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STRUCTURE OF REPORT
This report presents the final outcomes of a series of experiments undertaken at Hillsborough between 2002 and 2007.  The research was initiated to tackle two of the challenges being faced by the dairy sector at that time, namely increasing environmental legislation, and labour shortages.  In recognition of the challenges associated with each of these issues, a programme of research entitled ‘Expanding output efficiently in environmentally friendly systems’ was established.  This programme was jointly funded by DARD, AgriSearch, John Thompson and Sons Ltd and Devenish Nutrition Ltd.
The programme encompassed a single group of cows which were used in both the environmental and labour components of the project.  The environmental component involved managing cows on diets containing either ‘high’ or ‘reduced’ levels of dietary phosphorus for four full lactations, while the labour component involved a series of six separate studies.
The results of this research programme have now been fully written up, with all studies now either published in refereed scientific journals, or currently ‘in press’.  This report begins with an ‘Executive summary’ highlighting key findings from the overall project.  The main body of the report is then split into two sections.  
Section I deals with phosphorus, and includes two full scientific papers in which the findings of the Hillsborough research is presented, and a review paper which was presented at the Nottingham Feed Manufacturers Conference in 2009.  Full references for these papers are as follows:
Ferris, C.P., Patterson, D.C., McCoy, M.A. and Kilpatrick, D.J. (2009)  Effect of offering dairy cows diets differing in phosphorus concentration over four successive lactations: 1. food intake, milk production, tissue changes and blood metabolites.  Animal (In press).
Ferris, C.P., McCoy, M.A., Patterson, D.C. and Kilpatrick, D.J. (2009)  Effect of offering dairy cows diets differing in phosphorus concentration over four successive lactations: 2. health, fertility, bone phosphorus reserves and nutrient utilisation.  Animal (in press).
Ferris, C.P. (2009)  Reducing dietary phosphorus inputs within dairy systems.  Nottingham Feed Manufacturers, Conference, University of Nottingham (In Press).
Section II deals with labour issues, and is in the form of three full scientific papers.  Full references for each of these papers are as follows:
Ferris, C.P., Frost, J.P., Binnie, R.C. and Patterson, D.C. (2006)  Dairy cow performance and labour inputs associated with two silage feeding systems.  Grass and Forage Science, 61: 304-314.

Ferris, C.P., Binnie, R.C., Frost, J.P. and Patterson, D.C. (2008)  Effect of offering silage during housing at night on the performance of grazing dairy cows and on labour requirements.  Grass and Forage Science, 63: 138-151.
Ferris C.P., McCoy M.A. and Patterson D.C. (2008)  Effect of frequency of application of inorganic nitrogen fertiliser within a rotational paddock-grazing system on the performance of dairy cows and inputs of labour  Grass and Forage Science, 63: 270-279.
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Executive summary

Reducing phosphorus levels in dairy cow diets
Phosphates (P) are essential for all forms of higher plant and animal life.  Although non-toxic, they represent one of the primary sources of water pollution in Northern Ireland.  Phosphates pollute by causing eutrophication, the term used to describe the process of nutrient enrichment, where a body of water changes from a nutrient poor (oligotrophic) to a nutrient rich (eutrophic) state.  Eutrophication has been recognised as the most serious water quality issue by the Environment and Heritage Services.  For example, phosphorus (P) levels in both Lough Erne and Lough Neagh increased by approximately 50% during the 10 year period until 2000.

Eutrophication has a number of adverse effects on water quality, including health risks associated with toxic algae and algal scums in drinking water supplies and recreational waters, damage to habitats leading to loss of species diversity, loss of fisheries, and undesirable aesthetic impacts such as odours, loss of transparency, and clogging by weeds, the latter reducing amenity value.  Phosphorus is often the ‘limiting nutrient’ within these processes.

Within the European Union (EU), legislation designed to improve water quality is already in place.  For example, restoring surface waters to good ecological status by 2015 (including reducing the trophic status) is a target within the Water Framework Directive, while, where it can be related to agricultural activities, action to control nutrient enrichment is also required under the Nitrates Directive. 
Within NI agriculture contributes 58% of P exports to inland waters.  While the exact contribution of different agricultural sectors to this problem is unknown, the impact of dairying is likely to be significant due to the importance of the dairy sector within NI, and its relatively intensive nature.  For example, the P balance sheet for NI in 2002 indicated that P in dairy feeds represented the second largest P input (3025 t P per annum), exceeded only by P in fertiliser.  This feed P input exceeded the output of P in milk (1539 t of P per annum), so that even before inputs of P in fertiliser were considered, the average dairy farm was likely to be in P surplus.
While improved management of P on farms will help reduce P loss to the environment, control measures must firstly seek to reduce farm-gate P surpluses.  For dairy farmers, options by which farm-gate P surpluses can be reduced include reducing the quantity of P brought onto farms in fertiliser and feeds.  The latter may involve reducing stocking rates, utilising more home-produced concentrate feeds, feeding less concentrates/cow, or feeding concentrates with a lower P level.  With regards the latter, reducing P levels in dairy cow diets will clearly be unacceptable if animal performance, health, fertility and welfare are compromised.
Phosphorus has many roles within the body (bone, acid-base buffer systems of blood and other body fluids, cell differentiation, all energy transactions, and as a component of cell walls and cell contents).  Dairy cows also secrete large quantities of P in milk on a daily basis, while rumen microbes have a requirement for P.

The exact P requirements of dairy cows are not fully established.  As a consequence of these uncertainties, together with the perceived benefits, especially in relation to fertility, that farmers associate with feeding diets high in P content, there is evidence that nutritionists and farmers tend to feed P to dairy cows at levels in excess of existing recommendations.

Recognising the limitations of existing knowledge, and noting that many aspects of P nutrition and metabolism were not well understood, the current UK rationing system (AFRC, 1991) included a recommendation that dairy cow P requirements should be validated in long term feeding trials using roughage-based diets.  Recognising the extent of the problem within NI, and the implications of existing and developing legislation, a study was initiated to address this very issue.

One hundred primiparous, winter calving, Holstein-Friesian dairy cows were used to examine the impact of dietary P content on cow performance.  The experiment was conducted over a four-year period, with cows remaining on the same P treatment until the end of the experiment, or until culled.
Each year of the study comprised a ‘winter period’, a ‘summer period’, a ‘late lactation period’, and a ‘dry period’.  Cows were housed in cubicle accommodation throughout the winter periods, and offered rations comprising grass silage, maize silage and concentrates, the latter at approximately 10–13 kg/cow/day.  During the first two years of the study (summer period) cows were managed either on a conventional grazing system, or on a part grazing-part housing system.  Concentrate feed levels during the grazing period ranged from 3.0–4.0 kg/day.  During the late lactation period, cows were housed and concentrate feed levels maintained at 4.0 (years 1-3) and 3.0 (year 2) kg/day.
Different dietary phosphorus concentrations were achieved by modifying the level of P in the concentrate feedstuff offered.  The reduced P concentrates were formulated using components low in P, with no additional mineral P added, while the high P concentrates were produced by adding dicalcium phosphate to the reduced P concentrate.
Different dietary P levels were achieved by offering concentrates containing either high or low P levels during the winter period (approximately 7.0 or 4.4 g P/kg DM, respectively), and during the summer period (approximately 6.8 or 3.6 g P/kg DM, respectively).  Total ration P levels averaged 4.8 and 3.6 g P/kg DM for the ‘high’ and ‘low’ P winter diets respectively, and 4.2 and 3.5 g P/kg DM for the ‘high’ and ‘low’ P summer diets respectively.  

A total of 95, 70, 50 and 22 cows completed each of lactations 1-4, respectively.  Cows culled during the experiment were not replaced.
Low P diets may have a negative effect on food intake via a metabolic effect at a cellular level.  In addition, rumen microbes have a requirement for P, and if this is not supplied via the diet, or from P recycled in saliva, microbial activity may be impaired, and food intake reduced.  However, dietary P level had no significant effect (P>0.05) on total DM intake measured during any of the winter periods (Table 1).
Table 1
Effect of dietary P level on total DM intake during the winter periods in each of lactations 1-4 (kg/day)
	
	High phosphorus
	Low phosphorus
	Sig.

	Lactation 1
	17.6
	17.4
	NS

	Lactation 2
	19.9
	19.6
	NS

	Lactation 3
	20.8
	19.8
	NS

	Lactation 4
	22.9
	22.7
	NS


Reduced milk yields and persistency of milk yield have been observed with cows offered low P diets in other studies, with this normally associated with a reduction in dry matter intake.  However, dietary P level had no significant effect (P>0.05) on either milk output or milk composition during the winter periods, grazing/late lactation periods, or total lactation periods, in any of lactations 1-4 (Table 2).
Table 2
Effect of dietary P level on total lactation milk yield during each of lactations 1-4 (kg/lactation)
	
	High phosphorus
	Low phosphorus
	Sig.

	Lactation 1
	7521
	7474
	NS

	Lactation 2
	8241
	8419
	NS

	Lactation 3
	9177
	9219
	NS

	Lactation 4
	9002
	8976
	NS


Dietary P level had no significant effect on either milk somatic cell count, or the proportion of cows treated for either lameness or mastitis in any of lactations 1-4 (P>0.05).

With the exception of weeks 21-30 post-calving in lactation 4 (P<0.05), mean live weight was unaffected by treatment (P>0.05).  Mean condition score was unaffected by treatment in either of lactations 1 or 2, while significantly lower (P<0.05) with cows offered the ‘low’ P diet in lactations 3 and 4.  It is suggested that this reduction in condition score was not due to dietary P level per se.  In other studies where lower live weights and condition scores were observed, these were accompanied by lower intakes and milk yields.

In each of lactations 1-4, cows offered the ‘low’ P diets had significantly lower (P<0.05) plasma P concentrations compared to those offered the ‘high’ P diets (Figure 1).  However, plasma P concentrations only fell below levels deemed as ‘indicative of deficiency’ for a four week period early in lactation 4.  It is generally accepted that plasma P levels do not provide a good indication of the P status of an animal.
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Figure 1  Effect of dietary phosphorus level (High phosphorus,      ■        : Low phosphorus, --□---) on plasma phosphorus concentrations, over four successive lactations (NS, not significant; *, P <0.05; **, P<0.01;***, P<0.001)
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There is a strong industry perception of a link between dietary P levels and dairy cow fertility, and it is true that if cows are deficient in P, fertility will be reduced.  Within the current study dietary P level had no significant effect (P<0.05) on any of the fertility parameters recorded, with mean data for lactations 1–4 presented in Table 3.  There is now a considerable body of evidence to indicate that with most modern dairy cow diets containing moderate to high concentrate feed levels, dietary P in isolation is unlikely to be a causal effect of poor reproductive performance.

Table 3
Effect of dietary P level on mean dairy cow fertility over four successive lactations (proportion basis, unless stated otherwise)

	
	High phosphorus
	Reduced phosphorus
	Sig.

	Pre-day 42
	
	
	

	Cows showing luteal activity
	0.59
	0.62
	NS

	Days to CLA
	22.8
	24.9
	NS

	Cows with observed heat
	0.26
	0.22
	NS

	Conception to first AI
	0.37
	0.34
	NS

	Conception to first + second AI
	0.67
	0.60
	NS

	100 day in calf rate
	0.51
	0.43
	NS

	Cows in calf at end of breeding season
	0.92
	0.83
	NS


CLA: Commencement of Luteal Activity
Dairy cows have large P reserves in their bone, and if cows are offered diets that are deficient in P, they can mobilise P from these bone reserves.  However, dietary P level had no effect on the specific gravity or ash content of rib sections (Table 4).  However, when expressed on either a fresh (P<0.05), DM (P<0.05) or volume (mg/ml fresh) (P<0.01) basis, the P content of cores was significantly lower for cows offered the low P diets.  There were no significant relationships between lactation number and the P content of rib cores for any of the parameters examined (P>0.05).  

Table 4
Effect of dietary P level on the composition of rib cores removed from cows culled during the experiment

	
	High phosphorus
	Low phosphorus
	Sig.

	Specific gravity
	1.49
	1.47
	P=0.077

	Ash (g/kg DM)
	686
	681
	NS

	Phosphorus (g/kg fresh bone)
	105
	102
	*

	Phosphorus (g/kg DM)
	123
	120
	*

	Phosphorus (mg/ml fresh bone)
	156
	151
	**


When the P content of dairy cow diets was reduced from 5.2 to 3.7 g/kg DM (in Year 2), P intake was reduced from 103 to 72 g/day, while P excretion was reduced from 75 to 41 g/day, a proportional reduction of 0.45 (Table 5).  If this reduction in faecal P excretion is assumed for a 150-day winter feeding period for a farm stocked at 2.5 cows/ha, this represents a reduction in P excretion of 5.1 kg/cow, and 12.7 kg/ha.

Table 5
Effect of dietary P level on P utilisation during the winter period in Year 2
	
	High phosphorus
	Reduced phosphorus
	Sig.

	DM digestibility (proportion)
	0.72
	0.74
	NS

	P intake (g/day)
	103.2
	72.2
	***

	P excreted in milk (g/day)
	29.3
	29.7
	NS

	P excreted in faeces (g/day)
	75.0
	41.2
	***

	P excreted in urine (g/day)
	0.4
	0.2
	NS

	P balance (g/day)
	-1.4
	1.0
	NS


Across the four lactations, mean P intakes for cows offered the low P diets were 26.5 g/day (26.9%: winter period) and 11.0 g/day (16.6%: grazing/late lactation period) lower than for those offered the high P diets (Table 6).  Consequently, P intakes for cows on the high P diets were proportionally 1.08 (winter period) and 1.01 (summer period) of calculated P requirements, while P intakes with the low P diets were proportionally 0.79 (winter period) and 0.84 (grazing/late lactation period) of AFRC (1991) P requirements.  These results highlight that P requirements of dairy cows may be approximately 20% lower than those highlighted within AFRC (2001).
Table 6
Phosphorus intakes (g/day) and phosphorus requirements (g/day), the latter calculated according to AFRC (1991) (q<0.7), during the winter periods in lactations 1-4 

	
	
	High phosphorus
	Low phosphorus
	Sig.

