanks or lagoons which are crusted/covered, compared with only c.3% of pig slurry (Table A15). Previous research has shown that covering slurry stores can reduce ammonia emissions during storage by c.50% compared with uncovered stores (Table A21). For this scenario, it was assumed that all cattle and pig slurry stores were covered, and the impact on ammonia-N losses was assessed. 

Estimates from MANURES-GIS indicated that covering all slurry stores would reduce ammonia-N losses by 2.5 kt i.e. by 4% of ammonia losses from slurry systems during housing and storage (Table A29), with a greater percentage reduction in the pig sector (15%) where at present only a small number of slurry stores are covered. Covering all slurry stores would be an effective measure for reducing overall ammonia-N losses from livestock farming (and in particular the pig sector), but would require considerable investment in new storage facilities that could accommodate store covering. 

Table A29. Effect on ammonia-N losses (kt) of covering all slurry stores (Scenario 4) 
	Sector
	Baseline
	Scenario 4
	Reduction

	
	
	
	

	Dairy
	32.7
	31.7
	1.0 (3%)

	
	
	
	

	Beef
	17.9
	17.7
	0.2 (1%)

	
	
	
	

	Pigs
	8.7
	7.4
	1.3 (15%)

	
	
	
	

	Total
	59.3
	56.8
	2.5 (4%)

	
	
	
	



Spatial representations of ammonia-N losses during pig slurry storage in the ‘Baseline’ and Scenario 4 are compared in Figures A10


Figure A10. Ammonia-N losses (kg) from pig slurry storage in (a) the ‘Baseline’ and (b) Scenario 4
	(a)
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	(b)
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The reductions in ammonia losses from slurry store covering (c.2.5 ktN) would lead to a greater readily available N content of the slurry (and higher dry matter content as a result of rainfall exclusion) and hence ammonia emissions at land spreading would be increased. Similarly, nitrate leaching losses and direct/indirect nitrous oxide emissions would be increased by a small amount following land spreading. However, overall manure N use efficiency would be increased. 

Scenario 5. All dairy cows housed indoors (i.e. no grazing)

In England and Wales, the majority of dairy cows are grazed during the ‘summer’ months (April – October) and housed in winter (November – March). However, there has been considerable recent interest in the concept of year round housing to improve productivity and efficiency. In this scenario, the impact on ammonia-N losses from the dairy sector was assessed. 

Table A30. Effect on ammonia-N losses (kt) from the dairy sector of housing all dairy cows indoors (Scenario 5) 
	Sector
	Baseline
	Scenario 5
	Increase

	
	
	
	

	Housing
	16
	22
	6 (38%)

	
	
	
	

	Collecting/ feed yards
	10
	21
	11 (110%)

	
	
	
	

	Storage
	7
	12
	5 (71%)

	
	
	
	

	Total
	33
	55
	22 (67%)

	
	
	
	



Estimates from MANURES-GIS indicated that housing dairy cows all year would increase ammonia-N losses from 33 to 55 kt (a c.65% increase) because of higher losses from housing, collecting/feed yards and manure storage (Table A30); representing a c.30% increase in ammonia emissions from livestock housing and manure storage. In grazed dairy systems, excreta is returned directly to the soil and ammonia emissions are lower because urine infiltrates rapidly into the soil. In contrast, ammonia emissions are higher from permanently housed systems, because all of the excreta is deposited onto an impermeable base during housing and stored before land spreading. 

Ammonia-N losses from the dairy sector in the ‘Baseline’ and Scenario 5 are compared in Figure A11.

Figure A11. Ammonia-N losses (kg) from the dairy sector in (a) the ‘Baseline’ and (b) Scenario 5
	(a)
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	(b)
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The land spreading of manure from housed cows at controlled timings and application rates is likely to increase ammonia emissions, and to decrease nitrate leaching losses and direct/indirect nitrous oxide emissions compared with grazed management systems. Overall manure N use efficiency would be increased.

Scenario 6. Extend the grazing season

In this Scenario, the impact of extending the grazing season by one month in both spring and autumn (i.e. animals only housed from December – February) on ammonia-N losses from the dairy sector was assessed. 

