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Abstract

Caps on nutrients use, especially N and P, are already being enforced in some sensitive catchments and are likely to be increasingly used by regional councils. It will become increasingly important to ensure that every kg of nutrient applied is as effective and as profitable as possible. This paper discusses recent advances in the technology of fertilisers, fertiliser additives, and new spreading technologies. Some of these technologies aim to improve plant uptake and growth directly, for example through partial foliar uptake, plant growth stimulation  or  improved evenness of application, while others improve efficiency more indirectly by reducing soil fixation, leaching, run-off, volatilisation and emission losses.  Before this, the impact on N losses of bought-in feed to increase farm production, instead of increasing pasture production with more fertiliser N, is discussed. It is concluded that the application of all fertiliser and additives in high-solids fluidised form offers the best opportunity for maximising production, fertiliser efficiency and environmental protection.

Introduction – Overseer, eco-N, N loss and RPR
Fertiliser recommendations for New Zealand agriculture were originally based on field trial results conducted over many years in many locations. As fertiliser response data was being collected, concurrent laboratory research was discovering how soil types and chemistry, nutrient availability and plant and animal requirements brought about these responses. By combining the two, models were developed that allowed fertiliser requirements to be predicted reasonably accurately in a wide range of farm types, production levels and locations.
Overseer, like all predictive models, reflects the available knowledge, products, attitudes and priorities at a certain point in time.  Overseer was not designed to answer all the ‘what if we did this or use that’ questions one may have. Considerable efforts are being made to update Overseer, but it cannot in most cases, nor was it designed to, tell us how to make the nutrients themselves more efficient. The main exception to this is the recommendations for sulphate-sulphur vs elemental S, depending on rainfall etc. As far as phosphorus (P) is concerned, Overseer does differentiate between soluble P and RPR, but only from the perspective of the lag-phase in years before RPR will produce the same yield per year as soluble P. It does not try to answer the questions “ How do I move into using RPR with no lag-phase?”, or “Can I use this or that additive to reduce P requirements?”. The policy of the Overseer Development Team is that these questions will be addressed if and when sufficient trial data becomes available. Overseer does however recognize that P run-off losses are significantly lower with RPR than with soluble P fertiliser.
The days of nation-wide, multi-year production and fertiliser comparison trials funded by the taxpayer through Government departments such as the old MAF are long gone. Developing our knowledge of fertiliser efficiencies and environmental effects is going to be far more dependent on cooperation with, and input from, educated and enthusiastic farmers. Researchers are going to have to find ways of getting to ‘the truth’ that require far less resources and infrastructure.  The ability to keep an open mind, to keep track of different approaches and products being investigated overseas, and to better understand the chemical and biological processes that drive fertiliser requirements will be even more important than in the past.

This is particularly the case due to the increasing likelihood of regional council-imposed nutrient caps being adopted more and more widely, for both water-quality and greenhouse gas emission reasons. The days of increasing yield simply by applying more and more fertiliser are over. These changes will impact particularly on dairy farming.

This paper looks at some key factors that cause requirements for particular nutrients to be as high as they are, and what technologies are being developed, and in some cases are already available, to reduce these requirements (and losses to the environment) without any reduction in yield, and at the very least at no greater total cost to the farmer. But before that, we need to look at two related aspects.
Brought-in feeds and urine-N losses
Fertiliser nutrients are required to replace removals in produce, soil immobilisation (fixation), leaching and run-off losses from the soil, and gaseous emissions. Normally, increasing  production requires increasing applications of fertiliser to offset removals and losses. However, the massively increased use of brought-in feed, particularly imported PKE, means that  New Zealand is in effect importing much of the increased fertiliser required as nutrients in the PKE. This is essentially the reason why Ravensdown and Ballance have bought into the animal feeds business. It is likely that nutrient requirements in fertiliser per se will level off, and even decline slightly in some cases, even as milk production increases, as long as PKE and other imported feeds remain cost-effective.  However, whether increasing intensification brought about through importing feed turns out to be a good or bad thing for New Zealand’s environment, and water quality and nitrous oxide greenhouse gas emissions in particular, will depend very much on how farms are managed, and how efficient we can make the fertiliser we continue to need.
Essentially, the ‘problem’ in New Zealand’s intensively grazed dairy pasture system is the urine patch. Grazed grass/clover pasture is a very cost-effective system, but pasture contains too much N (as protein) and K relative to what a cow needs in its diet, so the excess is voided in the urine (excess P is mainly voided in dung). Within the urine-affected area, the rate of N applied is 500-1000 kg N/ha. Even the most rapidly growing pasture cannot recover more than 20-30% of this. Most of the rest is either leached through the soil as nitrate-N or lost to the atmosphere as nitrous oxide, by far the most serious greenhouse gas on an effect per gram basis. 
This problem is the reason for the promotion of products such as eco-N and DCn, which are intended to reduce the rate at which urine-N is converted to nitrate-N, so the pasture can utilise more of the N before it gets leached, or lost to the atmosphere. It is unlikely that these products cost-effective for the farmer to use, because of the frequency of application now know to be required (Zaman and Nguyen, 2012), except in those situations where an actual increase in pasture production of at least 5% is proven.  Evidence on this aspect is very conflicting, as demonstrated in trial results presented at the 2012 FLRC conference at Massey University. If the objective is simply to reduce N losses from the urine patch to the environment, this can be achieved simply and cheaply with the ‘Taurine’, a small device attached to the cow’s tail which releases inhibitor during urination (Quin 2003).

