Draft revision of Manure Application Techniques (Section II) 
following EPMAN/TFRN Meeting, Garmisch, 27-29 April 2009

II. MANURE APPLICATION TECHNIQUES

1. Reference technique. The reference for manure application techniques is defined as emissions from untreated slurry or solid manure spread over the whole soil surface (“broadcast”) and not followed by quick incorporation. For slurry, for example, this would typically consist of a tanker equipped with a discharge nozzle and splash-plate. For solid manures, the reference case would be to leave the manure on the soil surface for a week or more before incorporation. Abatement efficiencies will also vary relative to reference emissions depending on these factors, so figures quoted should be regarded as indicative only.
2. Emissions of ammonia expressed as a percentage of the TAN (total ammoniacal nitrogen) applied are typically in the range of 40-60% following application using the reference technique, (although emissions outside this range are also common). Emissions will vary with the composition of the slurry or solid manure and with prevailing weather and soil conditions. Emissions of ammonia as a percentage of TAN applied are normally increased with increasing: evapotranspiration (air temperature, wind speed, solar radiation); and slurry DM concentration. Emissions of ammonia as a percentage of TAN applied are normally increased with decreasing: TAN concentration; and application rate. Emissions from different manure types will also vary. Emissions are also dependant on soil moisture conditions. Drier soils that allow faster infiltration will give rise to lower emissions that wet soils with reduced infiltration rate
. 
3. The potential ammonia emission abatement of manure application techniques are presented here as ammonia emission reductions relative to the reference technique. The absolute reduction in ammonia emissions will be dependant on the degree to which the conditions outlined above will impact on the emissions of both the reference and alternative application techniques. Conditions that reduce or increase the emissions using the reference technique can have a large effect on the total emission levels.
Category 1 techniques

4. Category 1 techniques include machinery for decreasing the surface area of slurries applied to land and burying slurry or solid manures through incorporation into the soil. The techniques included in category 1 are:

(a) Band-spreading slurry at or above the soil surface;

(b) Injecting slurry – open slot;

(c) Injecting slurry – closed slot;

(d) Incorporation of surface-applied solid manure and slurry into soil
(e) Timing of application and weather conditions

5. The average ammonia abatement efficiencies of category 1 techniques relative to the reference are given in Table 1. Each efficiency is valid for soil types and conditions that allow infiltration of liquid for techniques (a)–(c) and satisfactory travelling conditions for the machinery. The table also summarizes the limitations that must be taken into account when considering the applicability of a specific technique and an indication of the cost of each technique relative to the reference.

6. A number of factors must be taken into account in determining the applicability of each technique. These factors include: soil type and condition (soil depth, stone content, wetness, travelling conditions), topography (slope, size of field, evenness of ground), manure type and composition (slurry or solid manure). Some techniques are more widely applicable than others. 

7. Techniques (a) - (c) operate on the basis that the surface area of slurry exposed to the prevailing weather conditions is reduced by confining the slurry to lines / bands which are approximately 25 (+/- 10) cm apart. The slurry is distributed through a number of relatively narrow pipes (usually 40-50 mm diameter). Even though most of these machines incorporate systems for chopping and homogenising slurry, the occurrence of blockages in these narrow pipes can make these techniques unsuitable for very viscous slurries or those containing large amounts of fibrous material. Band-spreading and injection systems are normally fitted to the rear of a slurry tanker, which is either towed by a tractor or forms part of a self-propelled machine. An alternative is for the application system to be attached directly to the rear of a tractor and slurry transported to it by an ‘umbilical’ hose from a stationary tanker or store. Such umbilical systems can reduce soil compaction damage caused by heavy slurry tankers.
8. Band-spreading slurry at or above the soil surface. Band-spreading at or above the soil surface can be carried out using application systems commonly referred to as ‘trailing hose’ and ‘trailing shoe’. Trailing shoe and trailing hose systems are distinguishable from each other through the presence (trailing shoe) or absence (trailing hose) of a ‘shoe’ or ‘foot’ device at the outlet of each slurry distribution pipe. In theory, the presence of these devices (trailing shoe) will result in more efficient parting of the herbage canopy to allow slurry placement below the crop canopy at the soil surface. In practice however, particularly in herbage canopies of low heights, the distinction between the two techniques can be less obvious, and therefore the ammonia emissions reduction efficiency of both machines will be similar in low herbage canopies. 
9. Trailing hose machines discharge slurry at or just above the soil surface through a series of hanging or trailing pipes, which either hang a short distance (<15 cm) above the soil or are dragged along the soil surface. The working width is typically between 6 and 12 m, although larger units of up to 24 m width are commercially available. The spacing between bands is typically 25-35 cm. The technique is applicable to both grass and arable crops. Wider machines may not be suitable for small, irregularly shaped fields or steeply sloping land. The pipes may also become clogged if the DM content of the slurry is too high (>7%) or if the slurry contains large solid particles. 