	Lactation 1
	P intake
	91.6
	67.5
	***

	
	P requirement
	76.9
	77.3
	NS

	Lactation 2
	P intake
	100.2
	45.5
	***

	
	P requirement 
	90.9
	91.0
	NS

	Lactation 3
	P intake
	98.6
	68.7
	***

	
	P requirement 
	96.9
	96.5
	NS

	Lactation 4
	P intake
	103.1
	80.3
	***

	
	P requirement 
	103.9
	100.5
	NS


Evidence from this study, when reviewed in conjunction with earlier findings, suggests that dietary P levels can be safely reduced to at least 3.6 g P/kg DM without having a negative effect on cow performance, 

Accurate ration formulation requires that the P content of both the concentrate and forage components of the ration is known.  While the P content of concentrates may be known, the P content of forages can be extremely variable.  To date, Near Infrared Reflectance Spectroscopy (NIRS) has not been sufficiently robust to allow the prediction of the P content of fresh forages on a routine basis.
The results of this experiment confirm that there is little justification for dairy cow concentrates to contain in excess of 7.0 g P/kg DM, as was the norm at the time when this experiment was initiated.  A realisation of this fact led to a joint initiative being adopted across the feed compounding sector within NI, whereby agreement was reached that dairy cow concentrates would not contain in excess of 6.7 g P/kg DM (approximately 5.7 g/kg fresh).  While this was certainly a positive move, and one which demonstrates what can be achieved with industry co-operation, nutritionally there is potential for this value to be reduced further, perhaps to 5.5-6.0 g/kg DM.

A limitation to a more significant reduction in the P content of concentrates is that it can actually be more expensive to produce concentrates low in P.  This is largely due to the fact that lower cost ingredients such as maize gluten, which have a low nitrogen:P ratio, must be replaced in part by more expensive ingredients such as soya-bean meal, which have a higher N:P ratio.  

Reducing dietary P concentrations can help farmers reduce their farm P surplus. The practical implications of this have been highlighted within Northern Ireland, where farmers who require a ‘derogation’ from the EU Nitrates Directive to allow them to operate at a stocking rate of more than 170 kg organic nitrogen/ha, are required to have an annual farm-gate P balance of <10.0 kg/ha.  High concentrate feed levels are common on many of these intensively stocked farms, and in these situations, offering concentrates with lower P levels can play an important role in ensuring that farm-gate P surpluses meet the legislation.  Indeed, as concentrate feed levels increase, the opportunity, and sometimes necessity, to reduced concentrate P levels becomes greater.
Reducing the P content of dairy cow diets will reduce P loss to the environment by reducing P excretion in manure.  In addition to reducing the quantity of P excreted in manure, reducing the P content of the ration will also reduce the solubility of the P excreted in manure.  This can be attributed to a reduction in the soluble orthophosphate fraction in manures from animals offered low P diets.  Slurry produced by cows offered grass silage-based diets supplemented with concentrates containing different dietary P concentrations, was applied to grassland during the spring, summer and winter (O’Rourke et al., 2007).  The overall trends were for total P measured in run-off to decrease as the P content of the slurry decreased (Figure 2).

Figure 2
Flow weighted mean concentrations of total phosphorus measured in runoff generated two days after manure application during the Spring, Summer and Winter (O’Rourke et al., 2007)
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A comparison of systems differing in labour inputs
There is considerable interest at present in options to improve labour efficiency on dairy farms.  The reasons for this are many and include expansion in cow numbers, the unavailability of skilled labour, increasing labour costs, and changing lifestyle expectations.
To address this issue a series of studies were undertaken at AFBI-Hillsborough to examine the impact of a number of management systems on cow performance and labour inputs.  These studies examined a number of areas, including: different winter feeding systems, night time housing of cows, and frequency of spreading fertiliser nitrogen.  Two experiments were conducted within each area.
Comparison of daily complete diet feeding and twice weekly ‘easy feeding’ 
Indoor feeding systems on many farms have become increasingly complex and labour intensive.  In addition, the machinery costs associated with some feeding systems can be considerable.  Two studies were undertaken to examine if simple feeding systems can be as effective as more complex systems.
Daily complete diet feeding was compared with twice weekly easy feeding.  With the former, the ration was prepared and offered daily using a complete diet mixer wagon.  With the latter, whole blocks of grass silage and maize silage were placed along a moveable easy feed barrier on two occasions each week, with the concentrate part of the ration offered using out-of-parlour feed stations.
Feeding system had no significant effect on food intake, milk production, milk composition or the condition score of the cows at the end of the winter period in either of Years 1 or 2 (Table 7).  Similar findings have been observed in other studies.

Feeding times (for a 100 cow dairy herd) were 3 hr 29 min/wk for the daily complete diet treatment, and 2 hr 36 min/wk for the twice weekly easy-feed system.
Table 7
Effect of winter feeding system on average cow performance over the winter period, and on calculated feeding time
	
	Daily complete diet
	Twice-weekly easy-feed

	Year 1 (Heifers)
	
	

	Dry matter intake (kg/day)
	17.6
	17.0

	Milk yield (kg/day)
	28.4
	29.6

	Fat (%)
	3.94
	3.85

	Protein (%)
	3.35
	3.41

	Condition score at end of study
	2.4
	2.3

	Year 2 (Cows and heifers)
	
	

	Dry matter intake (kg/day)
	18.7
	18.5

	Milk yield (kg/day)
	30.0
	30.6

	Fat (%)
	4.18
	4.02

	Protein (%)
	3.39
	3.39

	Condition score at end of study
	2.5
	2.5

	Calculated feeding time per week/100 cows
	3 hr, 29 min
	2 hr, 36 min


How do grazing cows perform when housed at night and offered grass silage?

Because of increasing herd sizes, the grazing platform (ie the fields that cows can easily access) on many farms is no longer large enough for both day and night time grazing.  In addition, on fragmented farms walking cows to and from paddocks twice daily has become increasingly difficult and dangerous due to increasing commuter traffic.  To maintain cow performance many high input farms already house cows at night and offer silage/concentrate mixes.
Two studies (Year 1 and Year 2) were undertaken to compare a full time grazing system (cows grazed both day and night), with a part-time grazing system (cows grazed by day and housed at night and offered grass silage).
The results in Years 1 and 2 were quite different (Table 8).  Cows housed at night produced 1.4 kg/day more milk in Year 1, compared to 1.6 kg/day less milk in Year 2.  The different milk production responses were due to differences in silage quality and grazing conditions.  In Year 1 grazing conditions were difficult, while silage quality was excellent.  In Year 2 grazing conditions were ideal, while silage was of a medium quality.

Table 8
Cow performance and calculated times associated with a full-time grazing system and a part-time grazing system

	
	Full-time grazing
	Part-time grazing
	Difference (compared to full-time grazing)

	Year 1 (Heifers)
	
	
	

	Milk yield (kg/day)
	17.2
	18.6
	+1.4 kg

	Fat (%)
	4.22
	4.10
	

	Protein (%)
	3.54
	3.35
	-0.19%

	Condition score at end of study
	2.4
	2.3
	

	Silage intake (kg DM/cow/day)
	0
	6.6
	+6.6 kg

	Year 2 (Cows and heifers)
	
	
	

	Milk output (kg/day)
	20.0
	18.4
	-1.6 kg

	Fat (%)
	4.24
	4.14
	

	Protein (%)
	3.58
	3.34
	-0.24%

	Condition score at end of study
	2.6
	2.5
	

	Silage intake (kg DM/cow/day)
	0
	5.6
	+5.6 kg

	Calculated time for droving cows, feeding, sowing fertiliser, and spreading slurry (100 cows/week)
	7 hr 10 min
	6 hr 53 min
	


Treatment had no effect on milk fat content.  However milk protein content was increased with full time grazing in each of Years 1 and 2, thus confirming the benefits of grazing in terms of milk composition.

Housing cows at night reduced the area required for grazing by approximately 40%, compared to a full time grazing system.  However, cows consumed an average 6.1 kg silage DM when housed overnight.

Housing cows at night will reduce the time required for droving and pasture management, but will increase the time required to make the extra silage required, feed silage, manage the feed barrier and silage pit, keep cubicles clean, and spread slurry.  Times associated with the two systems were similar at approximately 7 hours/week/100 cows, although this did not include work involved with silage production for cows housed at night.

The effect of spreading fertiliser nitrogen less frequently within rotational paddock grazing systems
Spreading fertiliser on grazing paddocks is a routine task on most dairy farms, with fertiliser normally spread within a couple of days of each paddock having been grazed.  However, this practice may result in fertiliser spreading taking place two - four times each week, and this has implications for labour requirements.

Two studies (Year 1 and Year 2) were undertaken to examine the effect of reducing the frequency of spreading fertiliser nitrogen on grazing paddocks, on cow performance.  With regular spreading, fertiliser was spread on dairy paddocks within two or three days of each paddock having been grazed (fertiliser spread three times/week).  With less frequent spreading, fertiliser was spread on all dairy paddocks once every 3 – 4 weeks (depending on the length of the grazing rotation).
Total fertiliser application rate over the season was 360 kg N/ha in Year 1 (Pre-Nitrates Directive) and 250 kg N/ha in Year 2.
Frequency of spreading fertiliser had no effect on either the milk yield or milk composition of cows over the grazing period, or on the body condition score of the cows at the end of the experiment (Table 9).
Table 9
Effect of frequency of spreading fertiliser nitrogen on cow performance and on the time to sow fertiliser each week

	
	Frequent spreading
	Less frequent spreading

	Year 1
	
	

	Milk yield (kg/day)
	25.1
	25.5

	Fat %
	4.06
	4.02

	Protein %
	3.45
	3.44

	Condition score at end of study
	2.5
	2.5

	Pre-grazing sward height (cm)
	10.5
	11.2

	Post-grazing sward height (cm)
	4.9
	4.9

	Year 2
	
	

	Milk yield (kg/day)
	25.1
	25.5

	Fat %
	3.97
	3.87

	Protein %
	33.3
	33.2

	Condition score at end of study
	2.3
	2.3

	Pre-grazing sward height (cm)
	10.6
	10.5

	Post-grazing sward height (cm)
	5.0
	4.9

	Fertiliser spreading time/week 
(100 cow herd)
	1 hr, 48 min
	1 hr, 23 min


Spreading fertiliser less frequently reduced the time spent travelling to and from fields, and may reduce the number of occasions when the fertiliser spreader must be removed/attached to the tractor.  For a 100 cow herd, 36 min was required to spread fertiliser on three occasions each week with the regular spreading treatment (1 hr, 48 min/wk in total).  With the less frequent spreading treatment, 4 hr and 37 min was required to spread fertiliser once every three weeks (1 hr, 23 min/wk).

While this time saving is relatively small (20%), the possibility of using a contractor to spread fertiliser on all grazing paddocks once every 3–4 weeks becomes a reality.  Contractors are already being used by some dairy farmers in the Republic of Ireland to spread fertiliser on grazing ground.

SECTION I 
REDUCING PHOSPHORUS LEVELS IN DAIRY COW DIETS

Background to phosphorus research
Eutrophication has been recognised as the most serious water quality issue in Northern Ireland by the Environment and Heritage Services, with phosphorus (P) is one of the main causes of eutrophication.  For example, P levels in both Lough Erne and Lough Neagh increased by approximately 50% during the 10 year period until 2000.

Within the European Union (EU), restoring surface waters to good ecological status by 2015 is a target within the Water Framework Directive, while, where it can be related to agricultural activities, action to control nutrient enrichment is also required under the Nitrates Directive. 
Within NI agriculture contributes 58% of P exports to inland waters.  While the exact contribution of different agricultural sectors to this problem is unknown, the impact of dairying is likely to be significant due to the importance of the dairy sector within NI, and its relatively intensive nature.
For dairy farmers, options by which farm-gate P surpluses can be reduced include reducing the quantity of P brought onto farms in fertiliser and feeds.  The latter may involve reducing stocking rates, utilising more home-produced concentrate feeds, feeding less concentrates/cow, or feeding concentrates with a lower P level.  With regards the latter, reducing P levels in dairy cow diets will clearly be unacceptable if animal performance, health, fertility and welfare are compromised. 

The exact P requirements of dairy cows are not fully established. As a consequence of these uncertainties, together with the perceived benefits, especially in relation to fertility, that farmers associate with feeding diets high in P content, there is evidence that nutritionists and farmers tend to feed P to dairy cows at levels in excess of existing recommendations.

Recognising the limitations of existing knowledge, and noting that many aspects of P nutrition and metabolism were not well understood, the current UK rationing system (AFRC, 1991) included a recommendation that dairy cow P requirements should be validated in long term feeding trials using roughage-based diets.  Recognising the extent of the problem within NI, and the implications of existing and developing legislation, a study was initiated to address this very issue.

The outcome of this experiment is presented below in the form of two full scientific papers and a review paper.

