Review of the efficiency of methods to reduce emissions of ammonia following the application of manures to land, their costs, potential agronomic benefits and impacts on emissions of nitrous oxide

Introduction (after Bittman et al., 2005)

The conventional method of spreading slurry, surface broadcasting by splashplate applicator, is rapid and inexpensive.  However, broadcasting of manure is typically uneven, especially under windy conditions (Huther, 1988).  Broadcast manure may also damage grass swards (Christie, 1987; Prins and Snijders, 1987; Wightman et al., 1997) and contaminate crops with microorganisms that can impede silage fermentation (Anderson and Christie, 1995; Steffens and Lorenz, 1998).  Surface-applied manure may also enter watercourses via runoff (Uusi-Kamppa and Heinonen-Tanski, 2001).  Crop response to broadcast application of manures is often inconsistent (Bittman et al., 1999), and this probably discourages farmers from using them as a primary nutrient source and from making the recommended reductions in fertilizer-N application to make allowance for the available-N supplied in the manures.  This inconsistent crop response is largely attributed to ammonia (NH3) volatilization.  Ammonia volatilization may be reduced by minimizing exposure of the manure surface to air and improving contact with the soil (Sommer and Hutchings, 2001).  Ammonia losses are greater from broadcasting slurry on stubble than on bare soil, particularly if the manure has a high dry matter content, because of increased exposure to the air and reduced infiltration rate (Frost, 1994).  Ammonia volatilization is negatively correlated with the rate of infiltration of manure into the soil.  Injection or incorporation of manure (Sommer and Hutchings, 2001) places manures within the soil, effectively bypassing infiltration.  However, despite conserving NH3, injection of manure may reduce yield of perennial grasses (Rees et al., 1993; Tunney and Molloy, 1986; Prins and Snijders, 1987).  Such yield reductions are attributed to the cutting of roots during injection, drying of the soil (Prins and Snijders, 1987), and anaerobic and toxic conditions from concentrating the manure in the injection slots (Tunney and Molloy, 1986).  The yield reduction is greater with multiple applications over the season (Prins and Snijders, 1987).  Manure injection may not be practical on stony or sloping land or on farms lacking access to powerful tractors.  The direct ground injection (DGI) system forces finely separated manure under pressure into the soil with little soil disturbance (Morken and Sakshaug, 1998).  Surface-banding slurry manure with trailing-shoe (TS) or trailing-hose (TH) implements (band spreaders) is a compromise between injection and broadcasting.  Band spreading implements apply manure more uniformly than splashplates (Huther, 1988) and TS machines place the manure beneath grass canopies so that little adheres to and contaminates foliage.  Slurry applied by surface banding typically enables greater yields than when slurry is broadcast (Lorenz and Steffens, 1997; Stevens and Laughlin, 1997; Bittman et al., 1999).  Also, by delivering manure under the grass canopy, more time is available for spreading manure without contaminating the grass as it regrows (Bittman et al., 1999).  Although injection conserves more ammonium-N (NH4-N), surface banding and broadcasting may be less expensive than injection (Rodhe and Rammer, 2001).


Below brief summaries are given of the results of studies carried out to assess the efficiency with which reduced-emission slurry application machines reduced emissions of NH3. Results of the impacts of reduced-emission equipment on emissions of nitrous oxide (N2O) and on subsequent crop N uptake are reported in separate sections.  Results are summarised in table form in Appendix 1.
Slurry

Nyord et al., 2008, injection and trailing hose

Surface application of separated slurry led to 33% of TAN lost as NH3.  Injection was carried out using an open slot machine placing slurry at two depths, 3 and 7 cm.  The authors concluded that injection needs to be to at least 5 cm to be effective.  The lack of effectiveness of the TH machine in reducing NH3 emissions was attributed to the small leaf area of the wheat crop (at GS3) providing little shelter for the slurry.  

Bittman et al., 2005, trailing hose alone and with soil aeration

In an earlier paper Douglas et al. (1995) had suggested that aerating soil might improve infiltration of manure, but Gordon et al. (2000) and Chen et al. (2001) found that aeration before broadcasting dairy slurry did not reduce NH3 emissions or improve yield.  Slots that cover less that 3% of the surface area of a field were considered unlikely to help infiltration of manure into the soil.  To increase the amount of manure that infiltrates via aeration slots and to benefit from the advantages of banding, a manure applicator was designed that bands the slurry directly over the row of slots made by an aerator.  This applicator can reduce odour from pig manure relative to surface broadcasting (Lau et al., 2003), albeit it proved difficult to report these reductions in a meaningful way. The objective of this study was to compare three methods of applying liquid dairy manure on grass: conventional broadcasting, surface banding, and surface banding over aeration-type soil openings. The study examined volatilization of NH3 and yield and N uptake by two grass species, tall fescue, and orchardgrass.

Reductions in NH3 emissions of between 0 and 57% were reported, with a mean of 46%.  The combination of aeration and TH was more effective in Spring, and this was thought to be due to better slurry infiltration without aeration into the drier soils in August.  The authors concluded that aeration can be used on fields or under conditions when injectors may not be used or might cause sward damage.  'Although there appeared to be a relatively small benefit in yield or N uptake, the aeration application can be applied several times in one year without reducing forage production. Averaged over all harvests BS increased yield and N uptake by 7% compared with surface application while the aeration approach increased yield and N uptake by 4 and 8% respectively '

Rodhe and Etana, 2005, surface application with trailing hoses, shallow injection with three techniques, where only one injected the slurry properly on all three soils

Applications made after first cut when soils were dry and weather warm.  No comparison available with surface-applied control, the control was surface application with TH.  Emissions from the only  injector, which managed to place the slurry to 5 cm depth were consistently less than from TH and the other two types of injectors, giving average emissions of half of the TH. Two of the three injectors were not able to insert the slurry below the soil surface.  One, was the pressure injector, the other was the machine with a single disc in front of the injection tine. The effective injector was the one with two angled disc coulters. 

There were no significant differences in N recovery.  