10. The trailing shoe technique is mainly applicable to grassland, as the action of the shoe or foot devices can result in excessive plant disturbance in growing arable crops. Grass leaves and stems are parted by trailing a narrow shoe or foot over the soil surface and slurry is placed in bands on the soil surface. The spacing between bands is typically between 20 and 30 cm. Ammonia emission reductions are optimised when the slurry bands are partially sheltered by a grass canopy. In the absence of a grass canopy, the performance of both the trailing shoe and the trailing hose methods will be similar. Trailing shoe machines have working widths of up to 8 m. Applicability is limited by size, shape and slope of the field and by the presence of stones on the soil surface.
11. The ammonia emission abatement potential of trailing shoe or trailing hose machines is more effective when slurry is applied below well-developed crop canopies rather than on bare soil, as the crop canopy increases the resistance to air turbulence from wind and decreases the solar radiation intensity. Emission reduction will be lower if the crop is poorly developed or if there is significant canopy contamination. Therefore, the emission reduction efficiency of band-spreading is dependant more on the crop canopy present, and the effectiveness of application below the crop canopy with minimal contamination of herbage, than on the nominal classification of the trailing hose and trailing shoe systems.
12. Injecting slurry – open slot. This technique is mainly for use on grassland. Different shaped knives or disc coulters are used to cut vertical slots in the soil up to 5–6 cm deep into which slurry is placed. Spacing between slots is typically 20–40 cm and machine working width is typically ≤6 m. To be effective in both reducing ammonia emissions and increasing the availability of nitrogen to the crop, injection should be to a depth of ≥5 cm and the space between injector tines should be ≤30 cm. The application rate must be adjusted so that excessive amounts of slurry do not spill out of the open slots onto the surface. The technique is not applicable on very stony soil, very shallow or compacted soils, where it is impossible to achieve uniform penetration to the required working depth. The slope of the field may also be a limitation to applicability of injection. Slurry injection systems will have a higher tractor power requirement than broadcast or band-spreading equipment.
13. Injection – closed slot. This technique can be shallow (5–10 cm depth) or deep (15–20 cm). Slurry is fully covered after injection by closing the slots with press wheels or rollers fitted behind the injection tines. Shallow closed-slot injection is more efficient than open-slot in decreasing ammonia emission. To obtain this added benefit, soil type and conditions must allow effective closure of the slot. The technique is, therefore, less widely applicable than open-slot injection. Deep injectors usually comprise a series of tines fitted with lateral wings or “goose feet” to aid lateral dispersion of slurry in the soil so that relatively large application rates can be achieved. Tine spacing is typically 25–50 cm and working width ≤ 4 m. Although ammonia abatement efficiency is high, the applicability of the technique is severely limited. The use of deep injection is restricted mainly to pre-sowing application to arable land, as mechanical damage may decrease yields on grassland or growing arable crops. Other limitations include soil depth, clay and stone content, slope and a high tractor power requirement.
14. Incorporation of surface-applied solid manure and slurry into soil. Incorporating surface applied manure or slurry by either ploughing or shallow cultivation is an efficient means of decreasing ammonia emissions. Highest reduction efficiencies are achieved when the manure is completely buried within the soil (Table 1). Ploughing results in the higher emission reductions than other types of machinery for shallow cultivation. This applicability of this technique is confined to arable land. Incorporation is not applicable on permanent grassland, although it may be possible to use in grassland systems either when changing to arable land (e.g. in a rotation) or when reseeding pasture. It is also less applicable to arable crops grown using minimum cultivation techniques compared to crops grown using deeper cultivation methods. Incorporation is only possible before crops are sown. The technique is mainly applicable to solid manures on arable soils. The technique is also effective for slurries where closed-slot injection techniques are not possible or available.
15. Ammonia loss takes place quickly after manures are spread on the surface, so greater reductions in emissions are achieved when incorporation takes place immediately after spreading. This requires a second tractor to operate the incorporation machinery, which must follow closely behind the manure spreader. A more practical option, especially for small farms, might be incorporation within 4 hours of manure application, but this is less efficient in reducing emissions (Table 1).
16. Timing of application and weather conditions. Ammonia emissions are highest under warm, dry, windy conditions (i.e. when evapotranspiration rates are high). Emissions can be reduced by optimising time of application, i.e. cool humid conditions, in the evenings, before or during light rain and by avoiding spreading during warm weather conditions, particularly during periods when solar elevation, and hence, solar radiation input is most intense (June/July)