Effect of offering dairy cows diets differing in phosphorus concentration over four successive lactations: 1. food intake, milk production, tissue changes and blood metabolites 

C.P. Ferris, D.C. Patterson, M.A. McCoy and D.J. Kilpatrick
Animal (2009) (In Press)

Abstract
The loss of phosphates from dairy farms contributes to the eutrophication of waterways.  Whilst reducing the phosphorus (P) content of dairy cow diets has the potential to help reduce phosphate losses, diets containing inadequate dietary P may have a negative effect on cow health and performance.  To address this issue, one hundred winter-calving Holstein-Friesian dairy cows were offered diets containing either ‘high’ or ‘low’ levels of dietary P.  The experiment was conducted over a four-year period, with eighty primiparous cows commencing the study in year 1, while a further 20 primiparous cows commenced the study in year 2.  Rations offered during the winter comprised grass silage, maize silage (70:30 dry matter (DM) basis, approximately) and concentrates (10.0-12.0 kg/cow/day).  During the summer periods in years 1 and 2, half of the cows grazed both day and night, while the remaining cows grazed by day, and were housed by night and offered grass silage.  During years 3 and 4, all cows grazed both day and night during the summer period.  Concentrate feed levels during the summer periods were 3.0-4.0 kg/cow/day.  Different dietary P levels were achieved by offering concentrates containing either high or low P levels during the winter period (approximately 7.0 or 4.4 g P/kg DM respectively), and during the summer period (approximately 6.8 or 3.6 g P/kg DM, respectively).  Total ration P levels averaged 4.9 and 3.6 g P/kg DM for the ‘high’ and ‘low’ P winter diets respectively, and 4.2 and 3.6 g P/kg DM for the ‘high’ and ‘low’ P summer diets respectively.  A total of 95, 70, 50 and 22 cows completed each of lactations 1-4 respectively.  Dietary P level had no significant effect on food intake, milk output or milk composition (P>0.05).  Plasma P concentrations were significantly lower with cows offered the ‘low’ P diet in each of lactations 1-4 (P<0.05).  In each of lactations 3 and 4, cows offered the ‘low’ P diet tended to have lower condition scores and live weights than those offered the ‘high’ P diet.  The results of this experiment highlight that the P content of dairy cow diets can be substantially reduced with no detrimental effect on dairy cow performance.
Key words:  dairy cows, phosphorus, food intake, milk, blood

Implications

Phosphorus of agricultural origin, including from dairy farms, may result in eutrophication when it enters waterways.  While reducing the phosphorus content of dairy cow concentrates can reduce the amount of phosphorus going onto farms, the implications of this on cow performance has not been examined with high yielding dairy cows within grassland based systems.  This experiment demonstrated that there was no detrimental effect on cow performance when dietary phosphorus levels were reduced by approximately 25% over a four year period.  The adoption of ‘low’ phosphorus diets has the potential to reduce phosphorus loss to the environment.

Introduction
An inevitable consequence of the increasing intensification of the United Kingdom (UK) livestock sector during the last fifty years has been the production of increasing quantities of slurry and manure.  While normally disposed of by land spreading, spreading of manures in excess of plant requirements, or at times of the year when plant requirements are low, or weather and soil conditions are unsuitable, can result in the loss of nitrates and phosphates to waterways.  In addition to a loss of valuable nutrients from agricultural systems, nitrates and phosphates can also lead to nutrient enrichment (eutrophication) of both fresh and coastal waters.
While the adoption of improved manure spreading practices can reduce nutrient loss to the environment, it is also possible to reduce the quantity of nutrients excreted by livestock by dietary modification.  Within the dairy sector, reducing the phosphorus (P) content of dairy cow diets has the potential to reduce P excretion.  With regards the latter, a number of studies have examined low P diets for dairy cows, with key details of most of the studies published during the last 35 years summarised in Table 1.  While a dietary P level of 2.4 g/kg dry matter (DM) was clearly inadequate (Call et al., 1987; Valk and Sěbek, 1999), P deficiency symptoms were observed in a number of studies involving dietary P levels between 3.1–3.3 g P/kg DM (Kincaid et al., 1981; Call et al., 1987; Wu et al., 2000), but not in others (Valk and Sěbek, 1999; Brintrup et al., 1993).  Dietary P levels between 3.5 and 4.2 g P/kg DM proved to be adequate in most studies.  However, many of these studies have been criticised by Hemmingway (2002) for a number of reasons, including their relatively short-term nature (less than two years).  This is of concern as cows have the ability to deplete skeletal phosphorus reserves for milk production over a number of lactations, and as such, deficiency symptoms may not arise in the short term.  In addition, most of these studies were undertaken using diets which did not contain grass or grass silage, while in addition, a number of the studies involved total confinement systems.  This is of particular concern as the availability of P from different feedstuffs (concentrates, maize silage, alfalfa silage, grazed grass) may vary, while the availability of P from many feeds still does not appear to have been defined with certainty (NRC, 2001).  Low P diets have been examined previously in grassland-based systems (Brodison et al., 1989), although this study involved relatively low yielding dairy cows (5,000 litres/cow/lactation) which are not representative of those in most dairy herds today.

Phosphorus feeding recommendations within the UK have undergone a number of changes during the last forty years (Agricultural Research Council, 1965; ARC, 1980; Agricultural and Food Research Council, 1991).  Indeed the current recommendations (AFRC, 1991) recognise that many aspects of P nutrition and metabolism are not well understood, and include a recommendation that dairy cow P requirements should be validated in long term feeding trials using roughage-based diets.  However, to date this recommendation does not appear to have been addressed within grassland-based production systems.  Thus, in an attempt to validate the current UK recommendations (AFRC, 1991), and to address some of the limitations of the studies presented in Table 1 (duration of study, cow yield potential, and basal forage type), a four-year experiment was conducted within a predominantly grassland-based system with the aim of examining the effect of offering diets containing ‘low’ P levels on dairy cow performance.

Materials and methods
Animals
One hundred primiparous, winter calving, Holstein-Friesian dairy cows (mean predicted transmitting ability for fat + protein yield [PTA2005 fat + protein] of 25.3 [s.d. 7.09] kg), were used to examine the impact of dietary P content on cow performance.  The experiment was conducted over a four-year period (years 1 – 4).  Eighty cows commenced the experiment in year 1 (Group 1), while 20 cows commenced the experiment in year 2 (Group 2).  Group 1 and Group 2 cows completed a maximum of 4 or 3 lactations on the experiment respectively (until the end of year 4), although many cows were culled prior to the end of year 4.  Cows had mean calving dates of 7 November, 15 November, 29 November and 9 December in years 1-4 respectively.
Treatments
Within 36 hours of calving, primiparous cows were allocated to either a ‘high’ P or ‘low’ P dietary treatment (50 cows per treatment), with cows remaining on the same P treatment until the end of the experiment (year 4), or until culled.  The two dietary P treatments were obtained by changing the P content of the concentrate feedstuff offered.  Each year of the study comprised a ‘winter period’, a ‘summer period’, a ‘late lactation period’, and a ‘dry period’.  As part of a separate series of studies, an equal number of cows from each P treatment were offered their ‘winter period’ ration via two different feeding systems in years 1 and 2 (common feeding system in years 3 and 4), and were managed on two different ‘summer period’ management regimes in each of years 1-4, as described in detail later.  An overview of the experimental timetable and overlying management regimes is presented in Table 2.
Winter periods  Cows were housed in cubicle accommodation throughout the winter periods, and offered rations comprising grass silage, maize silage and concentrates.  The grass silages were mainly produced from primary growth and primary re-growth herbages, with these harvested from perennial ryegrass-based swards using a precision chop forage harvester.  The maize silages were introduced into the ration of freshly calved cows (approximately 0.30 of forage DM) from 10 November, 13 November, 13 October and 28 September onwards, in years 1-4 respectively.  Concentrate levels were increased incrementally during the first 10-20 days post-calving.  From calving to day 5, day 6-10, day 11-20 and from day 20 onwards, concentrate feed levels were 4.0, 6.0, 8.0 and 10.0 kg/day respectively in year 1, and 4.0, 6.0, 8.0 and 10.4 kg/day (primiparous cows), and 6.0, 8.0, 10.0 and 13.0 kg/day (multiparous cows) respectively, in year 2, while levels in years 3 and 4 were 6.0 (days 1-5), 8.0 (days 6-10) and 11.0 kg/day (day 11 onwards).  The ingredient composition of the high and low P concentrates offered during the winter period are presented in Table 3.  The high P winter concentrates were designed to have a P content of approximately 7.2 g/kg DM, the mean P content of a sample of commercial concentrate feedstuffs (n = 40) collected from dairy farms around Northern Ireland between 1999 and 2000 (C.P. Ferris, unpublished data).  The P content of the low P winter concentrate (approximately 4.2 g P/kg DM) was designed so that the overall ration P content would be approximately 3.6 g P/kg DM, proportionally 0.25 lower than for the ‘high’ P diet.  This was a level which published studies (Table 1) suggested should be adequate, but which would still represent a considerable reduction in P input, compared to the ‘current practice’ high P treatment.  Both the high and low P concentrates were formulated to contain low P levels, with dicalcium phosphate added to the high P concentrate so as to increase its P content.  Of the daily concentrate allowance, 0.5 kg/day (year 1) and 1.0 kg/day (years 2-4) was offered in the milking parlour during milking, split between two equal feeds, while the remainder of the daily concentrate allowance was offered as described below.
In years 1 and 2, feedstuffs were offered via either an ‘easy-feed’ or ‘complete diet’ type system.  With the former, the forage components of the ration were offered as whole blocks of silage along moveable feed barriers, while the concentrate component of the ration was offered via electronic out-of-parlour feed stations.  With the complete diet system, the forage and concentrate components were offered daily in the form of a complete diet, which was prepared using a mixer wagon.  Daily concentrate inputs into the wagon were calculated according to the number of days that each animal in the group had calved, as described earlier.  The complete diet was transferred from the mixer wagon into a series of feed boxes, with access to each box controlled via a Calan gate feeding system linked to automatic cow identification, thus permitting automated recording of individual animal food intakes (Forbes et al., 1986).  The complete diets and the forage components of the rations with the easy feed systems were offered ad libitum.  Full details of each of these two feeding systems (easy feed and complete diet) have been described by Ferris et al. (2006).  In year 1, 32 and 48 cows were offered food via the easy feed system and complete diet system respectively (16 of the cows offered the complete diet were used in serial nutrient utilisation studies as described elsewhere), while in year 2, 40 cows were offered food via each of the two feeding systems.  An equal number of cows from the ‘high’ and ‘low’ P treatments were allocated to each of the two winter feeding regimes.  During the winter periods of years 3 and 4, all cows were offered feed via the complete diet system, with cows accessing feed via Calan gates.  The mean length of the winter periods (calving to start of turnout) was 157, 132, 120 and 97 days in years 1-4, respectively.

Summer period  Cows commenced grazing on 5 April, 9 April, 30 March and 29 March in years 1-4, respectively, and were given access to grazing for periods of increasing duration, so that they were grazing from morning milking through to evening milking within seven days of turnout.  Thereafter, concentrate feed levels were gradually reduced from the winter levels described earlier, so that at full-time turnout (2 May, 5 May, 20 April and 30 April in years 1-4, respectively), concentrate feed levels were 6.0 kg/day in each of years 1, 3 and 4, and 4.0 (primiparous) and 5.0 (multiparous) kg/day in year 2.  At this point, the winter concentrates were completely replaced by grazing concentrates (ingredient composition, Table 3) which differed in P content.  During the three-week period after full-time turnout, concentrate feed levels were gradually reduced to 4.0 kg/day in years 1 and 3, and 3.0 kg/day in years 2 and 4.  It was planned that these concentrate levels would be maintained throughout the grazing periods until cows were either dried off or re-housed.  However in year 4, concentrate feed levels were increased to 4.0 kg/day from 20 June onwards as a consequence of grass shortages.  During the summer period, all concentrates were offered in the milking parlour during milking, split between two equal feeds each day.

In each of years 1 and 2, cows from each of the two P treatments were divided equally between either a conventional grazing regime (access to grazing both ‘day’ and ‘night’) or a part-grazing part-housing regime (cows grazed during the ‘day’ and were housed at ‘night’ and given ad libitum access to grass silage via a feed barrier).  Cows on both treatments were rotationally grazed.  Total inorganic nitrogen (N) application rates across the season were approximately 300 and 340 kg N/ha in years 1 and 2 respectively.  Full details of each of these two grazing regimes have been described by Ferris et al. (2008a).

In each of years 3 and 4, cows on each P treatment were again divided equally between two different grazing treatments which differed only in the frequency of application of fertiliser N.  In one treatment fertiliser N was applied to all grazing paddocks on a single occasion at the start of each grazing cycle, while with the other treatment, fertiliser was applied thrice weekly, within 2 or 3 days of each paddock having been grazed.  Across each grazing season, total N applications for each of the two grazing treatments were identical, with total applications of 357 (year 3) and 244 kg N/ha (year 4).  Full details of these two fertiliser application treatments have been presented by Ferris et al. (2008b).  No inorganic P fertiliser was added to any of the grazing areas during years 1 – 4, a consequence of the high soil P status of the grazing areas.

Late lactation period  From 10 October, 29 September, 15 October and 1 October in years 1-4, respectively, cows were housed at night and offered grass silage, while continuing to graze during the day.  Cows were fully housed on 19 October, 20 October, 22 October and 19 October in years 1-4 respectively.  During this late lactation period, from re-housing until drying off, concentrate feed levels were maintained at 4.0 (years 1-3) and 3.0 (year 2) kg/day, while the concentrates and silages offered were those offered to freshly calved cows in the subsequent lactation.

Dry period  Throughout the study, cows were dried off either eight weeks pre-calving, or if weekly average milk yields fell below 5.0 kg/day.  Cows dried off during the grazing period were removed from their experimental group, and grazed in a single ‘dry cow group’ without supplementation.  Cows within two weeks of calving were brought indoors and offered grass silage plus 2.0 kg/day of a dry cow concentrate until calving.  The ingredient composition of this dry cow concentrate, on a kg/t air dry basis, was as follows: barley 610, soya bean meal 310, dry cow mineral/vitamin mix 35 kg, molaferm 65 kg.  All other dry cows were housed from early to mid October.  Once re-housed, all dry cows were offered 2.0 kg/day of the dry cow concentrate until calving.  Treatment of cows on the ‘high’ and ‘low’ P diets was identical during the dry period.  Dry cows were offered the same grass silages as offered to the cows in late lactation during each year of the experiment, although individual cow intakes were not recorded.
Breeding
Throughout the experiment the breeding season commenced during the first week of December, and finished on 10 May, 10 June, 20 June and 20 June in years 1-4 respectively.  Cows were bred by artificial insemination throughout the breeding season. Cows were removed from the study as ‘infertile’ if they were not in-calf when artificial insemination was stopped, with these cows remaining on their P treatments for the mean number of days, on average, as the pregnant cows on that treatment.  
Culling
Cows were culled during and on completion of each year of the experiment.  Culled cows were not replaced.