The authors concluded 'that there is a need to study the influence of the shape of a cut on crop damage more systematically'.  (There is an ongoing project in Sv, where crop damage from different knives and injectors is being measured; it will be finished in 2010).  Factors among others that could influence the extent of crop damage are direction of cut (horizontal or vertical), depth and width of cut, compaction or fracture of the soil as well as other factors like the botanical composition and growing state of the crop, weather and soil conditions.  In the present study, no visible damage to the crops by injection could be seen. Another explanation could be that nitrogen (N) had been immobilised or lost in other ways such as denitrification and therefore not been available to plants.  In addition, the distance between slurry trails could affect the utilisation of nutrients by plants.


This study reported that the working depth of the injector increased as soil water content increased.  Furthermore, the cone penetration resistance decreased with increased soil water content.  Thus, estimating soil strength can be used as one parameter for the optimum occasion for slurry injection in order to achieve sufficient working depths. A soil water content of about 15% for light soils and 20 for heavier seemed to give a satisfactory working depth. 

Rodhe et al., 2004, open- and closed-slot injection

Two types of injection were studied, open and closed slots.  Studies were carried out in a laboratory using a soil bin, and in the field.  Open-slot injectors had double-disc coulters followed by a tine, whereas closed slot machines were equipped with a single disc followed by a tine.  The tines, through which the slurry was injected, were of small (32 mm), medium (37 mm), or large (42 mm) diameter and each type was tested with a sharp or vaulted tip.  Ammonia emissions were only measured in one experiment from open slot and from closed slot with the narrowest tine and vaulted tip.


In field experiments the hollow (tubulator) tine machine required less draught force than the double-disc (DD) tine.  Generally, the DD needed significantly (P<0.001) greater force to be pressed into the soil compared with the other tines.  Horizontal forces tended to be greater for open slot than for closed slot, not always significant at 5 cm, but always significant when injection was to 8 cm (8 cm for the DD, 5 cm for the tubulator tine with 42 mm diameter and 5 cm depth=same application rate).  Tines were effective in placing slurry below the soil surface when working at an injection depth of 5-6 cm.  The difference in depth of placement was similar for both types of injector, but the DD injector left 20-30 mm wide exposed slurry at the soil surface.


The authors concluded that the optimum type of injection equipment will be influenced by volume to be spread.  This shows that with a tubulator tine, the NH3 loss could be reduced to a minimum with the same working depth and with about the same draught force as a DD tine.

Chen et al., 2004

Four application methods were compared, open slot injection, TS, TH and surface application following a pass with a soil aerator.  There were 3 replicates.  Control plots, to which no manure was applied, were included to assess the impacts on yield and sward damage.  Application rates were not explicitly recorded, but based on manure analyses cited, and the target N application rate, 57 and 94 m3 ha-1 of dilute pig slurry appear to have been applied.


Only NH3 concentrations were measured using Draeger tubes, hence NH3 abatement efficiencies cannot be derived.

Thompson and Meisinger, 2004, slurry incorporation by rotovator

Ammonia emissions from the incorporated treatment were not measured.  Total denitrification was measured only following the Spring slurry application.  In these experiments losses of NH3 following surface application of slurry were moderate at 19% of TAN.  Total denitrification losses increased by 52% from 11 to 17% of TAN.


The only other explicit results for incorporation by rotovation were those of Pain et al. (1991).  Those studies reporting abatement following slurry incorporation by non-inversion techniques (Huijsmans et al., 2003; Thompson and Meisinger, 2002) suggest an abatement efficiency of 70% or more can be achieved.  Hence it is possible that in this study incorporation reduced NH3 emissions from 19 to 6% of TAN, conserving 13% of the TAN applied, or c. 12.1 kg from the reported application of 91 kg ha-1 TAN applied.  Of the TAN conserved c. 50% was subsequently lost by denitrification.  However, account needs to be taken of the potential indirect losses of N2O arising following deposition of NH3-N.  These indirect losses of N2O may have been reduced by up to 70% by incorporation.  It is not possible to make an accurate estimate of total N2O losses since the direct emissions were not measured.  However, some indication may be estimated.  Incorporation, by conserving 13% of the TAN applied, and c. 4% of the N applied (since in the slurry applied TAN was 30% of N) and hence potentially incorporation should have increased N2O emissions by 4% compared with surface application.  However, total denitrification increased by 52%, hence from these results it appears that incorporation increased direct N2O emissions by much more than would be expected soley due to the increased conservation of N in the soil.  I.e. of the c. 12 kg N conserved by incorporation, c. 5 kg were lost by denitrification.  Therefore there appears to be an increase in denitrification above that to be expected from the additional N input. When expressed as a % of slurry-N added to soil, i.e making allowance for the N lost as NH3, 3.8% of N was lost by denitrification when the slurry was surface-applied, but 5.1% of total N was lost by denitrification when slurry was incorporated.
Matilla and Joki-Tokola, 2003, open-slot injection and trailing hose

Injection of pig slurry reduced NH3 emissions almost completely, but TH reduced emissions only on the day of application but not overall.  Only average results  across years were presented.  This approach is probably reasonable, since measurements were made by the JTI (dynamic chamber) method. 
Huijsmans et al., 2003, several application techniques to tillage land 

Huijsmans et al. (2003) reviewed the results of 25 field experiments, comprising 58 plots, on arable land.  The experiments covered the period March to September only: in some countries manures may be spread outside that period.  Ten different application techniques were reviewed, and were place into three groups: surface; placement (ploughing and injection); surface incorporation (incomplete incorporation).


The weighted means, expressed as % reduction in NH3 emission compared with emissions from broadcast spreading, were 68% for surface spreading, 17% for incorporation and 2% for placement.


Volatilization increased with TAN content and manure application rate (but not as a % of TAN applied).  Increasing the mean wind speed from 2 to 5 ms-1 resulted on average in an 65% increase in total volatilization for surface spreading and 74% for surface incorporation, and in 5% decrease in total volatilization for deep placement.  In contrast, increasing the mean ambient temperature from 10°C to 20°C resulted in increases in total volatilization of on average 54%, 73% and 84% for surface spreading, surface incorporation and deep placement, respectively.