. This is a very cost-effective technique as it can be done using broadcast application equipment. Potential emission reductions achievable through these measures are shown in table 1. However, conditions that favour reduced ammonia emissions (e.g. humid, no wind) may give rise to problems with offensive odours by preventing their rapid dispersion.
17. Additional positive impacts of techniques that reduce ammonia emissions. The quantification of N fertilizer benefits associated with reduced ammonia emissions has been inconsistent. However, this may be partly explained by the difficulty implicit in any attempt to detect a significant crop response to low N fertilizer additions against relatively large background soil N mineralisation rates. In practice, the reduction in ammonia emission translates into a relatively low application rate of additional N. Although the uptake of the ammonia-N by the crop will vary, the N that is not volatilised can be considered as equivalent to chemical N fertilizer. Therefore, the benefit of reduced ammonia losses can replace chemical fertilizer applications on a 1:1 ratio.
18. Band-spreading and injection techniques reduce the odour associated with slurry spreading considerably. The reduction in odour emissions can allow application on areas or at times that would otherwise be unavailable due to complaints. 
19. Band-spreading and injection techniques can allow more accurate slurry application rates than the reference technique, as the slurry should be distributed in equal proportions to pipes that are equally spaced apart along a fixed bout width. By comparison, the spatial distribution following application using the splashplate applicator is often more variable, depending on the design and condition of the splashplate unit. Also, the bout width using splashplates can be more variable, resulting in imperfect alignment of adjacent bout strips and less accurate application along field boundaries. This potential improvement in accuracy of application increases the precision with which slurry can be used as a complement/replacement for other fertilizers.
20. The window of opportunity for slurry application using the reference technique is restricted by the risk of crop quality deterioration or damage caused by slurry contamination. Band-spreading and injection reduce the occurrence of herbage contamination and therefore increase the crop canopy height onto which slurry can be applied without threatening crop quality. This is particular relevant to grassland, where slurry contamination can reduce grazing palatability or silage quality. These methods also allow slurry application on growing arable crops (particularly cereals) which are generally not considered suitable to receive slurry applied using splashplate. This can help to increase the flexibility of slurry application management by allowing more land area to be available on days when weather conditions are more suitable for reduced ammonia volatilisation and optimal slurry-N utilisation, and when soil moisture conditions are suitable to allow machinery traffic with minimal soil compaction.
21. Potential negative impacts of abatement techniques. Cost increases associated with purchasing and maintaining, or hiring, new application machinery is a disincentive to adoption. Injection and band-spreading techniques also require higher tractor power, further adding to the cost of adoption. Slurry management techniques that require no application machinery change (e) are available to reduce ammonia emissions at relatively low additional costs.
22. Impact of reduced ammonia losses on N cycle. If no crops are present, or growing, following manure application to take up the readily available N, the risk of N loss via leaching or gaseous N2O increases. Hence incorporation of manures involves a risk of exchanging air pollution for water pollution, but reduces the risk of surface run-off from subsequent rainfall events.
23. Results suggest that injection of slurry may either increase or have no impact on emissions of N2O. The addition of readily-degradable C in slurry has been proposed as a mechanism for increasing emissions of N2O by more than would be expected due to the additional N entering the soil as a result of ammonia abatement. This addition of readily-degradable slurry-C, without significantly aerating the soil, may increase denitrification activity. There are a number of reasons why reduced ammonia emission application techniques would not always lead to greater emissions of N2O such as: (1) deeper injection (> 5 cm) or incorporation, by increasing the length of the diffusion path from the site of denitrification to the soil surface, may lead to a greater proportion of denitrified N being emitted as N2; (2) the subsequent soil moisture status and hence aeration may not be suitable for increased N2O production; (3) in soils already well-supplied with both readily-degradable C and mineral N any increase in N2O emission may be too small to have a significant effect; and (4) the impact of subsequent weather on soil moisture content and water-filled soil pore space will also effect subsequent emissions of N2O.
24. Incorporation of FYM appears to reduce or have no impact on N2O emissions. In contrast to slurry, there is evidence that readily-degradable-C is lost as part of the effluent arising during storage of solid manures.  Hence the C added to soil by incorporation of solid manures will have less effect on microbial metabolism.
Table 2

(a) Category 1 abatement techniques for slurry application to land
	Abatement measure
	Land use
	Emission reduction (%)
	Factors affecting emission reduction
	Applicability
	Estimated costs relative to reference

	(a) Band-spreading slurry at or above the soil surface
	Grassland
Arable
	35%
	Bare soil or grass canopy ≤ 5 cm
	Trailing hose or Trailing shoe systems.