Measurements

Cows were milked twice daily, between 0630 h and 0830 h, and between 1600 h and 1800 h, with milk yields recorded automatically at each milking.  On alternative weeks during each of years 1 and 2, milk samples, in proportion to yield, were taken at each milking for three consecutive days.  During years 3 and 4, milk samples from two consecutive milkings were taken during a single 24-h period each week.  The fortnightly three-day composite sample for each cow (years 1 and 2), and the two individual weekly samples for each cow (years 3 and 4), were analysed for fat, protein and lactose using a Milkoscan (Model 605, Foss Electric, Hillerød, Denmark).  In years 3 and 4, a weighted milk composition for the 24-h sampling period was subsequently calculated.  Throughout the experiment milk samples, in proportion to yield, were taken from each cow during two successive milkings once every four weeks, bulked, and analysed for P concentration.  Within each lactation, total milk production during the winter period, the grazing/late lactation period, and the full lactation period, were calculated for each cow, and a weighted mean for compositional data calculated for each of these periods.
The Calan gate feeding system allowed individual feed intakes to be measured during the winter period for those cows offered food in the form of a complete diet in years 1 and 2, and for all cows in each of years 3 and 4.  Mean intakes of each dietary component were subsequently calculated for each cow during the course of each winter period.  Mean daily herbage DM intakes during the main grazing season were calculated fortnightly for each cow from animal performance data, and the mean daily intake over the grazing season subsequently calculated.  Within this calculation, milk energy content was determined from fortnightly milk samples using the equations of Tyrrell and Reid (1965), while mean daily live-weight change over the grazing period was determined by linear regression of weekly live-weight data.  Total energy required for maintenance, production, tissue change, pregnancy (where appropriate) and walking (assumed as 2.0 km/day for cows grazing full time, and 1.0 km/day for cows housed at night) was determined using the equations contained within ‘Feed into Milk (FIM)’, the new UK dairy cow feed rationing system (Agnew et al., 2004).  Herbage metabolisable energy (ME) content was calculated from herbage acid detergent fibre (ADF) content using the equation described by Givens et al. (1990), while the ME content of the concentrates offered was assumed as 12.4 MJ/kg DM (based on published values for individual ingredients: AFRC, 1993).  With treatment PG, silage ME content was determined as 0.84 digestible energy (the latter determined using sheep fed at maintenance, as described later), with silage ME content corrected for feeding level, as described by Agnew et al. (2004).  In the absence of silage DM intakes for individual cows with treatment part grazing, the mean silage DM intake for each two-week period was applied individually to all cows.
Cow live weights and body condition scores were recorded weekly throughout each lactation, with condition scores assessed on a 1-5 scale (Edmonson et al., 1989).  A mean live weight and condition score for each cow was subsequently calculated for weeks 1-10, 11-20, 21-30 and 31-40 of each lactation.  Backfat thickness was measured between the 12th and 13th rib, lateral to the vertebral column and parallel to the ribs, at four-week intervals throughout each lactation.  Backfat thickness was determined as the mean of three measurements taken over the longissimus dorsi, namely at the quarter, mid point and three-quarters positions of the breadth of the muscle.  The methodology and ultrasonic scanning equipment used were as described by Ferris et al. (1999).  A mean backfat thickness measurement for months 1-3, 4-6 and 7-9 of each lactation, was subsequently calculated for each cow.

Blood samples were taken from the tail of each cow, between 0900 h and 1030 h, at weeks 2, 4, 6, 8, 10 (+ 3 days), 20, 30 and 40 (+7 days) post-calving in each year of the experiment.  Blood plasma was subsequently analysed for non-esterified fatty acids (NEFA) (using a Wako kit, Wako Chemicals GMBH, Germany), calcium, P, and glucose (using Olympus kits, Olympus Life and Material Science Europa, Germany) using a Chemistry Immuno Analyser (Olympus AU640).

Silages (grass and maize) were sampled daily and analysed for oven dry matter (ODM) concentrations, while twice weekly, fresh samples were analysed for gross energy (GE), N, ammonia nitrogen, pH, and volatile components.  Dried samples (twice weekly) were bulked for each two-week period and analysed for calcium (Ca) and P concentrations, while dried samples bulked for each four-week period were analysed for neutral detergent fibre (NDF), ADF, ash and water-soluble carbohydrate (WSC) concentrations.  In addition, maize silage samples, dried at 60°C twice weekly, were bulked for each four-week period, and analysed for starch.  Each one tonne batch of concentrate produced was sampled, with the samples bulked for each two-week period (for milking cow rations), dried, and analysed for Ca and P, while samples bulked for each four-week period were analysed for N, ADF, NDF, GE and ash concentrations.  A single bulked sample of the dry cow concentrate offered during each year of the experiment was analysed for P concentration.  The feeds offered were analysed as described by Ferris et al. (1999), with two exceptions: the GE concentration of silages was determined on a fresh sample, as described by Porter (1992), while Ca and P analysis was as follows.  Feedstuffs offered during year 1 were analysed for Ca and P, after acid digestion, using a Varian (Liberty Series II) Inductively Coupled Plasma (ICP) Spectrometer.  All other samples during the course of the study were analysed for phosphate using flow injection analysis with the spectrophotometric measurement of the resultant molybdenum blue complex conducted at 700 nm.  Calcium was determined by atomic spectroscopy.

Statistical analysis

Data from this two treatment continuous design experiment was analysed using GenStat, Version 11.1 (Payne et al., 2008).  The effect of dietary P level on cow performance was analysed separately within each of lactations 1, 2, 3 and 4, with the analysis taking account of the fact that data for each of lactations 1-3 were recorded over two different years (years 1 and 2).  Data describing mean food intake, milk output and milk composition, mean live weight and condition score (for each 10-week period), and mean backfat thickness (for each three-month period), were analysed by ANOVA, as a two-treatment completely randomised design, with unequal number of replicates.  Milk output data for each winter period, grazing/late lactation period and full lactation period, were analysed using period length in days (for each individual cow), as covariates.  Blood parameters measured during weeks 2, 4, 6, 8, 10, 20, 30 and 40 post-calving were subject to repeated measures analysis using the REML procedure, with the effect of P level, and interactions between P level x sample week examined within each lactation.  Interactions between dietary P level and winter period (complete diet vs easy feed: years 1 and 2) and summer period (conventional grazing vs part-grazing part-housing, and different fertiliser sowing frequencies: years 1 and 2, and year 3 and 4, respectively) management regimes were initially tested for, and found to be non-significant.  Subsequently, these management regimes were not taken into account in the statistical analysis, as cows on each dietary P level were divided equally between the different management regimes.

Results
Over the four years of the experiment, high and low P winter concentrates had mean P concentrations of 7.1 and 4.4 g/kg DM respectively, while high and low P summer concentrates had mean P concentrations of 6.8 and 3.5 g/kg DM respectively (Table 4).  The dry cow concentrate had a mean P concentration of 6.7 g/kg DM.  Grass silages offered within the experiment were variable in composition (Table 5), with DM ranging from 214-348 g/kg, and CP concentrations ranging from 110 to 167 g/kg DM.  Across the four winter periods of the study, the mean P concentration of the grass silages offered was 3.17 g/kg DM.  The mean starch content of the maize silages offered over the course of the experiment ranged from 102 to 289 g/kg DM, while the mean P concentration of the maize silages offered was 2.6 g/kg DM.  Herbage grazed during the study had a mean P concentration of 3.6 g/kg DM (Table 6).

Details of cows removed during, and on completion of each year of the study, are presented in Table 7.  A total of 95 (49 ‘high’ P, 46 ‘low’ P), 70 (36 ‘high’ P, 34 ‘low’ P), 50 (27 ‘high’ P, 23 ‘low’ P) and 22 (14 ‘high’ P, 8 ‘low’ P) cows completed each of lactations 1-4 respectively.  Phosphorus treatment had no significant effect (P>0.05) on total DM intake measured during any of the winter periods (Table 8), although intakes of grass silage and maize silage (lactation 3) were significantly lower with cows on the ‘low’ P diets (P<0.05).  Intakes during the summer period were not significantly affected by treatment in either lactations 3 or 4.  Across the four lactations examined, the mean P content of the ‘high’ and ‘low’ P winter diets was 4.8 and 3.6 g P/kg DM respectively, while the mean P content of the ‘high’ and ‘low’ P summer diets was 4.2 and 3.5 g P/kg DM respectively.  Dietary P level had no significant effect (P>0.05) on either milk output or milk composition during the winter periods, grazing/late lactation periods, or total lactation periods, in any of lactations 1-4 (Table 9).  With the exception of weeks 21-30 post-calving in lactation 4 (P<0.05), mean live weight (Figure 1a) was unaffected by treatment (P>0.05).  Mean condition score (Figure 1b) was unaffected by treatment in either of lactations 1 or 2, while being significantly lower (P<0.05) with cows offered the ‘low’ P diet in lactations 3 and 4.  A similar trend was observed with backfat thickness (Figure 1c), with cows offered the ‘low’ P diet having a significantly lower backfat thickness during months 4-6 and 7-9 of lactation 3, and throughout all of lactation 4 (P<0.05).

In each of lactations 1-4, cows offered the ‘low’ P diets had significantly lower (P<0.05) plasma P concentrations compared to those offered the ‘high’ P diets (Figure 2a), while there was a significant interaction between dietary P level and sampling time, in lactation 2 (P<0.001).  With the exception of lactation 1 (P<0.01), dietary P level had no significant effect on plasma Ca content (P>0.05), although there was a significant interaction between diet and weeks post-calving in lactations 3 and 4 (P<0.05) (Figure 2b).  Within each lactation, plasma NEFA concentrations declined rapidly during the first 10 weeks post-calving (Figure 2c), although with the exception of lactation 4 (P<0.01), dietary P concentration had no effect on NEFA concentrations (P>0.01).  While plasma glucose concentrations tended to increase rapidly during the first 10 weeks post-calving (Figure 2d), declining slowly thereafter, concentrations were unaffected by dietary P (P>0.05).

Discussion

This experiment was designed to examine the effect of dietary P level on dairy cow performance within medium input grassland-based milk production systems.  In addition, the experiment was conducted over four successive lactations, and appears to be unique in this respect.  While only 22 cows (14 and 8 from the ‘high’ P and ‘low’ P treatments respectively) completed four full lactations on the study (Table 7), this is comparable to the total number of cows used in a number of short term studies (Table 1).  Infertility represented the most common reason for cows being removed from the study, with the impact of P level on cow fertility within this experiment examined by (Ferris et al., 2009).

Cow performance

Across lactations 1-4, the mean P content of the ‘high’ and ‘low’ P winter diets were 4.8 and 3.6 g P/kg DM respectively, while the mean P content of the ‘high’ and ‘low’ P summer diets were 4.2 and 3.5 g P/kg DM respectively.  Total DM intake (kg/day) during the winter period was unaffected by level of P in the diet during any of lactations 1-4.  However, reduced intakes have been observed after approximately six (Call et al., 1987) and 20 weeks (Valk and Sěbek, 1999) of diets containing 2.4 g P/kg DM, being offered.  Kincaid et al. (1981) and Odongo et al. (2007) also observed reductions in food intake when dairy cows were offered diets containing 3.1 and 3.5 g P/kg DM, respectively.  However, intakes were unaffected in studies involving dietary P levels between 2.8 and 3.3 g P/kg DM (Call et al., 1987; Brintrup et al., 1993; Valk and Sěbek, 1999; and Wu et al., 2000).  The reduction in food intake observed with ‘low’ P diets in the studies highlighted above may be mediated in part through an effect on rumen microflora.  For example, failing to meet the P requirements of rumen microflora may have a negative effect on ration digestibility and microbial protein synthesis, as reviewed by Breves and Schroder (1991), and this in turn may have a negative effect on food intake.  However, reduced food intakes have been observed with cows offered ‘low’ P diets, despite ration digestibility being unaffected (Bortolussi et al., 1996; Milton and Ternouth, 1985).  The latter authors have suggested that this may be mediated via an effect at a cell metabolism level.  That intakes were unaffected by diet in the current study suggests that neither rumen function nor cell metabolism were adversely affected by dietary P level, with this largely in agreement with the nutrient utilisation data presented by Ferris et al. (2009).

The reductions in feed intake observed by Kincaid et al. (1981), Call et al. (1987), and Valk and Sěbek (1999), with diets containing 3.1, 2.4 and 2.4 g P/kg DM, were accompanied by reductions in milk output.  In addition, Call et al. (1987) observed a lower persistency of milk yield with diets containing 3.2 g P/kg DM, while Wu et al. (2000) observed a reduction in milk yield after cows had been offered a diet containing 3.1 g P/kg DM for 25 weeks, although intake was not affected in either study.  While Valk and Sěbek (1999) observed no reduction in milk output in a study involving a dietary P level of 2.8 g P/kg DM, this study was conducted over 1.5 lactations, and excluded the early lactation period in year 1.  In agreement with the findings of the current study, there is no evidence of a reduction in milk output in studies involving dietary P levels in excess of 3.3 g/kg DM (Table 1), although all but one of these studies (Brodison et al., 1989) were of less than two years in duration.  Although it is likely that dietary P impacts on milk yield through a reduction in food intake, Valk and Sěbek (1999) observed that the fall in milk yield preceded the decline in intake, perhaps suggesting an effect of dietary P on milk synthesis at the cell metabolism level.