It may be inferred from these results that application by injection or immediate incorporation in the winter period when temperatures are lower, would enhance the effectiveness of these approaches, albeit the baseline, unabated, emissions would also be less.

Details of injector design not given, apparently one type of machine was used for all experiments.

Hansen et al., 2003, comparison of different types of injection machines with trailing hose

The objective of this work was to assess the NH3 abatement potential of different injection techniques, in particular with respect to injection depth and slot volume.  Injection efficiency was measured as injection depth and slot volume, the latter measured using plaster casts.  Additional energy demand was estimated in 1999. Comparison was with slurry applied by TH rather than overall surface application.  The authors make the point that when slurry is applied by TH to grassland, unlike cereals, the crop does not provide shade or reduce wind speed.  Presentation of results was by graph, so it is difficult to assess precise impact of injection in relation to TH.  Ammonia abatement potential was reported to increase with increasing volume of slots, accounting for 88% of the variance in NH3 emissions.  Injection depth was reported to be the main factor in increasing slot volume.  An injection depth of > 5 cm was considered necessary to ensure full injection of 30 m3 slurry.


Hansen et al. (2003) also made an estimate, based on the additional draught required for injection, of the impact of injection on CO2 emissions.  The estimate was an additional 0.3-0.7% to the current estimate of CO2 emissions from agricultural field work.

Thompson and Meisinger, 2002, incorporation of slurry by mouldboard and chisel plough and by disc harrow

Experiments included immediate incorporation of dairy slurry with different implements.  In one of the three experiments emissions from unincorporated slurry may have been underestimated, hence underestimating the abatement from the incorporation treatments.  In the other two experiments NH3-N emissions were reduced by 90, 83 and 99% by immediate incorporation by disc harrow, chisel plough and mouldboard plough respectively.  Abatement measured from disc harrow and mouldboard plough were not significantly different but were significantly greater than from chisel plough.

Wulf et al.  2002, injection

Injector, custom-made, tractor drawn, 10 cm, 30 cm spacing.  Ammonia emissions were reduced by 75 and 65% following injection to arable and grassland respectively. Emissions of N2O were approximately doubled on arable land by injection and increased by around *3 on grassland.  Measurements of N2O emissions were made for 6 weeks.

Rodhe and Rammer, 2002, open-slot and pressurized injection and trailing hose

This study also looked at the ensilability of the crop, and made measurements of grass contamination by the slurry.  An economic evaluation was carried out.


Pressurized injection left the greatest amounts of slurry on the crop surface (23%) and open-slot injection with V-shaped disc coulters the least (14%).


Grass yields were measured.  In year 1 yields were limited by dry conditions, there was much variability and no significant difference between treatments and the unmanured control was reported.  In year 2 TH and the two slot injection approaches gave greater yields than the unmanured control or pressurized injection treatments.


The economic simulations showed that, under the set options, it was less profitable to use shallow injection compared with broadcast spreading or TH.  The least cost method (broadcast spreading) was the most economically advantageous up to 7000 m3 of slurry handled per year.  When handling larger amount of slurry, TH was more profitable than broadcasting.  

Application before the second silage cut in summer was more profitable than spreading before the first cut in spring.  The revenues from utilizing the N and the costs of soil compaction depended very much on the time of spreading.  For broadcast and TH the revenues from utilizing N, and the variable costs for soil compaction, were less when spreading in the summer compared with the spring.  The cost of soil compaction using a 6m injector was twice that of broadcast and TH with 12 m working widths, with the same size of tanker and wheel equipment. At the same time, greater revenues from N utilization were achieved with the injector compared with the other two methods. Both the fixed and variable cost for the injector were greater than the corresponding values for the broadcast spreader and the TH.  The high variable cost was due to the injector’s rather small working width, which resulted in greater costs of spreading and soil compaction. Total fixed and variable costs of slurry handling, including transport and costs of soil compaction, were cited at (e/t) 4.05, 5.10 and 6.76 for surface, TH and OSI application respectively.
Misselbrook et al. (2002), open-slot injection, trailing hose, trailing shoe 

This study reported a large number of mainly pair-wise comparisons between surface broadcast and either TH, TS or OSI.  Overall average reductions (with the number of experiments in brackets) are given in Appendix 1.  On arable land efficiencies for both TS and OSI were substantially less than on grassland.  The authors suggested that the poor performance of OSl on arable land may have been a consequence of the applications being made to cereal stubble and the build-up, under some conditions, of stubble trash in front of the injection tines. Regression on grass height explained 47% of the variance in NH3 abatement from use of the TS on grass.  The technique was ineffective (0% reduction) when slurry was applied at 40 m3 ha-1 to a recently grazed sward.

Huijsmans et al., 2001, open-slot injection and trailing hose

Huijsmans et al. (2001) reviewed the results of 45 field experiments, comprising 110 plots, on grassland.  Surface application by splash plate, band spreading by TH and injection by open-slot machines up to 5 cm depth.  Application rates were moderate, 14 m3 for surface and TH, 22 m3 for injection.  


Measurements were by micrometeorological mass balance.  Statistical analysis indicated that 50% of the variation in emissions was due to application technique.  Abatement efficacy appeared independent of soil type but abatement using the TH increased with increasing grass height.  Emissions, as kg NH3-N ha-1, increased from all application techniques as the amount of slurry applied increased, by the least following injection and by the most for surface application.

Rahman et al., 2001

One study was carried out using a soil bin and the other was a field study.  Ammonia concentrations were measured, but not fluxes.  Crop yields were reported.  Neither injection rate nor manure application rate affected forage yields.  But the greatest amount of slurry, injected to the greatest depth, did significantly increase yield.   The authors reported that 'It is apparent that the tillage action of the injection tools caused some yield reduction.  However, application of manure at the greater injection depth and the highest rate seemed to balance out the yield losses.'.