	Trailing Hose (6m) = 1.3

Trailing hose (12m) = 1.4
Trailing shoe (6-8m) = 1.4

	
	Grassland
	+ 5% reduction in emissions per 1 cm increase in grass canopy height above 5 cm
.

E.g. grass canopy = 10 cm ( emission reduction = 60%
	Dependant on effective canopy separation and slurry placement on soil surface with minimal herbage contamination
	Trailing shoe or trailing hose systems.


	

	
	Arable
	+ 1% reduction in emissions per 1 cm increase in crop canopy height above 5 cma.

E.g. crop canopy = 20 cm ( emission reduction = 50%
	
	Trailing hose systems. 
Slope (<15% for tankers; 25% for umbilical systems); not for slurry that is viscous or has a large straw content; size and shape of field should be considered.
	

	(b) Injecting slurry (open slot)
	Grassland
	70%
	Injection depth ≤ 5 cm
	Slope <10%; not for slurry that is viscous or has a large straw content; size and shape of field should be considered; high tractor power requirement; soil depth, texture and stone content.
	1.5

	(c) Injecting slurry (closed slot)
	Grassland
Arable
	80 (shallow slot 5-10 cm)

90 (deep injection >15cm)
	Effective slit closure
	
	1.6

	(d) Incorporation of surface applied slurry
	Arable
	Immediately by ploughing = 90%
	
	
	1.5

	
	
	Immediately by non-inversion cultivation = 70%
	
	
	1.4

	
	
	Incorporation after 4 hrs = 45-65%
	Efficiency depends on application method and weather conditions between application and incorporation
	1.3

	(e) Timing of application and weather conditions
	Grassland
Arable
	Spread in favourable weather conditions =10%
	12°C; RH>75% vs. 15°C; RH>60%
	Avoid weather conditions factors that increase energy input that increases evaporation and volatilisation. Target low wind speed, low air temperature, and low solar radiation; higher rainfall and higher relative humidity.

	1.1

	
	
	Spread in evenings = 25%
	
	
	

	
	
	Spread before / during rainfall = 40%
	No more than 2 hrs before rain
	
	

	
	
	Spread in favourable season = 20%
	Avoid May – August period
	
	


(b) Category 1 abatement techniques for solid manure application to land
	Abatement measure
	Land use
	Emission reduction (%)
	Factors affecting emission reduction
	Applicability
	Estimated costs1 relative to reference

	(d) Incorporation of surface applied manure
	Arable
	Immediately by ploughing = 90%
	
	
	1.5

	
	
	Immediately by non-inversion cultivation = 60%
	
	
	1.4

	
	
	Incorporation after 4 hrs = 45-65%
	Efficiency depends on weather conditions between application and incorporation
	1.3

	(e) Timing of application and weather conditions
	Grassland
Arable
	Spread in favourable weather conditions =10%
	12°C; RH>75% vs. 15°C; RH>60%
	Avoid weather conditions factors that increase energy input that increases evaporation and volatilisation. Target low wind speed, low air temperature, and low solar radiation; higher rainfall and higher relative humidity.

	1.1

	
	
	Spread in evenings = 10%
	
	
	

	
	
	Spread before / during rainfall = 40%
	
	
	

	
	
	Spread in favourable season = 20%
	
	
	


Category 2 techniques

25. Increasing rate of infiltration into the soil. When soil type and conditions allow rapid infiltration of liquid, ammonia emission decreases with decreasing slurry dry matter content. Dilution of slurry with water not only decreases the ammonium-N concentration, but also increases the rate of infiltration into the soil following spreading on land. For undiluted slurry (i.e. 8–10% dry matter), dilution must be at least 1:1 (one part slurry to one part water) to achieve reduced emissions. A major disadvantage of the technique is that extra storage capacity may be needed and a larger volume of slurry must be applied to land. In some slurry management systems, slurry may be already diluted (e.g. where milking parlour or floor washings, rainfall, etc. are mixed with the slurry) and there may be only a small advantage in diluting further. When applying diluted slurries to land there may be a greater risk of surface run-off and leaching and this must be guarded against by paying attention to application rate, soil conditions, slope of the land, etc.