Diet had no significant effect on any of the milk composition parameters examined in the current study, although the effect of dietary P on milk composition in previous studies has been variable.  For example, Valk and Sěbek (1999) observed no effect on milk composition in cows that were deficient in P.  However, Call et al. (1987) observed a significant reduction in milk protein content, while Wu and Satter (2000) observed a trend for lower milk protein contents (during the first year of a two-year study) when cows were offered a P deficient diet.  While there was a trend for milk P concentrations to decline with increasing lactation number in the current experiment, perhaps a reflection of the close relationship between milk P and the milk protein micelle (Wu et al., 2000), there was no evidence that diet per se had an effect on milk P concentrations.

The lower body condition score and backfat thickness which became apparent during lactation 3 with cows offered the ‘low’ P diets, was mirrored by a similar trend in cow live weight.  When cows were offered diets containing 2.4 g P/kg DM, Call et al. (1987) observed a significant reduction in live weight after a 14-week period, while a trend towards a lower live weight was observed by Valk and Sěbek (1999).  However, in each of these studies the reduction in live weight was associated with other symptoms of P deficiency (reduced intakes and milk outputs).  In contrast, Wu et al. (2000) observed no significant effect of dietary P level on either condition score or liveweight change during a single lactation study, despite a significant reduction in milk yield in late lactation with cows offered a low P diet.  More recently Odongo et al. (2007), with a diet containing 3.5 g P/kg DM, observed a significant reduction in both condition score and live weight of a similar magnitude to those observed in the current study, despite milk production being unaffected.  Factors which may have contributed to the condition score and backfat thickness effects in the current study include the numerically higher milk yield with the cows offered the ‘low’ P diet in lactation 2 (178 kg/lactation), a shorter winter feeding period with cows offered the ‘low’ P diets (14 and 13 days shorter in lactations 2 and 3, respectively), with a consequent reduction in total concentrate inputs, and the numerically higher feed intake (1.0 kg/day, P=0.061) with cows offered the ‘high’ P diets in lactation 3.  However, it is suggested that this effect did not arise as a direct consequence of the different dietary P levels imposed.

Blood metabolites

Dietary P level had no significant effect (except in lactation 4) on either glucose or NEFA concentrations, although there was a trend for cows offered the ‘low’ P diet to have lower concentrations of glucose (lactations 1-3) and higher concentrations of NEFA (lactations 3 and 4) during the first few weeks post-calving.  This suggests a greater degree of negative energy balance with the ‘low’ P diets, in agreement with the trend towards increased levels of tissue mobilisation observed in lactations 3 and 4.  Mean concentrations of plasma Ca remained within the normal range for samples collected and analysed within Northern Ireland (2.0-2.8 mmol/l: M. McCoy, personal communication) throughout the entire study, and, with the exception of the early part of lactation 1, were not significantly affected by treatment.  Dietary P content had no effect on plasma Ca concentration in accord with the findings of Kincaid et al. (1981) and Wu et al. (2000).

Plasma P concentrations were significantly lower for cows on the ‘low’ P diets in each of lactations 1-4, but it was only during weeks 2-6 of lactation 4 that P concentrations fell below the normal range for samples collected and analysed within Northern Ireland (1.44-2.4 mmol/l, M. McCoy, personal communication).  In agreement with the findings of other studies, blood P concentrations tended to be lowest during the post-calving period, increasing thereafter (Wu et al., 2000).  In addition, there was a trend for plasma P concentrations to decline with increasing lactation number, as observed by Forar et al. (1982).  Reduced plasma P concentrations have frequently been observed with cows offered ‘low’ P diets (Brodison et al., 1989; Dhiman et al., 1995; Wu et al., 2000; Lopez et al., 2004), although blood P concentrations do not necessarily provide a good indicator of P deficiency in ruminants (Forar et al., 1982).  For example, plasma P concentrations are influenced by a range of factors (exercise, excitement, time of sampling, time of feeding, time of year, age, and site of sampling) as reviewed by Beighle et al. (1993).  This was highlighted by Wu et al. (2000) who observed similar plasma P concentrations over a range of diets, despite a significant reduction in milk yield with cows offered low P diets.  Nevertheless, Call et al. (1987), with a P deficient diet containing 2.4 g P/kg DM, observed a significant reduction in plasma P concentrations (mean concentration over the lactation of 1.16 mmol/l), thus highlighting that with very low P diets, plasma P concentrations may be a useful diagnostic tool.

Conclusions

The results of the current experiment demonstrate that within grassland-based systems, dairy cows producing approximately 8000–9000 litres of milk/lactation can be managed over multiple lactations on winter diets containing between 3.5-3.9 g P/kg DM, and summer diets containing 3.4-3.8 g P/kg DM without any apparent adverse effects on feed intake, milk output or milk composition.  Whilst plasma P concentrations were significantly reduced with cows offered the ‘low’ P diet, levels only fell below the normal range for a brief period during lactation 4.  Although cows offered the ‘low’ P diet had lower tissue reserves than those offered the ‘high’ P diet during lactations 3 and 4, this was not associated with a reduction in cow performance, and may have been due to reduced periods of concentrate feeding.  The results of this experiment suggest that there is considerable scope to reduce concentrate P concentrations, without having a detrimental effect on cow performance.
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Table 1
Summary of key dairy cow production studies involving different levels of dietary phosphorus

	Reference
	Main diet components
	Number of cows per treatment
	Duration of study
	Approximate lactation yield (kg)
	Dietary P levels 
(g/kg DM)

	Steevens et al. (1971)
	Alfalfa hay, concentrates
	16
	Lactation 1 + 16 weeks of lactation 2
	6 100
	4.1 and 6.0

	Carstairs et al. (1981)
	Maize silage, concentrates
	24
	3 months
	Not available
	4.0 and 5.0

	Kincaid et al. (1981)
	Alfalfa hay, grass/alfalfa silage, concentrates
	10
	10 months
	8 500
	3.1 and 5.4

	Call et al. (1987)
	Alfalfa hay, corn, molasses, dried beet pulp, soya hulls
	8 -13
	2 months pre-calving until 7-10 months post-calving
	7 000
	2.4, 3.2 and 4.2

	Brodison et al. (1989)
	Grass silage, concentrates (winter);  grazed grass (summer)
	35
	3 years
	5 000
	Housed: 3.5 and 4.4, Grazing: 3.5 and 3.5

	Brintrup et al. (1993)
	Grass silage, maize silage, concentrates
	26
	2 years
	7 500
	3.3 and 3.9

	Dhiman et al. (1995)
	Alfalfa silage, maize silage, high moisture ear corn, soya bean, barley
	23
	3 months
	Not available
	3.9 and 6.5

	Valk and Sěbek (1999)
	Grass silage, dried grass, maize silage, wet beet pulp, straw, concentrates
	6-9
	Week 17 of lactation 1, to the end of the dry period in lactation 2
	9 000
	2.4, 2.8 and 3.3

	Wu et al. (2000)
	Alfalfa silage, maize silage, high moisture ear corn, soyabean, beet pulp
	8-9
	1 year
	11 000
	3.1, 4.0 and 4.9

	Wu and Satter (2000)
	Alfalfa silage, maize silage, high moisture ear corn, soya (housed); maize silage, high moisture ear corn, soya, grazed grass (grazing period)
	21
	2 years
	9 500
	Housed: 3.8 and 4.8, Grazing: 3.1 and 4.4

	Tallam et al. (2005)
	Alfalfa hay and silage, corn silage, high moisture ground corn, soyabeans, concentrates
	27
	10 months
	11 000
	3.5 and 4.7

	Odongo et al. (2007)
	Corn silage, alfalfa silage, high moisture ear corn, grain mix
	32
	2 years
	11,000
	3.5 and 4.2


Table 2
Overview of the experimental timetable, including management regimes imposed cows on the ‘high’ and low dietary P treatments 

	Year of study
	Lactation number of Group 1 cows‡
	Lactation number of Group 2 cows‡
	Management ‘period’
	Overlying management regimes imposed on cows on the ‘high’ and ‘low’ P diets

	Year 1
	Lactation 1
	
	‘Winter’
	Complete diet vs. easy feeding

	
	
	
	‘Summer’
	Conventional grazing vs. part grazing-part housing

	Year 2
	Lactation 2
	Lactation 1
	‘Winter’
	Complete diet vs easy feeding

	
	
	
	‘Summer’
	Conventional grazing vs. part grazing-part housing

	Year 3
	Lactation 3
	Lactation 2
	‘Winter’
	Complete diet

	
	
	
	‘Summer’
	Frequent vs. infrequent applications of fertiliser N

	Year 4
	Lactation 4
	Lactation 3
	‘Winter’
	Complete diet

	
	
	
	‘Summer’
	Frequent vs. infrequent applications of fertiliser N


‡ 80 cows (Group 1) and 20 cows (Group 2) commenced the experiment in each of Years 1 and 2, respectively

Table 3
Ingredient composition of concentrate feedstuffs offered throughout the experiment (kg/t, fresh basis)

	
	Winter concentrates
	
	Summer concentrates

	
	Year 1
	
	Years 2 - 4
	
	Year 1
	
	Years 2 – 3
	
	Year 4

	Ingredient
	High P
	Low P
	
	High P
	Low P
	
	High P
	Low P
	
	High P
	Low  P
	
	High P
	Low P

	Barley
	160
	160
	
	155
	155
	
	97
	103
	
	150
	150
	
	165
	165

	Wheat
	160
	160
	
	155
	155
	
	
	
	
	
	
	
	
	

	Maize meal
	
	
	
	
	
	
	240
	240
	
	250
	250
	
	165
	165

	Molassed sugar-beet pulp
	140
	140
	
	170
	170
	
	270
	270
	
	270
	275
	
	330
	335

	Citrus pulp
	95
	100
	
	145
	150
	
	
	
	
	
	
	
	
	

	Maize gluten
	105
	105
	
	
	
	
	50
	50
	
	
	
	
	
	

	Soya bean meal
	220
	220
	
	255
	255
	
	265
	265
	
	250
	250
	
	260
	260

	Rape meal
	75
	75
	
	70
	70
	
	
	
	
	
	
	
	
	

	Low inclusion mineral/vitamin mix
	2.5
	2.5
	
	2.5
	2.5
	
	7
	7
	
	8
	8
	
	8
	8

	Salt
	6
	6
	
	4
	4
	
	10
	10
	
	10
	10
	
	10
	10

	Dicalcium phosphate
	11
	
	
	14
	
	
	18
	
	
	16
	
	
	16
	

	Limestone
	5
	10
	
	4
	13
	
	5
	17
	
	7
	17
	
	7
	17

	Calcined magnesite
	5
	5
	
	5
	5
	
	18
	18
	
	20
	20
	
	20
	20

	Molaferm
	15
	15
	
	20
	20
	
	20
	20
	
	20
	20
	
	20
	20


High P, High phosphorus: Low P, low phosphorus

 Table 4
Chemical composition of the ‘high’ and low phosphorus concentrate feedstuffs offered throughout the experiment (g/kg DM, unless stated otherwise)
	
	High phosphorus
	
	Low phosphorus

	
	Year 1
	s.d.
	Year 2
	s.d.
	Year 3
	s.d.
	Year 4
	s.d.
	
	Year 1
	s.d.
	Year 2
	s.d.
	Year 3
	s.d.
	Year 4
	s.d.

	Winter periods
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Crude protein
	218
	6.5
	231
	13.3
	227
	14.4
	214
	9.1
	
	217
	2.2
	232
	18.5
	229
	6.4
	208
	11.7

	Acid detergent fibre
	95
	17.5
	93
	12.6
	103
	8.1
	117
	9.9
	
	83
	7.7
	93
	15.5
	103
	7.6
	111
	9.1

	Neutral detergent fibre
	194
	30.1
	173
	20.0
	207
	16.6
	209
	11.4
	
	181
	8.8
	182
	18.6
	208
	7.3
	202
	12.4

	Ash
	81
	5.7
	84
	3.4
	79
	7.6
	78
	11.9
	
	80
	5.4
	79
	4.6
	78
	7.1
	81
	11.2

	Gross energy (MJ/kg DM)
	17.8
	0.08
	17.9
	0.08
	18.0
	0.12
	17.8
	0.4
	
	17.9
	0.08
	18.1
	0.11
	18.0
	0.07
	17.8
	0.39

	Phosphorus
	7.1
	0.33
	7.2
	0.55
	7.2
	0.66
	6.7
	0.54
	
	4.4
	0.20
	4.5
	0.17
	4.2
	0.24
	4.3
	0.20

	Calcium
	10.6
	0.75
	13.8
	1.81
	14.5
	2.17
	11.8
	1.55
	
	9.9
	1.14
	13.8
	2.3
	14.2
	4.30
	12.0
	1.25

	Summer periods
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Crude protein
	206
	2.4
	211
	19.9
	193
	3.4
	198
	10.9
	
	208
	3.4
	210
	24.6
	192
	3.5
	206
	7.8

	Acid detergent fibre
	73
	8.2
	85
	6.2
	89
	4.7
	126
	26.9
	
	77
	10.7
	83
	11.1
	85
	13.4
	124
	28.1

	Neutral detergent fibre
	170
	10.6
	177
	11.3
	185
	12.6
	236
	18.3
	
	174
	14.5
	175
	20.9
	186
	16.0
	220
	15.6

	Ash
	108
	4.0
	98
	17.1
	105
	5.8
	94
	13.8
	
	77
	4.1
	98
	11.5
	99
	4.5
	91
	14.8

	Gross energy (MJ/kg DM)
	17.2
	0.12
	17.3
	0.39
	17.3
	0.09
	17.4
	0.48
	
	17.2
	0.05
	17.4
	0.34
	17.3
	0.06
	17.4
	0.44

	Phosphorus
	6.7
	1.14
	6.9
	0.35
	6.8
	0.93
	6.6
	0.35
	
	3.7
	0.15
	3.5
	0.29
	3.2
	0.18
	3.7
	0.24

	Calcium
	12.9
	1.36
	19.1
	0.94
	15.7
	2.09
	15.8
	0.82
	
	13.6
	0.79
	18.9
	1.48
	13.5
	1.15
	14.6
	1.52


s.d., standard deviation

Table 5
Chemical composition of grass silages and maize silages offered throughout the experiment (g/kg DM, unless stated otherwise)
	
	Winter periods
	
	Summer periods

	
	Year 1
	s.d.
	Year 2
	s.d.
	Year 3
	s.d.
	Year 4
	s.d.
	