Sommer and Olesen, 2000, model of emissions following trailing hose application

Slurry was applied by TH to cereal crops or bare soil from March to early June on order to collect data to validate a model of NH3 emissions.  No significant correlation with canopy height was reported.  Increasing windspeed increased NH3 emissions over the first two measurement periods, but not overall, while increasing solar radiation and rainfall increased and decreased overall emissions respectively.  The greatest correlation (R2 75% overall P<0.001) was with relative surface water content, drier soils increasing the rate of slurry infiltration.
There was a doubling of the NH3 volatilization rate from April to May and from May to June.  The volatilization rate for an application at noon was *2 that of an application in the morning or evening, confirming earlier findings that applying slurry in the evening may reduce NH3 volatilization. Application of slurry in a 60 cm high crop causes a reduction of about 75% in volatilization compared with application of slurry to a fallow soil also confirming earlier findings  [This appears to contradict the statement highlighted above, but I confirm that the paper reports no significant correlation.  I therefore take the statement to be a comparison of application to a crop as opposed to a bare surface, rather than to a crop of different height].

Ferm et al., 1999

Greater emissions were reported from the experiment in which slurry was applied in warm, dry weather than at the site at which slurry was applied to a moist soil.  Over the six sites at which NH3 measurements were made, emission reduction when TH was compared with broadcasting ranged from –11 to 96%, average 21%.


At the two sites where N2O emissions were measured following application by TH, direct N2O emissions were greater when slurry was applied by TH than when broadcast.  After taking account of indirect emissions of N2O following deposition of NH3, the difference between treatments decreased, but was still greater following TH.

Malgeryd (1998), open-slot injection, trailing shoe and trailing hose 

This paper reports a comparison of NH3 emissions following application of pig slurry to a barley crop by means of TH, TS, and OSI with emissions following surface broadcasting.  However, the TS applicator is described as ‘trenching with sliding foot’ and hence suggests that the TS placed the slurry under the soil.  If this is so it may explain why it produced abatement similar to that of the Injector (90%). The TH reduced NH3 emissions by 40% when applied to a growing cereal crop but not when applied to bare soil.  Harrowing 4 h after broadcast application of cattle slurry reduced emissions by 60% and from cattle FYM by 90%.

Dosch and Gutser, 1996, injection and trailing shoe

Ammonia and total denitrification measurements were not carried out in the same experiments.  

The authors also measured CO2 emissions and reported that these, produced by microbial respiration which also lead to O2 consumption in a confined area, increased denitrification.  However, in spite of this enhanced CO2 evolution, the denitrification rate was relatively slow immediately after injection.  This was attributed to denitrification being limited by the amount of NO3-N in the soil, which will be small in the immediate aftermath of slurry application.  Later, following nitrification of the NH4-N added in the slurry the denitrification rate will be limited by metabolizable-C.  After 3-4 weeks, metabolizable-C was reported to be oxidised and hence despite the availability of NO3-N denitrification was limited.  This may account for the differences in the impacts of rapid incorporation on N2O emissions noted between slurry and FYM.  Slurry supplies metabolizable-C which can be used as a substrate for nitrification and denitrifcation leading to an immediate increase in emissions of N2O.  Concentrations of metabolizable-C in litter-based manures are smaller, often as a result of leaching of soluble-C during manure storage, and hence additions of these manures provide less stimulus to microbial activity than additions of slurries. 

Rubæk et al., 1996

Two experiments were carried out comparing emissions of NH3 and total denitrification following the application of cattle slurry and the digestate from a centralized anaerobic digestion plant by TH or open-slot injection.  Injection reduced NH3 emissions by c. 65% compared with TH.  In the first year injection increased total denitrification by an order of magnitude, in the second year there was no difference in total denitrification between treatments.  Denitrification was measured for 21 days.

Pain et al. (1991)

These results were not included in the review of Huijsmans et al. (2003).  Wind tunnel experiments were carried out on sand and clay soils, of incorporation of pig slurry by plough, rotovator or tines.  Incorporation techniques tested were varied according to soil type.  Ploughing was to 15 cm on the clay soil but to 30 cm on the sandy soil.  A rigid tine cultivator was used on the clay soil and a spring tine with lightweight roller on the sandy soil.  A rotary harrow was used on the clay soil and a rotovator on the sandy soil.  Incorporation immediately after application or after intervals of 3 and 6 h was assessed for all methods of incorporation.


Three series of experiments were carried out, 2 on the clay soil, one on the sandy soil.  On one of the series on the clay soil measurements were made using a micrometeorological method, in the other 2 series measurements were made using wind tunnels.  The absolute abatement measured differed by c. 10% between the two measurement techniques, but there did not appear to be a significant bias.  The trend of results was the same from both measurement techniques, and on both soil types.  Immediate incorporation by plough was almost the most effective technique, always reducing NH3 emissions by at least 90%.  Delaying incorporation by plough by 3 or 6 h reduced the abatement efficiency for all techniques, to c. 60% for plough. 

Estimation of mean abatement

Clearly the estimation of a single mean abatement efficiency is misleading as abatement will depend on several factors, not just the broad type of machine.  However, for guidance purposes an indication of the likely mean abatement may be needed, and this can be combined with the range of reported abatement and some guidance on factors that particularly influence the abatement achieved.  Table 1 below presents the mean results of the studies reported above and below is a brief summary of the factors reported to most influence abatement.


Two means are reported, an overall arithmetic mean and a mean weighted by the number of experiments carried out or reported by each author.  The number of reported studies is probably not large enough to justify a median abatement estimate.  While a weighted mean seems the most appropriate way of estimating the overall mean, it does raise some questions, for example the results of Sommer and Olesen (2002) for the TH report both the greatest abatement and the largest number of experiments.  While Misselbrook et al. (2002) report by far the smallest abatement efficiency for open-slot injection on arable land, but their result is the mean of 5 experiments while the other four studies were based on one experiment each.

Table 1.  Summary of results of experiments to measure the abatement efficiency of reduced-emission slurry spreading machinery, % reduction in NH3 emissions compared with broadcasting to surface.  The range is the range of the means reported in each paper.