Estimates from MANURES-GIS indicated that extending the grazing season for dairy cows would decrease ammonia-N losses from 33 to 27 kt (c.18%) because of lower losses from housing, collecting/feed yards and manure storage (Table A31); representing a c.8% decrease in ammonia emissions from livestock housing and manure storage.


Table A31. Effect on ammonia-N losses (kt) from the dairy sector of extending the grazing season for dairy cows (Scenario 6) 
	Sector
	Baseline
	Scenario 6
	Decrease

	
	
	
	

	Housing
	16
	12
	4 (25%)

	
	
	
	

	Collecting/ feed yards
	10
	9
	1 (10%)

	
	
	
	

	Storage
	7
	6
	1 (14%)

	
	
	
	

	Total
	33
	27
	6 (18%)

	
	
	
	



The direct deposition of excreta by livestock grazing in the field will decrease ammonia emissions, and increase nitrate leaching losses and direct/indirect nitrous oxide emissions compared with the application of manure from housed livestock at controlled timings and application rates.  Overall manure N use efficiency would be decreased.

Scenario 7. Change livestock numbers in line with BAU projections

In this Scenario, livestock numbers were assumed to change in line with BAU projections (Defra project WT03035), viz: dairy cattle (decrease by 20%); beef cattle (decrease by 10%); sheep (decrease by 5%); pigs (decrease by 7%); and poultry (increase by 7%). These projections reflected the economic outlook for the industry in 2007. 

The effect of this change was to reduce the total quantity of N and P applied in handled manures or deposited during grazing by c.10% compared with the ‘Baseline’ scenario (Tables A32 and A33). 

Table A32. Effect of changing BAU livestock numbers on total annual quantities of N (kt) in handled manures and directly deposited excreta in England and Wales (Scenario 7) 
	
	Baseline
	Scenario 7

	Sector
	FYM
	Slurry
	Excreta deposited
	Total
	FYM
	Slurry
	Excreta deposited
	Total

	
	
	
	
	
	
	
	
	

	Dairy
	46
	75
	90
	211
	37
	60
	72
	169

	Beef
	72
	20
	136
	228
	65
	18
	122
	205

	Sheep
	6
	-
	142
	148
	5
	-
	135
	140

	Pigs
	20
	12
	4
	36
	19
	12
	4
	35

	Laying hens
	11
	-
	1
	12
	12
	-
	1
	13

	Broilers
	48
	-
	1
	49
	53
	-
	1
	54

	
	
	
	
	
	
	
	
	

	Total
	203
	107
	374
	684
	191
	90
	335
	616

	
	
	
	
	
	
	
	
	



This scenario would result in reduced ammonia emissions from livestock housing, manure storage and following land spreading of c.10% compared with the ‘baseline’ scenario. Also, there would be associated reductions in nitrate leaching and direct/indirect nitrous oxide emissions following land spreading. Defra aims to support a profitable and sustainable agricultural inventory, and continues to support the industry in its efforts to reduce pollution associated with food production activities. 




Table A33. Effect of changing livestock numbers on total annual quantities of P (kt) in handled manures and directly deposited excreta in England and Wales (Scenario 7) 

	
	Baseline
	Scenario 7

	Sector
	FYM
	Slurry
	Excreta deposited
	Total
	FYM
	Slurry
	Excreta deposited
	Total

	
	
	
	
	
	
	
	
	

	Dairy
	10
	16
	15
	41
	8
	13
	12
	33

	Beef
	14
	4
	20
	38
	12
	4
	18
	34

	Sheep
	2
	-
	22
	24
	2
	-
	21
	23

	Pigs
	4
	3
	1
	8
	4
	3
	1
	7

	Laying hens
	4
	-
	<1
	4
	5
	-
	<1
	5

	Broilers
	15
	-
	<1
	16
	16
	-
	<1
	17

	
	
	
	
	
	
	
	
	

	Total
	49
	23
	59
	131
	47
	20
	52
	119

	
	
	
	
	
	
	
	
	



This scenario would result in reduced (c.10%) phosphorus loadings to land and associated losses via surface runoff and drainflow/leaching, particularly following slurry (liquid manure) applications. 
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