In New Zealand, pasture production can be increased by an average of 40% (range 12-67%) where water is not limiting and N is applied at up to 400 kg N/ha annually (Mackay et al., 2009). At this level of N, the pasture contains less than 5% clover. However, boosting grass production with fertiliser N increases losses, both through increasing urine-N deposition and to a lesser extent through direct losses from the fertiliser N. Power and Wheeler (2011) calculate  that increasing a typical dairy farm’s production by only 10% with a total of 100 kg N/ha as granular urea annually  results in a 32% increase in nitrate leaching of (Table1), with a range of 25-39% depending on how much of the N was applied in periods of high risk of nitrate leaching. However using sufficient paddock-fed PKE to give even a 10% increase in stocking rate, and no fertiliser N, increases nitrate leaching by only 11% (Table 1).  The limit to using more and more paddock-fed feed is where soil pugging and feed wastage become excessive.

Table 1. Impact on N losses of using N fertiliser or supplements to increase stocking rate by   10% (from Power and Wheeler 2011).
	N Source
	Cows/ha
	kgMS/ha
	kgDM/ha/yr
	N leaching   kgN/ha/yr

	No fertiliser N, No supplements
	3.0
	1,000
	14,940
	 28

	Granular urea (100kgN/ha)
	3.3
	1,100
	16,430
	 37(a) (+32%)

	PKE (139t)
	3.3
	1,100
	14,940
	 31 (+11%)

	Maize silage (161t)
	3.3
	1,100
	14,940
	 29 (+4%)


(a) where little of the N is  applied in high risk periods for N leaching. Increase in leaching can be up to 40% if the majority of the N is applied in risky periods.

         Brought-in feed that is fed out in cow homes or on feed pads reduces the limits imposed by pugging and wastage, as long as the additional excreta produced is collected for subsequent irrigation, and assuming that there is sufficient suitable land and equipment on the farm for this to be done efficiently. The ability to dispose of effluent in an environmentally safe way will impose the ultimate cap on the use of brought-in feed to increase production in this situation. 

Where lack of capital precludes the installation of feed pads and improved effluent irrigation, the best way to manage the overall N balance on dairy farms is likely to be to adjust –to the extent practical- the ratio of pasture and relatively low N-content feed in the cows’ intake in any one paddock so that energy/protein intake matches the animals requirement. If this is achieved, the concentration of N in the urine voided in the paddock will drop by 30% or more, in turn meaning that the pasture will recover the majority of the N, instead of only 20-30%. Table 2 gives a comparison of N balances under  N fertiliser and feed supplement scenarios. Note the greatly reduced urine-N leaching in the supplement scenario.

Table 2. Estimated annual N balances on an irrigated, shallow-soil South Island dairy farm (adapted from Quin et al., 2006)

	Inputs
	Alternative 1

100kgN/ha as urea
	Alternative 2

Supplements

	Clover n fixation
	200
	220

	Fertiliser N
	100
	-

	Other (rain etc)
	10
	10

	In PKE
	-
	30

	Total
	310
	260


	Outputs
	100kg N/ha as Urea
	Supplements

	Urine N leached(a)
	130
	80

	Background N leached
	25
	25

	Fertiliser N leached
	20
	-

	Fertiliser N volatilised
	15
	-

	Other N volatilisation
	20
	10

	Total N denitrification
	20
	20

	Removed in milk
	60
	60

	Transferred
	20
	20

	Increase in N in soil organic matter(b)
	0
	45

	Total
	310
	260


(a) note nitrate-N leaching losses from urine are considerably higher than estimated by Overseer. (b) soil organic N levels  may increase if supplements are used.