	Machine
	Cropping
	Papers
	Experiments
	Mean % reduction
	Range (%)

	
	
	
	
	Overall
	Weighted
	

	Slot Injec.
	Grass
	5
	56
	80
	86
	60-99

	
	Tillage
	5
	9
	70
	49
	23-94

	Deep Injec
	Tillage
	2
	5
	95
	97
	95-99

	
	
	
	
	
	
	

	Trail shoe
	Grass
	2
	37
	64
	65
	57-70

	Trail shoe
	Tillage
	2
	2
	64
	64
	38-90*

	
	
	
	
	
	
	

	Trail hose
	Grass
	5
	45
	35
	41
	0-74

	Trail hose
	Tillage
	7
	16
	37
	48
	0-75


*this result was obtained from a machine that placed the slurry within the soil

For the open-slot injector and the TH the results on grassland appear more consistent (when looking at the range) than on tillage.  Results from use of the TH were very variable in both cases.  

There were three datasets which reported results for all three types of machine.  These

data were subject to simple one-way anova.  The results are presented below.

Table 2.  Results of one-way anova of the three datasets reporting abatement efficiencies for all three types of machine.

	Machine
	Mean % reduction
	SD
	P

	Slot Injec.
	77
	21.7
	0.015

	Trail shoe
	72
	17.1
	0.015

	Trail hose
	26
	5.1
	0.015


Since only three studies could be evaluated in this way it was not possible to discriminate between arable and grass.  A one-way Anova was carried out on all the data.  Again, the difference in average efficiency was significantly different among machines (P = 0.003).  Means for OSI and TS were 80 and 72% respectively, similar to those cited in Table 2 above.  The mean for TH, at 36% was somewhat greater.  

While statistical analysis may hardly seem appropriate for data of this type the results of the Anovas, together with scrutiny of the means in table 1 do suggest some clear conclusions:

· On grassland OSI and TS are much more effective than TH, and OSI and TH appear to produce reasonably reliable abatement.

· On tillage land OSI is on average less effective than on grass and, if the weighted means are used, not necessarily more effective than TH. 

Some studies of OSI (Rodhe and Etana, 2005; Hansen et al., 2003; Rubaek et al., 1996) did not include a comparison with NH3 emissions following application by broadcasting.  Instead the comparison was with surface application by TH.  Based on the results presented in table 2, in such studies OSI would be expected to reduce emissions of NH3 by  c. 70%.  In fact only the study of Rubaek et al. (1996) did so, OSI reducing NH3 emissions by an average of 66% compared with emissions from TH.  Rodhe and Etana (2005) studied pressurised injection and OSI to c. 2 or 4.5 cm depth.  There were no differences in NH3 emissions between OSI to c. 2 cm and TH and pressurised injection only reduced NH3 emissions by c. 10% compared with TH.  Injection to c. 4.5 cm reduced NH3 emissions by c. 50% compared with TH, illustrating the importance of depth of injection.  Emissions following application by TH averaged 74% of TAN over the three years of the study, so the lack of advantage of OSI to 2.5 cm and pressurised injection appear to be due to those machines performing poorly, rather than because the TH appeared to be particularly effective.  The results of Hansen et al. (2003) also showed less than expected advantages of a range of OSI over TH, the abatement being on c. 30-40% of emissions from TH. Differences among treatments were smaller in year 1 when NH3 emissions from TH were only 17% of TAN.

Based on these assessments it seems reasonable to conclude that OSI and TS offer similar potentials for NH3 abatement on grassland.  While the average abatement reported for OSI tends than for TS there does not appear to be any compelling reason to recommend the use of one in preference to the other.  However, the mean effectiveness of the TH in reducing NH3 emissions appears to be consistently, even significantly, much less effective than OSI or TS.

Below is a summary of the proposed explanations for the variation in results obtained. 

Factors affecting abatement efficiencies

Trailing hose

Sommer et al. (1997) concluded efficiency of TH to cereal crops increased with increasing crop height and density, although in a later paper Sommer and Olesen (2000) found no correlation with crop height, only a greater reduction when slurry was applied to a crop by TH than when TH application was to bare ground.    Malgeryd (1998) also found that TH reduced NH3 losses when applied to a growing crop but not when applied to a bare soil, although Misselbrook et al. (2002) did measure reductions from TH-spread slurry applied to cereal stubbles.  Sommer et al. (1997) also found TH to be less efficient on a wet soil when infiltration was reduced (but see below). Sommer and Olesen concluded the greatest correlation with the efficacy of abatement by TH was with slurry infiltration and this may explain why Misselbrook et al. (2002) measured a reduction in emissions following application by TH to stubbles, infiltration may have been easier in a dry soil.  

Dutch studies (Mulder and Huijsmans 1994) showed abatement efficiency to increase with increasing height of the grass sward, but to decrease with increasing application rate.  Results were examined to see if any trends in abatement efficiency could be seen in respect of time of year of application.  No consistent differences were seen for grassland.  Other factors such as grass height, soil moisture status and application rate, none of which would be consistently related to the time of year, are likely to be the cause of variation in results.  While within series of experiments the effectiveness of TH could be quite well related to crop height, average efficiencies from application to cereal stubbles by Mulder and Huijsmans (1994) and Misselbrook et al. (2002) at 32% were not much less than the average efficiency of applications to a growing crop (39%).

Trailing Shoe

Misselbrook et al. (2002) found regression on grass height explained 47% of the variance in NH3 abatement.  The technique was ineffective (0% reduction) when slurry was applied at 40 m3 ha-1 to a recently grazed sward.  Mulder and Huijsmans (1994) found the TS to be less effective when slurry was applied at 16 m3 ha-1 than when it was applied at 8 m3 ha-1.  This was attributed to more soiling of grass at the greater application rate.  They also considered long grass to increase the effectiveness of the technique.  There is perhaps a potential conflict here since, in the UK at least, farmers like to apply slurry to fairly short aftermaths to reduce the risk of silage taint.  However, such small applications may not be practical for commercial farms, and are not possible with some commercial machines (S. Bittman, pers. comm.).


The TS appeared to work less well in February and March than between May and December in the study of Misselbrook et al. (2002), but Mulder and Huijsmans’ (1994) results over the same period show no differences in efficiency.