	Year 1
	s.d.
	Year 2
	s.d.

	Grass silage
	
	
	
	
	
	
	
	
	
	
	
	
	

	Volatile corrected DM (g/kg)
	348
	57.5
	214
	40.1
	231
	18.7
	313
	62.3
	
	254
	40.7
	246
	47.9

	Crude protein
	167
	18.4
	110
	15.4
	154
	16.4
	144
	29.5
	
	163
	25.0
	117
	17.5

	Ammonia-N (g/kg total N)
	55
	17.9
	87
	24.8
	73
	17.9
	74
	27.7
	
	104
	40.4
	111
	45.4

	pH
	3.98
	0.110
	3.96
	0.355
	3.76
	0.166
	3.92
	0.163
	
	4.04
	0.310
	3.86
	0.338

	Lactate
	81
	30.0
	79
	60.7
	126
	39.3
	104
	33.7
	
	107
	53.4
	102
	61.2

	Acetate
	11
	6.1
	42
	25.3
	21
	7.9
	13
	4.9
	
	23
	8.7
	28
	17.4

	Acid detergent fibre
	292
	15.4
	345
	37.9
	295
	7.9
	317
	21.2
	
	322
	32.6
	341
	24.5

	Neutral detergent fibre
	533
	15.9
	580
	33.5
	511
	12.6
	544
	26.1
	
	551
	50.7
	583
	22.5

	Ash
	89
	3.2
	82
	9.2
	83
	3.8
	82
	5.3
	
	87
	5.8
	85
	18.6

	Phosphorus
	3.5
	0.18
	2.9
	0.25
	3.1
	0.26
	3.2
	0.44
	
	3.7
	0.43
	2.9
	0.44

	Calcium
	5.9
	0.34
	5.0
	0.79
	6.1
	1.18
	5.4
	0.06
	
	6.0
	0.90
	5.0
	0.20

	Maize silage
	
	
	
	
	
	
	
	
	
	
	
	
	

	Volatile corrected DM (g/kg)
	243
	9.5
	284
	14.3
	310
	15.6
	309
	11.0
	
	
	
	
	

	Crude protein
	81
	3.5
	78
	4.3
	73
	4.3
	76
	7.0
	
	
	
	
	

	Ammonia-N (g/kg total N)
	83
	12.8
	75
	24.4
	70
	14.6
	90
	16.8
	
	
	
	
	

	pH
	3.86
	0.097
	3.97
	0.210
	3.68
	0.088
	3.68
	0.114
	
	
	
	
	

	Lactate
	63
	19.3
	25
	17.2
	52
	19.0
	59
	20.2
	
	
	
	
	

	Acetate
	32
	9.1
	33
	16.1
	23
	6.9
	25
	5.4
	
	
	
	
	

	Acid detergent fibre
	311
	8.3
	221
	17.3
	221
	12.2
	248
	17.4
	
	
	
	
	

	Neutral detergent fibre
	587
	9.3
	423
	7.2
	404
	24.3
	533
	44.3
	
	
	
	
	

	Ash
	57
	10.6
	38
	2.1
	37
	2.7
	38
	12.6
	
	
	
	
	

	Starch
	102
	20.2
	241
	41.7
	289
	55.7
	263
	26.2
	
	
	
	
	

	Phosphorus
	3.4
	0.16
	2.6
	0.13
	2.2
	0.21
	2.1
	0.26
	
	
	
	
	

	Calcium
	2.7
	0.28
	2.6
	0.61
	3.4
	0.77
	2.0
	0.35
	
	
	
	
	


s.d., standard deviation 

Table 6
Chemical composition of grazed grass offered during the experiment (g/kg DM, unless stated otherwise)

	
	Grazed grass offered

	
	Year 1
	s.d.
	Year 2
	s.d.
	Year 3
	s.d.
	Year 4
	s.d.

	Oven dry matter (g/kg)
	189
	22.1
	186
	39.2
	167
	31.9
	169
	20.5

	Crude protein
	170
	58.6
	179
	16.3
	248
	16.8
	209
	26.3

	Acid detergent fibre
	237
	43.8
	234
	18.3
	219
	16.6
	224
	20.6

	Neutral detergent fibre
	488
	70.3
	483
	21.5
	497
	13
	478
	38.3

	Ash
	88
	15.5
	89
	7.4
	98
	6.9
	108
	18.1

	Water soluble carbohydrate
	199
	30.0
	169
	23.5
	114
	18
	104
	14.7

	Gross energy (MJ/kg DM)
	18.5
	0.88
	18.5
	0.12
	18.8
	0.25
	18.5
	0.60

	Phosphorus
	3.1
	0.32
	3.5
	0.43
	4.0
	0.40
	3.8
	0.56

	Calcium
	4.3
	0.55
	6.3
	0.91
	5.1
	0.36
	5.5
	1.82


s.d., standard deviation

Table 7
Reasons for culling cows managed on the ‘high’ and low phosphorus diets during each of lactations 1-4

	
	High phosphorus
	
	Low phosphorus

	
	Number of cows
	Reason for culling (number)
	
	Number of cows
	Reason for culling (number)

	Lactation 1
Start
	n = 50
	
	
	n = 50
	

	Culled during lactation
	n = 1
	Mastitis (1)
	
	n = 4
	Abortion (2)
Injury (1)
Legs and feet (1)

	Culled at end of lactation
	n = 6
	Infertile (3)
Foetal reabsorption (2)
Abortion (1)
	
	n = 9
	Infertile (5)
Foetal reabsorption (1)
Abortion (1)
Not served (1)
Injury (1)

	Lactation 2
Start
	n = 43
	
	
	n = 37
	

	Culled during lactation 
	n = 7
	Injury (3)
Mastitis (2)
Abomasal castrophy (1)
Legs and feet (1)
	
	n = 3
	Legs and feet (1)
Mastitis (1)
Displaced abomasum (1)

	Culled at end of lactation
	n = 7
	Infertile (4)
Foetal reabsorption (1)
Injury (2)
	
	n = 7
	Infertile (6)
Foetal reabsorption (1)

	Lactation 3
Start
	n = 29
	
	
	n = 27
	

	Culled during lactation
	n = 2
	Mastitis (1)
Legs and feet (1)
	
	n = 4
	Legs and feet (2)
Foetal reabsorption (1)
Toxic throat infection (1)

	Culled at end of lactation
	n = 5
	Infertile (2)
Not served (3)
	
	n = 5
	Infertile (5)

	Lactation 4a
Start
	n = 18
	
	
	n = 12
	

	Culled during lactation
	n = 4
	Injury (2)
Legs and feet (2)
	
	n = 4
	Legs and feet (2)
Mastitis (1)
Injury (1)

	Culled at end of lactation
	n = 4
	Infertile (3)
Not served (1)
	
	n = 3
	Infertile (3)


a  Year 4 cows only

Table 8
Effect of dietary P level on food intake (kg DM/cow/day) and on dietary P content (g/kg DM), during each of the winter and summer periods during lactations 1-4 

	
	
	High phosphorus
	Low  phosphorus
	SEM
	Sig

	Lactation 1
	
	
	
	
	

	Winter period
	Concentrate DMI
	8.6
	8.6
	0.14
	NS

	
	Grass silage DMI
	6.3
	6.2
	0.10
	NS

	
	Maize silage DMI
	2.7
	2.6
	0.05
	NS

	
	Total DMI
	17.6
	17.4
	0.24
	NS

	
	Dietary P content
	5.2
	3.9
	
	

	Summer period
	Concentrate DMI
	3.5
	3.5
	
	

	
	Forage DMIa
	10.4
	9.9
	
	

	
	Total DMI
	13.9
	13.3
	
	

	
	Dietary P content
	4.2
	3.4
	
	

	Lactation 2
	
	
	
	
	

	Winter period
	Concentrate DMI
	10.1
	10.2
	0.13
	NS

	
	Grass silage DMI
	6.9
	6.6
	0.11
	NS

	
	Maize silage DMI
	2.8
	2.8
	0.06
	NS

	
	Total DMI
	19.9
	19.6
	0.27
	NS

	
	Dietary P content
	5.0
	3.6
	
	

	Summer period
	Concentrate DMI
	3.0
	3.0
	
	

	
	Forage DMIa
	12.9
	13.0
	
	

	
	Total DMI
	15.9
	16.0
	
	

	
	Dietary P content
	4.2
	3.5
	
	

	Lactation 3
	
	
	
	
	

	Winter period
	Concentrate DMI
	9.3
	9.1
	0.16
	NS

	
	Grass silage DMI
	7.9
	7.4
	0.15
	*

	
	Maize silage DMI
	3.5
	3.3
	0.07
	*

	
	Total DMI
	20.8
	19.8
	0.37
	NS

	
	Dietary P content
	4.7
	3.5
	
	

	Summer period
	Concentrate DMI
	3.5
	3.5
	
	

	
	Grass DMI
	13.4
	13.3
	0.28
	NS

	
	Total DMI
	16.8
	16.8
	0.28
	NS

	
	Dietary P content
	4.3
	3.6
	
	

	Lactation 4
	
	
	
	
	

	Winter period
	Concentrate DMI
	9.5
	10.0
	0.30
	NS

	
	Grass silage DMI
	9.9
	9.4
	0.28
	NS

	
	Maize silage DMI
	3.5
	3.3
	0.09
	NS

	
	Total DMI
	22.9
	22.7
	0.65
	NS

	
	Dietary P content
	4.5
	3.5
	
	

	Summer period
	Concentrate DMI
	3.3
	3.3
	
	

	
	Grass DMI
	13.8
	13.5
	0.39
	NS

	
	Total DMI
	17.0
	16.8
	0.39
	NS

	
	Dietary P content
	4.3
	3.8
	
	


a  Includes grass silage component for cows housed at night in years 1 and 2

NS, not significant; *, P <0.05

Table 9
Effect of dietary phosphorus level on milk production and milk composition during the winter period, grazing/late lactation period, and full lactation period, in each of lactations 1-4
	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Lactation 1
	
	
	
	

	Winter period (157 days)
	
	
	
	

	Total milk output (kg)
	4383
	4356
	72.3
	NS

	Fat (g/kg)
	39.8
	40.6
	0.61
	NS

	Protein (g/kg)
	34.0
	34.0
	0.27
	NS

	Grazing/late lactation period (172 days)
	
	
	
	

	Total milk output (kg)
	3094
	2995
	61.3
	NS

	Fat (g/kg)
	41.6
	42.0
	0.78
	NS

	Protein (g/kg)
	35.2
	35.2
	0.324
	NS

	Full lactation period (329 days)
	
	
	
	

	Total milk output (kg)
	7521
	7474
	138.5
	NS

	Fat (g/kg)
	40.6
	41.2
	0.60
	NS

	Protein (g/kg)
	34.6
	34.6
	0.26
	NS

	Lactose (g/kg)
	50.0
	49.6
	0.18
	NS

	Phosphorus (mg/kg)
	972
	972
	8.4
	NS

	Lactation 2
	
	
	
	

	Winter period (132 days)
	
	
	
	

	Total milk output (kg)
	4171
	4269
	110.5
	NS

	Fat (g/kg)
	39.6
	40.5
	0.81
	NS

	Protein (g/kg)
	33.5
	33.6
	0.40
	NS

	Grazing/late lactation period (191 days)
	
	
	
	

	Total milk output (kg)
	3699
	3807
	94.2
	NS

	Fat (g/kg)
	40.2
	40.2
	0.75
	NS

	Protein (g/kg)
	34.6
	34.5
	0.38
	NS

	Full lactation period (323 days)
	
	
	
	

	Total milk output (kg)
	8241
	8419
	166.5
	NS

	Fat (g/kg)
	39.9
	40.5
	0.73
	NS

	Protein (g/kg)
	34.1
	34.2
	0.35
	NS

	Lactose (g/kg)
	49.1
	48.6
	0.22
	NS

	Phosphorus (mg/kg)
	953
	955
	10.6
	NS


Table 9
Continued
	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Lactation 3
	
	
	
	

	Winter period (120 days)
	
	
	
	

	Total milk output (kg)
	4251
	4311
	131.5
	NS

	Fat (g/kg)
	39.1
	39.6
	0.86
	NS

	Protein (g/kg)
	33.8
	33.8
	1.31
	NS

	Grazing/late lactation period (206 days)
	
	
	
	

	Total milk output (kg)
	4616
	4583
	143.0
	NS

	Fat (g/kg)
	39.9
	40.2
	1.02
	NS

	Protein (g/kg)
	34.7
	34.4
	0.49
	NS

	Full lactation period (326 days)
	
	
	
	

	Total milk output (kg)
	9177
	9219
	217.5
	NS

	Fat (g/kg)
	39.4
	39.7
	0.86
	NS

	Protein (g/kg)
	34.4
	33.9
	0.47
	NS

	Lactose (g/kg)
	48.4
	47.5
	0.34
	NS

	Phosphorus (mg/kg)
	939
	929
	14.1
	NS

	Lactation 4
	
	
	
	

	Winter period (97 days)
	
	
	
	

	Total milk output (kg)
	3519
	3625
	210.5
	NS

	Fat (g/kg)
	41.8
	41.7
	1.33
	NS

	Protein (g/kg)
	32.4
	32.4
	0.64
	NS

	Grazing/late lactation period (239 days)
	
	
	
	