PKE and other nutrients
Increasing dairy farm production through the use of brought-in feed also has the potential to increase P loss into waterways, even if actual fertiliser P use reaches a plateau. If the feed is fed out on feed pads, the same issue of suitable land for irrigation of the collected effluent arises. If the feed is fed out on the paddock (loose or from bins), as well, there is increased risk of surface run-off P losses in dung and wastage.
Managing the fate of the nutrients in brought-in feed that is not exported from the farm in milk needs to be thought through carefully. Using brought-in feed will also require a careful rethink of what fertilisers to use, and how to maximise the efficiency of applications of the nutrients that are still in deficit. For example, PKE typically contains 0.65% P, 50% more than a grass-dominant pasture, but only half as much Ca, about one third as much K and very low Na. Fertilisers with a higher Ca to P ratio such as dicalcic or RPR blends, and with more Na but possibly less K added, will become increasingly appropriate.
Mode of application

In New Zealand, the vast majority of fertiliser has been applied in solid form, either as blends based on semi-granulated single superphosphate (‘super’), or fully granulated blends based on DAP. This has essentially been for ease of handling, storage and spreading. Granulated fertilisers offer no agronomic advantages per se over finer and/or water-based products, and are more susceptible to run-off losses, due to the risk of granules still on the surface being floated off and/or dissolved into rainfall or irrigation-induced run-off. However, fine products need to be mixed with water to avoid dust issues. Until recently, much higher application costs have severely limited the use of these products. However, recent advances in both aerial and ground application of fluids (Fig.1) are greatly reducing the application cost premium (Quin and Findlay 2009). This in turn allows the great increase in efficiency of some nutrients when applied in fluid form – N and trace elements in particular – to be obtained, without the cost of a separate application in solid form of the other nutrients. Much of this increase in efficiency comes about through partial foliar uptake. Particles of nutrients  – whether fine or coarse – that cannot be absorbed by the leaves simply pass through the foliage to the soil as they dry out. 

The remainder of this paper discusses ways in which efficiency could be increased for the key nutrients, after a brief consideration of what is really trying to be achieved currently with foliar and soil application respectively, vs what should be the objective.
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Figure 1. Fluidised fertiliser application via (a) helicopter using a bucket filled with pre-prepared fluid fertiliser (10-15% water) and fitted with pump-action vane spreader to produce a 40m-wide swath, and (b) a “Fluidator” spreading truck on which conventional solid fertiliser is ground, mixed with10-15% water and spread using twin encapsulated spinners.

Uptake – foliar or root?

Like most plants, ryegrass and clover evolved to take up most of their nutrients through the root system, and fertiliser practices are designed to maintain the level of individual nutrients at levels of availability to the plant roots to ensure adequate uptake for optimum growth, both for the pasture itself and for the animals consuming it. In a grazed pasture system this has been traditionally accomplished by spreading dry fertiliser - granulated, semi-granulated of fine - over the pasture, and relying on gravity, rainfall, irrigation and stock trampling to get it below the soil surface. Granules in particular may sit on the surface of the soil or soil mat for weeks.   

However, even if nutrients are applied in fluid or solution form, most of the major nutrients cannot get taken up in significantly useful quantities through the leaves, certainly in a ‘semi-permanent’ pasture where maintenance fertiliser is only being applied twice (dairying) or only once (sheep and beef) annually. The main difference between plant leaves and roots is that the former have a protective layer of cuticle wax, produced by specialised cuticle cells, which afford some protection against insects, dust and excess moisture loss. This makes it difficult for many nutrients to enter, unless wax-solubilising products called adjuvants are added.