Shallow Open-slot Injection

On average OSI reduced NH3 losses by 70% or more, but the UK studies produced smaller average efficiencies.  Pain and Misselbrook (1997) found rainfall after application reduced the effectiveness of shallow injection.  However, treatments were applied at similar times of the year in most studies and there is no obvious explanation for the lesser efficiency measured in the UK.


The results of Mulder and Huijsmans (1994) and Misselbrook et al. (2002) showed no difference according to season.  The smaller average efficiencies measured by Pain and Misselbrook (1997) were not due to applications being made at different times of year to the other studies.


To be effective in both reducing emissions of NH3 and increasing the availability of slurry-N, injection needs to be to a depth of at least 5 cm and the space between injector tines should be no more than 30 cm. 

Ammonia abatement potential has been reported to increase with increasing volume of slots, accounting for 88% of the variance in NH3 emissions.  Injection depth was reported to be the main factor in increasing slot volume.  An injection depth of > 5 cm was considered necessary to ensure full injection of 30 m3 slurry.

Some studies reported sward damage and subsequent yield loss from injection.  However, effective injection appeared to be able to compensate for these losses, apparently by increasing N supply.

Solid manure incorporation

Mkhabela et al., 2008

This paper reports work which was not a study of incorporation per se, rather a comparison of conventional and zero tillage.  Manures were incorporated, 'soon after spreading', but the interval between spreading and incorporation was not cited. Nevertheless, this is a useful study as emissions of N2O were also measured for a full year after FYM application, and for two months after slurry was applied.  Hence useful data were provided on the effects of incorporation on emissions of both NH3 and N2O.  

Incorporating manure reduced emissions of both NH3 and N2O, although there were no control plots to measure background emissions of N2O.  Greater denitrification and N2O production under NT was considered to be in part due to the presence of greater amounts of available-C under NT and greater aeration under CT created by tillage.

Webb et al., 2006

In four field experiments, on light sandy of heavy clay soils, cattle and pig FYM, layer manure and broiler manure were immediately incorporated by plough, disc or tine in 4 replicates of each treatment.  Emissions of NH3 were measured using wind tunnels.  On average immediate incorporation by plough gave the greatest reduction in NH3 emissions for all manures and at both sites, with an overall average reduction of 95%.  Abatement obtained by discs and tine were smaller, on average 60%, but variable and there were no consistent trends among manures or between sites.  It had been expected that discs would be more effective than tines and the latter would be more effective at incorporating the poultry manures than the FYM.  However, in both experiments on the sandy soil (one winter, one autumn) the soil was dry and the disc was not very effective in breaking into the hard soil.  The soil at the clay site was moist in summer as well as in autumn and the disc was more effective.

Webb et al., 2004

Immediate incorporation by plough of pig FYM reduced emissions of NH3 by an average of 92% in two experiments.  There were also two experiments in which cattle FYM was incorporated within 4 h.  This reduced NH3 emissions by 43%, compared with a reduction of 65% from incorporating pig FYM within 4 h.


Emissions of N2O in the two months following application and incorporation of pig FYM were small at c. 0.01% of the N applied and there were no differences between treatments.  Emissions of N2O were larger following application and incorporation of cattle FYM were larger, up to 0.3% of applied N and were significantly less when manure was incorporated.

Rohde and Karlsson, 2002

Compared NH3-N emissions from broiler manure left on the soil surface or incorporated after 4h by harrow.

Table 3.  Summary of results of experiments to measure the abatement efficiency of incorporating manures, % reduction in NH3 emissions compared with broadcasting to surface.  The range is the range of the means reported in each paper.

	Machine
	Manure
	Papers
	Experiments
	Mean
	Weighted mean
	Range

	Plough
	Slurry
	3
	8
	92
	94
	78-99

	Disc
	Slurry
	2
	12
	80
	74
	69-90

	Tine
	Slurry
	1
	12
	66
	68
	

	Harrow
	Slurry
	2
	3
	68
	69
	60-69

	
	
	
	
	
	
	

	Plough
	FYM
	3
	9
	91
	92
	86-95

	Disc
	FYM
	1
	5
	63
	
	

	Tine
	FYM
	1
	5
	57
	
	

	Harrow
	FYM
	1
	1
	90
	
	


Practicalities of field-scale application

Some estimates of the abatement potential of reduced-emission manure spreading techniques have been carried out on small plots and with small-scale experimental equipment, e.g the small-plot applicator used by Smith et al. (2000).  In an earlier review, Webb et al. (2008) discriminated between results obtained by such equipment or using commercial machines on small plots and results obtained using commercial machines at the field scale but did not find any substantial differences in the mean abatement estimates reported.  


When considering abatement by incorporation the work rates of different machines also needs to be taken into account. Huijsmans et al. (1999), using a modelling approach (CESAR), concluded that although incorporation of slurry by plough gave much greater reduction in NH3 emissions than incorporation by other means at the plot scale, at the field scale the much greater work rate of machines such as tines could lead to more rapid completion of incorporation across the field and greater reduction in emissions from the whole field.  However, using a very similar modelling approach for solid manures (MAVIS), Webb et al. (2006) found that the rate of incorporation by disc or tine was not fast enough to produce greater reductions in NH3 emissions than incorporation by plough regardless of the size of the field or the approach to application and incorporation.  The different model outputs arose largely because of differences in the machinery work rates used in the models.


The question of machinery work rate also needs to be taken into account when extrapolating experimental results to national strategies to reduce emissions of NH3.  It may be that in an experiment, even using commercial machinery at the field scale, the tractor is driven at only moderate speeds and the guidelines for using machinery are followed diligently.  This may not be so in commercial practice, especially if the machines are operated by contractors who are paid by the area spread and eager to maximise their income.  A demonstration of the use of an open-slot injector witnessed by two of the authors in the Netherlands seemed to be conducted at a speed greater than was appropriate for maximum effectiveness.  In practice published papers usually give no description of the work rate or approach to application used by the operators.  In the studies reported by Webb et al. (2006), although conducted on plots (in order to provide adequate replication for the 16 treatments), incorporation was carried out by full-scale equipment with the operator instructed to behave normally.  We concluded that the results gave a good simulation of commercial practice, and this may be one reason why the non-inversion incorporation techniques were consistently inferior to ploughing in reducing emissions of NH3.  However, the corollary is that the results can be applied fairly confidently to commercial practice.