26. Another means of decreasing slurry dry matter content, and hence increasing the rate of infiltration into the soil, is to remove a proportion of the solids by mechanical separation or anaerobic digestion. Using a mechanical separator with a mesh size of 1–3 mm reduces NH3 loss from the separated liquid by a maximum of 50 per cent. Another advantage lies in reduced soiling of grass swards. Disadvantages of the technique include the capital and operating costs of the separator and ancillary equipment, the need to handle both a liquid and a solid fraction, and emissions from the solids.
27. A third option for increasing infiltration rate is to wash slurry off grass and into the soil by applying water after spreading. A plentiful supply of water is needed, the application of which is an additional operation, but Canadian results have shown that 6 mm of water can under some circumstances reduce NH3 losses by 50 per cent compared to surface application alone.
28. Pressurized injection of slurry. In this technique, slurry is forced into the soil under pressure of 5–8 bars. Because the soil surface is not broken by tines or discs the technique is applicable on sloping land and stony soils where other types of injector cannot be used. Emission reductions of up to 60 per cent, similar to that for open slot injection, have been achieved in field trials, but further evaluation of the technique is needed.
29. Application of slurry in addition to irrigation water. Doses of slurry, calculated to match the nutrient requirement of crops, can be added to irrigation water to be applied onto grassland or growing crops on arable land. Slurry is pumped from the stores, injected into the irrigation water pipeline and brought to a sprinkler or travelling irrigator, which sprays the mix onto land. Data on air emissions during spreading are not reported, but positive benefits are expected because the infiltration of the slurry into soil increases and the dilution, up to 1:50, lowers the NH3 concentration in the liquid and, consequently, the emission potential. However, due to the risk of contamination, this technique would not be appropriate for crops grown to be eaten raw.
Category 3 techniques

30. Acidified slurry. The equilibrium between ammonium-N and NH3 in solutions depends on the pH (acidity). High pH favours loss of NH3; low pH favours retention of ammonium-N. Lowering the pH of slurries to a stable level of 6 is commonly sufficient to reduce NH3 emission by 50 per cent or more. When adding acids to slurry, the buffering capacity needs to be taken into account, usually requiring regular pH monitoring and acid addition to compensate for CO2 produced and emitted during the preparation of the acidified slurry. Options to achieve acidified slurry are by adding organic acids (e.g. lactic acid) or inorganic (e.g. nitric acid, sulphuric acid, phosphoric acid) or by the addition in feed (e.g. benzoic acid) or slurry of components (e.g. lactic acid forming bacteria) that enhance pH reduction. A pH value of 4 - 5 is required when using nitric acid to avoid nitrification and denitrification, causing loss of nitrate and production of unacceptable quantities of N2O. Organic acids have the disadvantage of being rapidly degraded (forming and releasing CO2); moreover, large quantities are required to achieve the desired pH level, since they are usually weak acids.
31. Nitric acid has the advantage of increasing the slurry N content so giving a more balanced NPK (nitrogen-phosphorus-potassium) fertilizer. Using sulphuric acid and phosphoric acid adds nutrients to the slurry that may cause over fertilization with S and P. Moreover, adding too much acid could produce hydrogen sulphide and worsen odour problems. Acidification preferably has to be carried out during storage of slurry and also during spreading using specially designed tankers. Although efficient, the technique has the major disadvantage that handling strong acids on farms is very hazardous.

32. When acidification is conducted in the animal house (see para. 96), frequent monitoring of the pH during storage until the moment of land spreading is needed to assure the lowered pH level of the slurry. Few successful results of farm integrated research have been shown as to date; additional research efforts are needed to upgrade this technique to category 2.
33. Other additives. Salts of calcium (Ca) and magnesium (Mg), acidic compounds (e.g. FeCl3, Ca(NO3)2) and super-phosphate have been shown to lower NH3 emission, but the quantities required are too large to be practically feasible. Absorbent materials such as peat or zeolites have also been used. There is also a range of commercially available additives, but in general these have not been independently tested.

34. N cycle effects. Lowering NH3 emissions may increase the amount of N available for plant uptake, so mineral N fertilizer application rates may need to be adjusted. Some techniques may temporarily decrease crop yield (especially of grass) through mechanical damage. There is also potential for increasing N losses by other pathways, e.g. nitrate leaching, nitrification or denitrification, the latter two processes resulting in greater emissions of nitrous oxide (N2O).
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