The main exceptions to this is are N (as urea), and trace elements. With these, deficiencies can be corrected and growth boosted very rapidly with foliar application of liquid or fluid products, but with the additional cost of separate applications, if the maintenance fertiliser is being applied conventionally as solid fertilisers.
Nitrogen and fluidised urea
Granular urea, because of convenience and cost per unit N,  has been the key tool used by dairy farmers to increase pasture production, now that most farms have optimum or above soil-test levels of the other major nutrients. As a rule, it has an efficiency of only 30-50%, that is, only 30-50% of the N in any one application will be taken up by the plant (mainly after conversion to nitrate-N in the soil) and used to produce more DM. The remainder is volatilized as ammonia, leached as nitrate, or emitted as nitrous oxide greenhouse gas. Recovery can be increased to 50-65% on average simply by coating the granular urea with the urease inhibitor nbpt, such as in Agrotain. This is achieved partly by minimising volatilisation (Bishop and Manning 2011), but more so as an indirect effect of the slower conversion of urea to ammonium-N. This in turn reduces peak nitrate concentrations, meaning nitrate leaching and nitrous oxide losses are reduced also. This improved the extra kgs of DM grown per kg of N applied from 17 (range 10-25) with normal urea, to 26 (range 15-37) with nbpt-treated urea, a very cost-effective improvement (Quin et al., 2006, Zaman et al., 2009), as shown in Table 3.

Table 3. N response efficiencies (NRE) in 3 trials (Northland, Taranaki and Southland), expressed as kg extra DM per kg applied N (from Quin et al., 2006)

	N Source
	NRE

	Granular urea
	17 (range 10-25)

	Granular urea treated with urease inhibitor nbpt (“SustaiN”)
	26 (range 15-37)


Average increase in efficiency over straight urea is 1.53 times or 53%.
However, efficiency can be improved much further by applying the urea as a concentrated fluid containing urease inhibitor Table 4). In this mode of application, up to 10 kg N/ha can be taken up directly through the leaves (mainly through the cuticles), over a period of a few hours after application. It requires considerably less energy for the plant to convert this urea into leaf protein than it does nitrate taken up through the roots and transported to the leaves then converted to ammonium-N. The urease inhibitor is required to prevent urease enzyme which is present on the plant leaves converting the urea to ammonium-N, otherwise this can easily be converted to ammonia gas and lost through volatilization to the atmosphere. The same applies also to the use of true urea solutions. These can be effective, but require far more inhibitor per kg N to avoid ammonia volatilisation. In ‘heavy’ fluid form (only 10-15% water), only 1 liter of Agrotain is required per tonne of urea, and the efficiency is raised to an excellent 80-90% ( 2.3  or more times higher efficiency than granular N, Table 4), as losses to the environment are all but eliminated (Quin et al., 2006, Dewar et al., 2011).
Table 4. Maximising N response efficiency (NRE) with fluidised, urease-inhibitor treated urea.

1. Average of 3 field trials (Northland, Taranaki and Southland) (from Quin et al., 2006).

	N Source
	NRE

	Granular urea
	17 (range 10-25)

	Fluidised nbpt-treated urea (“Nhance”)
	50 (range 42-56)


Note average increase is NRE 2.9 times or 290%
2. Controlled glasshouse experiments, Canterbury University (from Dewar et al., 2011)

	N Source
	NRE

	Granular urea
	10

	Fluidised nbpt-treated urea (“Nhance”)
	23


Note increase in NRE 2.3 times or 230%.
Phosphate

The efficiency with which fertiliser P is used is largely a function of the soil type. New Zealand has a range of soil types classified from low to very high ‘P retention’. As a rough approximation, soils with low P retention typically fix up to 5 kg P/ha annually in relatively unavailable form, often as highly stable organic phytate. This can sometimes be released by heavy liming. A much more difficult problem occurs in the allophanic yellow brown earth volcanic soils in Southland, the Waikato and Taranaki. These soils are high in a type of clay called allophone, on to which are adsorbed various positively charged (cationic) aluminium  (Al) species which ‘fix’ or tightly bind strongly negative ions (anions) such as phosphate. This retained or ‘fixed’ P tends if anything to become increasingly strongly held over time, so it cannot be viewed as being ‘plant-available’ in any realistic farm-management time-frame. Because these soils are deep and well-drained, with a high water-holding capacity, they are very widely used for dairy farming. However they require quite high ‘maintenance’ P applications to keep ahead of this fixation process, and ensure that there is always adequate P in plant-available form in the soil. Of the typical maintenance application for a dairy farm ( 50-65 kg P/ha), 15-25 kg P/ha is being lost to fixation. Despite this fact, recognised in Overseer, these soils have increasingly in recent years been misleadingly referred to as having a ‘high P storage capacity’, which implies that this fixed P is in some sort of temporary and accessible storage. This is scientifically nonsense. There is little if anything that can be done to release it, once fixed.