When recommending measures to reduce emissions of NH3, there is a need to not only take account of work rate as well as measured abatement efficiency but, for incorporation, the need to evaluate the time interval between incorporation and spreading.  Since incorporation immediately after spreading is often considered impractical, measures such as incorporation within 6 h or even 'within the same day' have been proposed as more practical alternatives.  However, for cattle and pig manures, so much of the NH3 is emitted in the first 6 h after application, c. 80% of the unabated total (from Huijsmans et al., 2003), that even a fairly short delay will negate most of the potential benefit.  Wulf et al. (2002a) concluded that 'the exponential decrease of emission rates implied that most of these losses can be assigned to emissions within 1 to 2 h after application'.  We therefore conclude that, if farmers are to be put to the potential expense and inconvenience of adopting reduced-emission manure spreading techniques, they should be required to adopt those that have been demonstrated to reduce emissions by at least 60%, rather than propose compromise approaches that have only small impacts (but nevertheless require a change of practice and incur additional costs).  Responses following circulation of earlier drafts are in agreement.  It is feasible to plough immediately after spreading using contractors. S Bittman (pers. comm.) cited a local farmer who has done so on maize land for several years.
Conclusions and recommendations

Effectiveness and choice of machine

Average abatement of NH3 emissions is greater from the use of TS (65%) and OSI (70-80%) machines than from TH (40-50%).

There is considerable variation in the efficiencies reported, especially for TH (0-75%) but also OSI (23-99%), in particular when OSI is used on arable land.  Variation in emissions following the use of the TS appeared to be somewhat less (38-70%), although this may be due to there being fewer studies reported of the TS.

When manures are applied to arable land emissions of NH3 can be reduced by at least 90% if incorporation by plough takes place immediately after application.  A delay of as little as 4 h can reduce the abatement efficiency to between only 45 and 65%. Immediate incorporation using non-inversion cultivators can reduce NH3 emissions following the application of slurry by c. 70% and following solid manures by c. 60%. 

We propose the following guidelines for reducing NH3 emissions following manure application.  These suggestions are primarily aimed toward farmers buying their own machines and hence aim to suggest the most appropriate machine.  If, as seems likely, most farmers would make use of reduced-emission spreading equipment by using a contractor then, over a season, spreading may be carried out by more than one type of machine.

Grassland

Given the difference in efficacy of OSI and TS is only moderate it appears reasonable to recommend both machines for use on grassland leaving the choice to be made on the basis of cost, other operational considerations or local conditions.  The lesser abatement efficiency of the TS machine may be compensated by observations that it offers the greatest potential for contamination-free application in pastures with taller herbage (Laws and Pain, 2002; Laws et al., 2002; Lalor and Schulte, 2008).  

Factors to be taken into account in deciding which machine to use on grassland would include:

Is grass the only crop to which slurry is to be applied?  If so this might lead farmers to chose TS if there are cost advantages over OSI.  If other crops are grown and slurry is to be applied to stubble in spring then an OSI might be preferred because of the potentially greater abatement efficiency and hence greater N recovery by the crop.  
How many silage cuts are taken and how frequently?  For an intensive cutting regime, e.g. in some parts of England summer rainfall is sufficient to allow four cuts of silage.  This may mean that it is not possible to allow enough time for aftermath re-growth before application by TH if slurry taint is to be avoided, in which case OSI may be preferred.

The TH machine is much less effective at reducing emissions of NH3 and does not appear an appropriate choice for an all-grass farm.  However, for a mixed farm on which a TH machine is already in use to apply slurry to growing crops in Spring, then the use of the TH to apply slurry to grassland would seem appropriate (see below).

These suggestions have been confirmed by farmer feedback that shallow injectors are popular for use on grassland unless conditions are such that there is poor soil penetration (esp. very heavy or stony soils) or soils are too wet.

Arable

Where manures are applied to tillage land immediate incorporation by plough is the most effective option.  And incorporation by cultivation can be used for solid and litter-based manures.  Immediate incorporation can be carried out with existing machinery, and hence does not require additional cost, although costs may be incurred either through the need to employ contractors to enable spreading and incorporation to be carried out simultaneously or due to lost opportunity costs if farm staff are used who could have been employed on other, time critical, tasks such as drilling.

The limitation to immediate incorporation is that in areas where the majority of tillage land is autumn-sown, and where there is excess winter rainfall, the N conserved by reducing emissions of NH3 is likely to be lost by nitrate leaching (Webb et al., 2001).  In order to overcome this limitation two alternatives are possible.

Injection machines are can be used in the presence of a growing arable crop in late winter or early spring.

Application by TH to growing crops in Spring.  

In both cases the reduction in NH3 emissions will still be less than from immediate incorporation, but much more of the N conserved will be available for crop uptake.

Appendix

Other approaches to reducing emissions of ammonia following manure application – 'soft' measures

Mkhabela et al., 2009, dilution and application rate 

Emissions of NH3 and N2O, were measured to quantify the impacts of very large pig slurry application rates (60-180 m3 ha-1) and slurry dilution.  The experiments were carried out on impermeable to very impermeable soils.


In all but one experiment NH3 emissions, as % TAN applied, decreased with increasing slurry application rate.  This was attributed to drying and crusting 'protecting' slurry enabling a greater infiltration rate, although the reduced surface area to volume ratio would also seem a likely explanation.  In 6 of the 8 experiments emissions of N2O, expressed as % of N applied, also decreased with increasing amount of slurry applied, albeit emissions were only measured for 21 days.


In this experiment similar amounts of N were applied in the diluted and undiluted slurries, so results are directly comparable.  This is not always the case with dilution studies as often emissions from similar volumes are compared.  Dilution (25, 50 or 100%) reduced NH3 emissions in 3 of the 6 experiments but did not have any significant impact on emissions of N2O.  Of the 3 experiments in which emissions of NH3 were significantly reduced by dilution, in only one was there a large (albeit non-significant) difference in emissions of N2O.  In this one experiment the greater emission of N2O was from undiluted slurry.