	Total milk output (kg)
	4921
	4878
	189.5
	NS

	Fat (g/kg)
	39.0
	39.9
	1.36
	NS

	Protein (g/kg)
	33.0
	33.4
	0.54
	NS

	Full lactation period (336 days)
	
	
	
	

	Total milk output (kg)
	9002
	8976
	394.0
	NS

	Fat (g/kg)
	39.9
	40.7
	1.26
	NS

	Protein (g/kg)
	32.7
	33.2
	0.56
	NS

	Lactose (g/kg)
	46.3
	46.7
	0.45
	NS

	Phosphorus (mg/kg)
	895
	911
	22.1
	NS


NS, not significant
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Figure 1  Effect of dietary phosphorus level (High phosphorus,             ; Low phosphorus, -----) on the (A) live weight, (B) condition score and (C) back-fat thickness of dairy cows over four successive lactations (NS, not significant; *, P <0.05; **, P<0.01;***, P<0.001)
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Figure 2  Effect of dietary phosphorus level (High phosphorus,      ■        : Low phosphorus, --□---) on (A) plasma phosphorus, (B) plasma calcium, (C) plasma non-esterified fatty acids, and (D) plasma glucose concentrations, over four successive lactations (NS, not significant; *, P <0.05; **, P<0.01;***, P<0.001)
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Effect of offering dairy cows diets differing in phosphorus concentration over four successive lactations: 2. health, fertility, bone phosphorus reserves and nutrient utilisation

C.P. Ferris, M.A. McCoy, D.C. Patterson and D.J. Kilpatrick

Animal (2009) (In Press)
Abstract

This experiment examined the long term effects of offering diets containing low levels of dietary phosphorus (P) on dairy cow health, fertility and bone composition, and the effect of dietary P level on nutrient utilisation.  One hundred winter-calving Holstein-Friesian dairy cows were offered diets containing either ‘high’ or ‘low’ levels of dietary P over a four-year period.  Rations offered during the winter comprised grass silage, maize silage (70:30 dry matter (DM) basis, approximately) and concentrates (10.0-12.0 kg/cow/day).  During the summer periods in years 1 and 2, half of the cows grazed both day and night, while the remaining cows grazed by day, and were housed by night and offered grass silage.  During years 3 and 4, all cows grazed both day and night during the summer period.  Concentrate feed levels during the summer periods were 3.0-4.0 kg/cow/day.  Different dietary P levels were achieved by offering concentrates containing either high or low P levels during the winter period (approximately 7.0 or 4.4 g P/kg DM respectively), and during the summer period (approximately 6.8 or 3.6 g P/kg DM, respectively).  Total ration P levels averaged 4.9 and 3.6 g P/kg DM for the high and low P winter diets respectively, and 4.2 and 3.6 g P/kg DM for the high and low P summer diets respectively.  A total of 95, 70, 50 and 22 cows completed each of lactations 1-4 respectively.  Neither the incidence of lameness or mastitis, or milk somatic cell count, were affected by dietary P level (P>0.05), while none of the fertility parameters recorded in any of lactations 1-4 were affected by dietary P level (P>0.05).  Dietary P level had no effect on the specific gravity, ash or calcium content of rib cortical bone cores (n = 78 cows), while the P content of cortical bone (g/kg fresh, g/kg dry matter and mg/ml fresh bone) was lower with cows offered low P diets (P<0.05).  Dietary P level had no significant effect on the digestibility of either the DM, nitrogen, energy or acid detergent fibre fraction of the diet (P>0.05), while faecal P excretions were reduced by a mean of 27 g/cow/day with cows offered the low P diets during the winter period.  The results of this study indicate that dietary P levels can be reduced to proportionately 0.8 (approximately) of current United Kingdom feeding standards (Agricultural and Food Research Council, 1991), with no detrimental effect on dairy cow health or fertility, while having only minor effects on bone composition.
Key words: dairy cows, phosphorus, fertility, bone, nutrient utilisation

Implications

This paper examined the impact of offering reduced phosphorus diets over a four year period on cow fertility and bone phosphorus status.  Within this long term study no detrimental effects on either parameter was observed when a diet containing approximately 20% less phosphorus than recommended within the current United Kingdom feeding standards (Agricultural and Food Research Council, 1991) was offered.  Offering a low phosphorus diet significantly reduced the quantity of phosphorus excreted in faeces.

Introduction

Although phosphorus (P) is an essential nutrient for both plants and animals, the loss of phosphates from agricultural systems contributes to the nutrient enrichment of water courses.  Reducing the use of chemical fertiliser P and reducing the P content of the diet, are two options by which farm P surpluses can be reduced, the latter being particularly relevant on medium to high concentrate input dairy farms.  However, offering P deficient diets to dairy cows has been shown to have a negative effect on food intake and milk production (Valk and Sěbek, 1999; Wu et al., 2000).  Nevertheless, evidence from a number of relatively short term studies indicates that diets containing low levels of dietary P can be offered with no detrimental effect on dairy cow performance (Valk and Sěbek, 1999; Wu and Satter, 2000; Odongo et al., 2007).
More recently, in a study involving grassland-based systems of milk production, Ferris et al. (2009) observed that food intake and milk output was unaffected when the P content of dairy cow diets was reduced over a four-year period by proportionally 0.27 (from 4.9 to 3.6 g/kg DM, approximately) during the winter, and by proportionally 0.17 (from 4.2 to 3.6 g/kg DM, approximately) during the summer.  The long term nature of this study was necessary as dairy cows can mobilise bone P reserves, especially in early lactation.  However, if dietary P levels remain inadequate throughout the lactation and dry period, bone P reserves may not be replenished before a cow calves again, and in fact levels may become further depleted with subsequent lactations.  The long term effects of offering diets containing inadequate dietary P levels were highlighted in a study by Valk and Sěbek (1999), where deficiency symptoms (lower food intakes and milk yields) only became apparent during the second lactation of cows being offered a P deficient diet.  In a long term study involving beef cattle, Shupe et al. (1988) observed spontaneous fractures of the vertebrae, pelvis and ribs with animals offered low P diets.

The current paper examines the long term effects of offering the diets described by Ferris et al. (2009) on dairy cow health, fertility and bone composition, and on nutrient utilisation.

Materials and methods

Overview

The companion paper (Ferris et al., 2009) describes a four-year experiment in which 100 primiparous winter calving Holstein-Friesian dairy cows, were used to examine the impact of dietary P level on cow performance.  Primiparous cows were allocated to either ‘high’ or ‘low’ P diets (50 cows per treatment) within 36 hours of calving, with cows remaining on the same P treatment throughout the experiment.  Eighty cows commenced the study in year 1 (Group 1), completing four full lactations on the study, while 20 cows (Group 2) commenced the study in year 2, completing three full lactations on the study.   Each year comprised a winter period, a grazing period, a late lactation period and a dry period.  Full details of the diets offered, the management regimes imposed, and the effect of diet on feed intake, milk production, tissue changes and blood metabolites, have been presented by Ferris et al. (2009).  The current paper examines the effect of dietary P level on dairy cow health and fertility, bone composition and nutrient utilisation.  In addition, the implications of the findings presented by Ferris et al. (2009), and the results presented within the current paper, are considered in relation to rationing P for dairy cows, and in particular the most recent Agricultural and Food Research Council (AFRC) recommendations (1991).

Health monitoring
Cows with health problems were treated by either a veterinary surgeon or a member of AFBI staff, as appropriate.  All incidences of mastitis and lameness were recorded throughout the experiment, with an incidence defined as one in which an antibiotic treatment was used.  Locomotion scores were assessed fortnightly from calving until turnout, and once every four weeks from turnout until drying off, as described by Manson and Leaver (1988).  A mean locomotion score for each cow was subsequently calculated for the periods from calving until turnout, and from turnout until drying off.  On the same occasions that milk was analysed for constituents, as described by Ferris et al. (2009), milk was also analysed for somatic cell counts (SCC) using a Fossomatic (Model 360, Foss Electric, Hillerød, Denmark).
Breeding programme
Throughout the experiment, the breeding season commenced during the first week of December, and finished on 10 May, 10 June, 20 June and 20 June in years 1-4 respectively.  Cows were bred by artificial insemination throughout the breeding season.  No cow was bred before day 42 post-calving, while no cow was treated with fertility drugs before day 42 (year 1) or day 50 (years 2-4) post-calving.  The exception to this was cows with uterine discharges/infection, in which case treatment was given as soon as the problem was identified.  Cows which had not been seen cycling within 42 (year 1) or 50 (years 2-4) days post-calving were examined by a veterinary surgeon, and treated as appropriate.
During the first 50 days post-calving, milk samples were taken twice weekly from each cow (Monday and Thursday) for progesterone analysis.  Milk progesterone concentrations were determined using an enzyme-linked immuno-sorbent assay (ELISA) kit (Ridgeway Science Ltd, Gloucestershire), based on the method of Sauer et al. (1986), as described in detail by McCoy et al. (2006).  Interval to commencement of luteal activity (CLA) was defined as the interval from calving to the first of at least two consecutive increases in milk progesterone concentration of >3.0 ng/ml (Darwash et al., 1997).

Bone analysis

Bone samples were collected from 63 cows culled during the course of the experiment, while at the end of the experiment, a bone biopsy was removed from a further 15 pregnant cows.  Thirty-eight of the culled cows were slaughtered at a local abattoir following standard slaughter procedures.  Post-removal of the internal organs, each carcass was divided longitudinally using a mechanical saw, with the cut approximately 10-20 cm ventral to the spinal column (right hand rib cage).  A hand saw was subsequently used to remove a 20 cm section of the 12th rib, ventral from the point of the mechanical cut.  Samples were placed on ice during transport back to the Institute, trimmed of flesh, and immediately frozen at -20°C.  A further 25 cull cows were euthanased by lethal injection (100 ml intravenous injection of Pentobarbitone) at the Hillsborough farm, and a 20 cm section of the 12th rib (encompassing the section approximately 15-35 cm ventral of the spinal process) removed immediately using a wire saw.  Sections of ribs were immediately trimmed of flesh, placed in self seal polythene bags, and frozen at -20°C.  A bench drill fitted with a 16 mm diameter ‘coring bit’ was subsequently used to remove a bone core from each section of rib, with this core removed approximately 1.0-1.5 cm from the ventral end of each section of rib.
A biopsy was surgically removed from the 12th rib of a further 15 cows that were pregnant at the end of the fourth year of the study.  The surgery area on the left side of the cow was clipped using mechanical clippers, shaven using a blade, and scrubbed.  Local anesthesia was applied, and a longitudinal incision, approximately 5.0 cm long, made over the 12th rib at a position approximately 35 cm ventral to the spinal cord.  This incision was made through the skin, fascia and muscle down to the bone.  A periosteum elevator was used to separate the periosteum from the rib, and a 18 mm diameter trephine was then used to remove a core, encompassing the full depth of the rib.  After the core was removed, the periosteum and muscle layers were sutured separately with catgut, and the skin edges were closed with interlocking sutures, followed by a final suture.  Antibiotics were used to minimise the risk of infection.  Immediately after removal, the bone cores were placed on ice in a self seal polythene bag, and then frozen at -20°C.
The rib cores obtained from the culled cows, and by surgical removal, were subsequently split longitudinally, and the soft trabecular bone removed completely using sandpaper.  The thickness of the two ‘discs’ of cortical bone were measured using digital callipers (and a mean thickness determined), with these discs then stored at -20°C until subsequently analysed.  In the case of the rib sections removed from the 63 culled cows, a mechanical band saw was used to remove a cross-section (approximately 0.5 cm wide) of each rib, immediately dorsal to the position from which the cores had been removed using the bench drill.  This ‘cross section’ was stored at -20°C until analysed.
During all analysis, the two cortical bone cores from each rib were treated as a ‘single sample’.  Immediately prior to analysis, the specific gravity of the bone discs and bone cross sections were measured by weighing in air and in water, with specific gravity calculated as described by Beighle (1999).  The oven dry matter of the bone was determined by drying at 100°C for 36 h.  Following acid digestion, bone P levels were determined using a Perkin Elmer Flow Injection Analyser (Model FIAS 300), with the measurement of the resultant molybdenum blue complex conducted at 700 nm via a Perkin Elmer Lambda 2 Spectrophotometer.  Calcium was determined via a Perkin Elmer Atomic Absorption Spectrophotometer (Model 2380).