However, and despite recent ill-informed criticism, there have been some very exciting breakthroughs in overseas  research into how to reduce the amount of  fixation occurring in the first place, particularly in the use of what are called polycarboxylic acids (PCA)  such as polymerised maleic acid (PMA) on high Al-content soils When applied either as a coating around P granules such as DAP, or mixed into high-solids fluidised DAP, these high-molecular weight polymers, which are highly negatively charged, attach themselves to the positively-charged Al sites near the granule in the soil. By neutralizing this charge – possibly for up to a year or more until the polymer is decomposed by soil micro-organisms – the P from the fertiliser stays in plant-available form for much longer. Preliminary work by the author and associates on rice grown on acid, high-fixing soils in Vietnam (Fig.2), and in field and pot trials on high-Al soil in New Zealand (Fig. 3), have shown that DAP efficiency can be increased by up to 50% with only 2 liters of PCA (trade name Avail®) per tonne of DAP, making it potentially very cost-effective to use despite the high cost of the PCA (Bishop et al., 2012).
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Figure 2. DAP efficiency on rice grown in an acid, high P-fixing soils in Vietnam with and without treatment with 2 litres/tonne of polycarboxylic acid ( PCA,trade name Avail®). From Bishop et al., 2012. Note that at 8.7 kg P/ha, DAP treated with PCA produced similar yields as untreated DAP applied at 17.5 kg P/ha, a doubling in efficiency, across a range of sites.

[image: image4.emf]0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

27 April 2011 17 May 2011 6 June 2011 26 June 2011

Cumulative dry matter production g/pot

Avail® PCA treated DAP

Control No P

DAP Untreated


Figure 3. DAP efficiency pasture grown on an acid high P-fixing Dannevirke silt loan with and without treatment with 2 litres/tonne of polycarboxylic acid (trade name Avail®). From Bishop pers comm. 2012. Note the lack of any response to P applied as untreated DAP, possibly due to both Al  manganese (Mn) toxicity, vs the large response to PCA-treated DAP.
A secondary benefit of PCAs will be that any reduction of P that may be required with their use will automatically mean reduced risk and extent of surface P run-off. Having fewer granules on the surface means less P that can be lost in rainfall-induced run-off events. Applying the product as a high-solids fluid would have the additional benefit of increasing the rate at which P particles enter the soil surface, further reducing the risk of run-off.
Potassium
Potassium (K) is not an environmentally problematic nutrient. However, it shares some similarity with N in that pasture, and clover in particular, requires relatively high concentrations of K to attain maximum growth, and these levels are well above animal nutrition requirements. This results in excess K being voided in the urine, from which a considerable amount is leached through the soil, representing an economic loss to the farmer. If the cow’s K intake is more closely matched to its nutritional needs, less K would be voided in the urine.
Sulphur
Sulphur (S) is more complex. It is available in two main forms – sulphate as present in single superphosphate (‘super’), and as elemental S. The sulphate form is effective in drier conditions and on soils with medium-high P retention, but it is easily leached under higher rainfall or irrigation, especially from lower P retention soils. Theoretically, the fixed amount of sulphate-S in super (approx 12%) should be more than adequate S for all situations relative to its P content of 9%. This is because 12%S and 9%P is an S:P ratio of 1.3 to 1, about double the 0.7 to 1 ratio required by pasture plants. However, the ease with which sulphate-S can be leached from most soils means that not only is this level of S in super inadequate in many situations, elemental S has to be added to the super. In these situations, the value of the sulphate-S in the super is essentially zero.

Furthermore, this leached sulphate, which is an anion (negatively charged ion), takes  with it cations such as calcium, magnesium, sodium and potassium. Massey University research demonstrated greatly reduced leaching of all cations, and even N, where conventional superphosphate was replaced with a triple superphosphate/ fine elemental S blend (TSP/S), as shown in Table 5. These leached cations eventually have to be replaced as part of any maintenance fertiliser regime.
As super, because of factory emissions and cost reasons, becomes progressively replaced by imported alternative P fertilisers, which invariably contain less S, the agronomically optimum amount of elemental S can be added, reducing cation leaching in the process. A practical issue with elemental S is that it needs to be fine, less than 250 microns, and S dust is very irritating to the eyes. However, this problem can be avoided by supplying the S in granule form, or as a high-solids fluid.