Correlations were made with weather conditions which confirmed that NH3 emissions may be reduced by application under cool conditions, although no correlation with windspeed was reported.


These results also demonstrated a reduction in NH3 emissions when rainfall following application was simulated.  Again, there was no significant impact on emissions of N2O.


Although this study did not investigate reduced-emission machinery, and hence the results are not so directly relevant to this review, the results do not suggest any inverse relationship between emissions of NH3 and N2O.  Rather, in these experiments, emissions of the two gases were in tandem.  The authors also make the point that emissions of NH3 ultimately give rise to indirect emissions of N2O and that the balance between direct and indirect emissions of N2O must be taken into account when assessing the impact of NH3 abatement on emissions of N2O.

Smith et al., 2008, dilution and application rate

Pig manure, either as slurry or solid, was applied by bucket.  The objectives were to investigate the effects of manure type, application rate and rainfall before and after application on emissions of NH3 and N2O.  Rates were 30, 60 and 180 m3 ha-1.  In keeping with most inventories NH3 emissions were greater from solid than from slurry, but emissions of N2O were greater in only one experiment when emissions from slurry were greater.


There were no consistent impacts of application rate on emissions of NH3 expressed as %TAN.  The authors reported decreasing proportions of TAN lost as NH3.  Nor were there any impacts on emissions of N2O.  Rainfall before application increased emissions of NH3, probably due to reduced infiltration.  Rainfall after application reduced NH3 emissions but increased emissions of N2O in 2 of the 4 experiments.  The authors concluded that any trade-off of N2O emissions from reducing those of NH3 was not significant,

Switzerland

Reidy and Menzi (2007) 

Table 4.  Organisational measures for reducing emissions of NH3 following the application of manures to land (from Reidy and Menzi, 2007) 

	Measure
	Potential abatement %
	Mode of reduction
	
	

	Spread under favourable weather conditions
	10
	Avoid spreading in hot, dry and windy weather
	
	

	Spread in evenings
	*10/**25
	
	
	

	Spread before/during rainfall
	*40/**40
	
	
	

	Spread in favourable season
	20
	
	
	


* slurry

** FYM

'Favourable weather conditions for spreading were considered to be a temperature of 12C and RH of 75% compared with average conditions (for CH) of 15 °C and 60% RH.  

Spread under favourable weather conditions

Reidy and Menzi (2007) considered that 50% of slurry was applied in cool seasons, However, for the UK the proportions applied in cool seasons appears to be much greater.  In the UK NH3 inventory the proportions of manures applied in 'summer' (Table 5 below) range from 18% of pig slurry applied to grassland to just 2% of beef slurry applied to arable land.  However, these data may be somewhat misleading as the term 'summer' refers to the months of May, June and July, and do not include August. 

Emissions were considered to be up to 25% less if, during summer, slurry is spread in the evening rather than during the day.  Taking into account technical (e.g. available time and equipment) and social limitations (e.g. infringement on a farmer’s leisure time, inconvenience for neighbouring populations during the night), the applicability of this measure was estimated at 25%.  The applicability under UK conditions is conjectural.  Given that the limiting factor on UK farms tends to be labour availability the readiness of farmers to adopt such a practice would depend, to a large extent, on the degree to which labour is provided by family members of by paid or contract staff.  For non-family staff the likelihood is that evening work need to be paid at overtime or other premium rates.  Family members might be able to carry out such an operation without incurring additional costs, although do so might clash with other activities such as evening milking on dairy farms.  It is possible therefore that in practice such a measure, by requiring either additional or premium labour, might incur costs similar to more effective options such as immediate incorporation of manures to arable land.  However, on all-grass farms, where incorporation of manures is not an option, spreading in the evening might be attractive as it would not incur the capital cost of buying reduced-emission spreading equipment.  There will be other countries where labour availability will be more akin to that in Switzerland than in the UK.

Spread before/during rainfall

The basis for this proposed measure is that if manure, especially slurry, is spread shortly before or during slight rain, emissions are considerably reduced because the ammoniacal fraction of the manure is washed into the soil.  Potential abatement of 80% was reported to be possible, although an average abatement of 40% was considered realistic.  Reidy and Menzi (2007) acknowledged that the limitation to this measure lies in the limited predictability of the weather and the risk of run-off if the rain proves to be heavier than expected. To be effective, the slurry should be spread no more than 2h before the rain sets in.  Again, given the constraints imposed by labour availability on UK farms and the dismal reliability of weather forecasting in the UK, this measure does not seem to offer much scope for adoption.  Menzi and Reidy only assigned a maximum applicability of the measure of 10%.

Spread in favourable season

As emissions are in general considered to be greater in summer than in spring and autumn, it would be advisable, from the emission point of view, to minimise the amount of manure spread during summer months.  In the UK little manure is applied in summer, the percentages for a range of manures and crops are given below.

Table 5.  Proportions of manures that are applied during the summer in the UK

	Manure
	Land use
	% applied

	Dairy slurry
	Grass
	10

	
	Arable
	5

	Beef slurry
	Grass
	13

	
	Arable
	2

	Pig slurry
	Grass
	18

	
	Arable
	10


No breakdown available for summer applications of FYM or poultry manure

However, the definition of summer used (May-July) is somewhat odd, since May is not generally considered to be a summer month.  Application of manures in August is likely to be appreciable on arable land as spreading at this time allows incorporation prior to drilling Autumn-sown crops.  Hence the above estimates are likely to under-estimate the amounts of manure spread in the hottest months of the year.  Nevertheless, given the dominance of autumn-sown crops in the UK and therefore the lack of opportunity for incorporation to arable land between October and August it is difficult to see an alternative to late summer spreading for FYM although poultry manures could be applied to cereal crops in Spring once the have reached the stem erect stage.

Reidy and Menzi (2007) concluded that for CH the maximum combined potential of these measures was 4.1%, while under the realistically feasible scenario a 0.8% reduction might be achieved.
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