Table 5. Two year comparison of nutrient losses (leaching plus run-off) with triple superphosphate and elemental S (TSP/S) compared to normal super (SSP). Results are expressed in kg nutrient/ha /year lost in drainage water, based on same rates of P and S applied.

	Nutrient leached (kg/ha/yr)
	Year 1 (typical rainfall)
	Year 2 (dry year)
	Average

	
	 SSP

(super)
	TSP/S
	SSP

(super)
	TSP/S
	 SSP

(super)
	TSP/S

	sulphur
	17
	3 (82% less)
	9
	3 (67% less)
	13
	3 (77% less)

	nitrogen
	13
	9 (31% less)
	19
	15 (21% less)
	16
	12 (25% less)

	calcium 
	52
	35 (33% less)
	41
	31 (24% less)
	46.5
	33 (29% less)

	potassium 
	11
	6 (45% less)
	7
	3 (59% less)
	9
	4.5 (50% less)

	magnesium 
	15
	11 (27% less)
	11
	9 (18% less)
	13
	10 (23% less)

	sodium
	64
	51 (20% less)
	32
	31 (3% less)
	48
	41 (14% less)


Source: This Massey University research was published in the NZ Journal of Agricultural Research 1991, vol 34.

Note the greatly reduced leaching from TSP/S compared to superphosphate.

Lime
Increasing use of N on dairy farms increases soil acidification, which increases the amount of lime required to maintain the soil pH. Failure to do this increases the likelihood of inhibition of root growth from Al toxicity. Most New Zealand soils contain large amounts of Al, which becomes more soluble, meaning more toxic, as the pH drops. Soil pH levels below 5.5 are increasingly susceptible. In addition, there can be many micro-zones in the paddock that are Al-toxic, even if the average pH level is adequate. These zones are mainly old urine patches, in which acidification from the nitrate-N produced from the urine-N has produced localised pH levels of 5 or below. These acidic micro-zones are not detected in conventional soil tests, where 15-20 soil cores from each paddock are mixed together to get an average.

In this situation, it is preferable to apply lime regularly in smaller doses, in reasonably fine form (not ‘fine lime’, but  less than 250 microns), rather than the traditional 1-2 tonnes/ha of aglime every 3-5 years, as this produces a zig-zag soil pH pattern that can fluctuate by up to half a pH unit on some soils. In addition, recent research with polymeric acid (PMA) has shown that root toxicity from the Al-toxic micro-zones can be controlled, and therefore response to DAP greatly increased, through the application of as little as 2 liters/ha, as shown in Fig. 4 (Bishop et al., 2012). This may allow the ‘optimum’ soil pH level to be lowered.
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Figure 4. Comparison of effects of very fine lime (LF) and AlpHa® polymeric maleic acid on ryegrass growth on an acid Dannevirke silt loam (from Bishop et al., 2012).

Trace elements
Many trace elements are very inefficient when applied in solid form in fertiliser. Their efficiency can be greatly increased by applying in liquid form, especially chelated or in the presence of polymers such as PMA. 

Summary – a view of the way forward

In my personal view, the most promising opportunity to simultaneously provide maximum nutrient efficiency and cost-effectiveness on dairy farms, while minimising any adverse environmental effects, is through the application of all fertiliser and additives in the form of high-solids fluids. This mode of application has the following advantages:

· Individual ingredients can be incorporated in their optimum chemical form and particle size range. For example, there is no need to fully finely grind ingredients that are not capable of direct foliar uptake or do not require fineness for soil dissolution (eg soluble fertilisers);

· The efficiency of urea can (with added urease inhibitor) can be increased by over 200%, meaning that specific production targets can be met with only half as much N as at present;

· Dusty ingredients (including lime and RPR) are no longer a problem;

· Accuracy of placement is very high, minimising direct entry to waterways;

· Evenness of spreading is very high, optimising production;

· This even spreading and rapidly-adjustable placement control is a perfect match with variable-rate application technology;

· Additives, both dry and liquid, can easily be added, including trace elements, inhibitors, anti-P fixation and Al-toxicity control polymers, growth promotants such as gibberellic acid and weedicides;

· There is clear evidence that in specific situations, particularly a high-Al soil environment, P requirements can be reduced by as much as 50% with the use of PCA polymers, and lime requirements also reduced;

· Movement of fine fertiliser particles into the soil surface is faster than with granules, reducing the risk of surface run-off further;

· Given that most dairy farms are receiving N four or more times per year, all nutrients, lime and additives required can be applied with no increase in the total number of applications.
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