Nutrient utilisation
During the winter periods of each of years 2 and 4, the effect of dietary P level on ration digestibility and P utilisation was examined using eight dairy cows, four from each of the high and low P treatments.  The cows used in years 2 and 4 were a mean of 114 (s.d., 22.7) and 113 (s.d., 19.7) days calved respectively, with these cows selected to have similar milk yields, live weights and condition scores to the average cow within each P treatment.  On each occasion cows were removed from their treatment groups two days prior to the commencement of the nutrient utilisation study and tied in individual stalls within a cow-shed, while continuing to be offered their treatment rations.  During year 2, two of the cows within each P treatment were offered the silage and concentrate components of the diet separately as in the main study, with the concentrate being offered in four equal feeds each day (at 0600 h, 1100 h, 1600 h, and 2300 h).  The remaining cows in year 2, and all cows in year 4, were offered their ration in the form of a complete diet, with rations for each cow prepared individually using a mini-mixer.  
Each nutrient utilisation study encompassed an 8-day period (6-day feeding period commencing two days before the first collection of faeces and urine) and a 6-day total faeces and urine collection period.  Faeces were collected in a plastic collection tray (96 cm x 108 cm x 36 cm) placed behind each cow.  Urine was collected into a 25 litre plastic container via a flexible plastic tube which was attached to a urine separation system.  This was held in position over the vulva by attaching it using Velcro fasteners to a ‘patch’ glued either side of the cows tail head.  The total weight of faeces and urine produced during each 24 h collection period was recorded, and a sample of each (0.05 by weight) retained for subsequent analysis.  Faeces and urine samples were stored in a fridge (4 – 6oC) until the final day of the collection period, when the six daily faeces samples and six daily urine samples from each cow were bulked.  Throughout these nutrient utilisation studies, the silages and concentrates were mixed in the same proportions (DM basis) as offered within the main dairy cow feeding study during the week proceeding the digestibility study.  Rations were offered ad libitum to allow a proportional refusal of approximately 0.05.  Daily intakes of silages and concentrates were calculated assuming no preferential selection of either silage or concentrate from the mixture offered.  All cows were returned to the experimental group on completion of each ration digestibility study.  In year 2, one cow on the high P treatment was removed prior to completion of the nutrient utilisation study for health reasons, and returned to the main experimental group.
During the 6-day nutrient utilisation studies, milk samples were taken at each milking, bulked in proportion to yield for days 1-3 and days 4-6, and subsequently analysed for gross energy (GE), nitrogen (N) and P concentrations.  The single bulked urine sample for each cow was analysed for GE and P concentrations, while the single bulked faeces sample for each cow was analysed for oven dry matter (ODM), ADF, ash GE and P concentrations.  Silages offered were analysed daily for ODM and GE concentrations, with a bulked dried sample for each of the balance periods analysed for P, ADF, NDF and ash concentrations.  Concentrates offered were sampled daily, and samples subsequently bulked for the 6-day balance period, and analysed for ODM, GE, NDF, ADF, N and ash concentrations.  Chemical analysis of feedstuffs were as described by Ferris et al. (2009).  Cows were weighted prior to, and on completion of the balance period, with the average live weight used in energy utilisation calculations.
Statistical analysis

Experimental data was analysed using GenStat, Version 11.1 (Payne et al., 2008).  The effect of dietary P level on dairy cow health and fertility was analysed separately within each of lactations 1, 2, 3 and 4, with the analysis taking account of the fact that data for each of lactations 1-3 were recorded over two successive years (Group 1 and 2).  Binomial data (fertility parameters, and incidence of mastitis and lameness) within each of lactations 1-4 were analysed by binomial regression, with treatment differences tested using Pairwise t-test.  Continuous data were analysed by ANOVA as a two treatment completely randomised design, with unequal number of replicates.  The effects of dietary P level and lactation when bone was sampled, on bone composition data, were analysed using REML analysis, with lactation when bone was sampled tested for both linear and quadratic trends.  The effect of dietary P level and day of lactation when bone was sampled, on bone composition data, was examined using regression analysis, with trends tested for both linear and quadratic effects.  Nutrient utilisation data from years 2 and 4 were analysed separately, using ANOVA.  

Results
Mean locomotion scores (Table 1) during the periods from calving to turnout, and turnout to drying-off, were unaffected by dietary P level in lactations 1, 2 and 4 (P>0.05), while being significantly higher with cows offered the low P diets in lactation 3 (P<0.05 and P<0.01, respectively).  Dietary P level had no significant effect on either milk somatic cell count, nor the proportion of cows treated for either lameness or mastitis in any of lactations 1-4 (P>0.05).

Treatment had no significant effect (P<0.05) on any of the fertility parameters recorded before day 42 in any of lactations 1-4 (Table 2).  In addition, none of conception rate, mean number of services per cow, 100-day in-calf rate, proportion of cows in calf at end of the breeding season, or calving interval, were affected by dietary P level in any lactation (P<0.05).
There were no significant interactions (P>0.05) between lactation number and dietary P level, or between day of lactation when sampled and dietary P level, for any of the rib core or rib section parameters examined, with significance of interactions excluded from Tables 3 and 4.  Dietary P level had no effect on the mean thickness of the cortical bone cores (Table 3), or on the DM, ash or Ca content of cortical bone cores (P>0.05).  However, the P content of cortical bone cores, when expressed on either a fresh (P<0.05), DM (P<0.05) or volume basis (mg/ml fresh) (P<0.01), was significantly lower for cows offered the low P diets.  There was a significant linear relationship between lactation number (P<0.05) and the ODM and ash content of cortical bone cores, and a significant quadratic relationship between lactation number (P<0.01) and the Ca content of cortical bone cores.  There were no significant relationships between lactation number and the P content of the cores, or between day of lactation when culled, and any of the rib core parameters examined (P>0.05).  With the exception of the P content of fresh bone (P<0.05), dietary P level had no significant effect on any of the rib section parameters (Table 4) examined (P>0.05), although there was a trend for the P content of the rib sections, when expressed on a volume basis, to be lower for cows offered the low P diets (P=0.063).  There was no significant relationship between lactation number (P>0.05), and any of the rib section parameters examined.  However, there were significant linear and quadratic relationships between day of lactation and the P content of fresh bone (P<0.05) and the P content of ashed bone (P<0.01).  None of the other parameters examined were significantly affected by day of lactation (P>0.05).

Dietary P level had no significant effect (P>0.05) on any of the digestibility coefficients measured in either of years 2 or 4 (Table 5), while P intake and faecal P excretion was significantly higher with cows offered the high P diet in both years (P<0.01).  Phosphorus balance was significantly higher with cows offered the high P diet in year 4 (P<0.05), while the apparent digestibility of P was significantly higher with cows offered the low P diet in year 2 (P<0.01).

Discussion

Cow health

The results from the current study provides no evidence that mammary tissue health, as assessed by somatic cell count, and the incidence of mastitis, was affected by dietary P level.  Similarly, Valk and Sěbek (1999) and Wu and Satter (2000) observed that dietary P level had no effect on incidences of mastitis.  While Wu et al. (2000) observed a numerically higher incidence of foot rot in cows offered a low P diet, Wu and Satter (2000) observed the reverse trend.  Incidence of lameness in the current study was unaffected by dietary P level, in agreement with the observations of Valk and Sěbek (1999).  The higher locomotion scores observed with the cows offered the low P diet in lactation 3 is unlikely to have been of any practical significance, and, as it did not continue into lactation 4, was unlikely to have been diet related.

Cow fertility

In a review of data published between 1920 and 1960, much of it based on field observations and survey work, Ferguson and Sklan (2005) traced the origins of the perception of a strong link between dairy cow fertility and dietary P levels.  In more recent controlled studies (for example, Call et al., 1987; Brodison et al., 1989; Brintrup et al., 1993; Valk and Sěbek, 1999; Wu and Satter, 2000; Wu et al., 2000), fertility performance was largely unaffected by dietary P levels, although these studies were primarily designed to examine the impact of dietary P level on cow performance.  While infertility was the primary reason for cows being culled in the current experiment (Ferris et al., 2009), none of the fertility parameters examined during lactations 1-4 were affected by dietary P level, in agreement with the findings of the studies highlighted above.  Nevertheless, values for a number of the parameters examined, including conception to first and second AI, 100-day in-calf rate, calving interval (in lactations 1 and 2), and the proportion of cows in calf at the end of the breeding season (lactations 2, 3 and 4), were numerically lower with the low P treatment.  However, as highlighted by Wu and Satter (2000), approximately 250 cows per treatment would have been required in order to detect a 10% difference in the fertility parameters examined within their study.  Realising the limitations of examining fertility data from individual studies in isolation, these authors combined data from a number of experiments, involving a total of 785 cows, approximately 392 cows per P level.  When reproductive performance was compared across low (3.2-4.0 g P/kg DM) and high (3.9-6.1 g P/kg DM) P diets, diet had no significant effect on days to first oestrus, days to first AI, days open, number of services per conception, or pregnancy rate.  Indeed, reproductive performance was unaffected in studies where dietary P concentrations of 2.4 g/kg DM were examined (Call et al., 1987; Valk and Sěbek, 1999), despite a reduction in cow performance with these low P diets.  This is in agreement with the findings of Ferguson and Sklan (2005), who modelled the relationships between dietary P and conception rates, and dietary P and pregnancy rates, across a range of studies.  These authors concluded that dairy cattle can tolerate dietary P concentrations of between 2.0-3.0 g/kg DM, without reproductive performance being affected.  
The numerically lower fertility levels recorded for a number of the parameters in the current experiment appear to have arisen from an unexplained delay (random error) in days from calving to conception with the low P diets in lactation 1.  As a consequence of this delay during the first year of the study, cows on this treatment had a shorter breeding season in subsequent lactations, and as such a reduced likelihood of becoming pregnant.  This delay in conception rate in lactation 1 occurred at a time when cows had been managed on a low P diet for between three and six months, and as such, dietary P levels would have been extremely unlikely to have had an effect.

This suggestion is supported by parameters derived from milk progesterone analysis, including the proportion of cows showing luteal activity prior to day 42 post-calving, the interval to commencement of luteal activity, and the peak progesterone level during the first oestrus cycle.  For example, in lactation 1, and indeed across the experiment, there was no evidence of low P diets having a negative effect on any of these parameters.  Unlike parameters such as observed heats and conception rates, milk progesterone data reflects physiological changes within the cow, and are not dependent on human ‘intervention’.  Recognising this, a number of recent studies have entailed detailed examinations of the effect of dietary P on oestrus behaviour and ovarian activity.  For example, Lopez et al. (2004) using a radiotelemetric transmitter, observed that dietary P (3.8 and 4.8 g/kg DM) had no significant effect on the number of oestrus events recorded, the duration of the oestrus cycle, the duration of oestrus, the number of mounts within each oestrus or total mounting time within each oestrus.  Similarly, using ultrasonography, Tallam et al. (2005) observed that dietary P (3.5 or 4.7 g P/kg DM) had no effect on days to first post-partum ovulation or the diameter of dominant and ovulating follicles, corpus luteum development, or blood progesterone concentrations during the voluntary weighting period, the latter in agreement with the findings of the current study. 

Bone reserves

Approximately 80% of P in the body of a dairy cow occurs in bones and teeth, principally as apatite salts and calcium phosphate (NRC, 2001).  However, the mineral content of bone reflects the balance between bone formation and bone resorption, with bone loss occurring when resorption exceeds formation.  Net resorption of bone in late pregnancy and early lactation is a normal consequence of the lactation process, and appears to be mainly driven by a rapid increase in demand for Ca for lactation (Braithwaite, 1983).  However, resorbed bone P has an important role to play in meeting the P requirements of dairy cows, especially in situations where dietary P is inadequate.  Based on an extrapolation of data for beef cattle, Wu et al. (2001) suggested that a 600 kg dairy cow could mobilise between 600-1000 g P in early lactation, while Knowlton and Herbein (2002) observed that between 5-25 g P/day was mobilised from body reserves during the first few weeks of lactation.  Indeed, the importance of bone resorption is highlighted within the UK P feeding recommendations (AFRC, 1991) which justifies the absence of a safety margin by suggesting that the skeleton should be relied upon to provide the necessary ‘elasticity’ between supply and demand. More recently, Ekelund et al. (2006) suggested that it may be possible to reduce the dietary supply of P to dairy cows in early lactation by optimising naturally occurring bone resorption, and thus reduce P excretion.

Although information on the effect of dietary P on dairy cow bone P reserves is limited, the available information is confounded by variations in sampling site and sampling methodologies.  For example, while Brodison et al. (1989) sampled tail bones, Beighle (1999) and Wu et al. (2001) surgically removed rib biopsies.  However, Beighle (1999) removed cores using a trephine, while Wu et al. (2001) removed 20 cm rib sections.  In common with Wu et al. (2001), the twelfth rib was used as the sampling site in the current study, the axial skeleton being sensitive to bone resorption and formation (Hill, 1962).  In addition, this permitted samples to be removed from cows at the end of the study without the need for slaughter.  While Wu et al. (2001) examined whole rib samples, comprising both cortical and trabecular bone, Beighle (1999) examined cortical bone only as the quantity of trabecular bone within ribs, and the number of P containing red blood cells, is variable. To allow data from the current study to be compared with previous findings, both whole rib cross-sections (comprising both trabecular and cortical bone), and cortical bone cores, were analysed.  While the mineral content of rib samples is known to vary somewhat along the length of the rib (Beighle et al., 1993), for cows culled at the abattoir in the current study it was not possible to determine the exact site of rib sampling, relative to the vertebral attachment.  Nevertheless, the location of the sampling site in the current study is unlikely to have been more than +10 cm, from a position 35 cm dorsal to the spinal process, and as such, variation in sampling site is unlikely to have had a significant effect on bone composition.

Bone specific gravity has been advocated as a useful indicator of bone mineral status, with Little (1972) observing a significant reduction in bone specific gravity when beef cattle were offered a P deficient diet for a 6-week period.  Similarly, Shupe et al. (1988) recorded bone specific gravities of as low as 1.06 in cattle offered P deficient diets over a number of years, compared to 1.5-1.6 for non-depleted cows.  However, in the current experiment bone specific gravity was unaffected by dietary P treatment (P=0.077 for rib cores), in agreement with the findings of Wu et al. (2001), and with values observed similar to those observed by Wu et al. (2001).  The mean ash content of the rib cross sections in the current study (498 g/kg fresh and 594 g/kg DM) were greater than those recorded by Wu et al. (2001) for cows offered diets containing adequate P levels (479 g/kg fresh and 559 g/kg DM).  However, while Wu et al. (2001) observed a significant reduction in ash content with cows offered a diet containing 3.1 g P/kg DM, neither the ash content of rib cores or rib cross sections were affected by dietary P level in the current experiment.  
The mean P and Ca content of the cortical bone cores in the current study was 178 and 316 g/kg ash, similar to the respective values of 164 and 335 g/kg ash observed by Beighle (1999).  The P content of rib sections in the current study, and of the whole bone sections in the study by Wu et al. (2001) were very similar, with a reduction in bone P content (fresh basis and volume basis) observed with cows offered low P diets in both studies.  Thus, while cows managed on low P diets experienced depleted P reserves, the extent of this depletion was small, and is unlikely to have resulted in a reduction in bone strength.  This is supported by the findings of Wu et al. (2001), who observed no reduction in bone strength (shear stress or fracture energy) with cows offered a diet containing 3.1 g P/kg DM, despite a reduction in bone P and ash content, and a concurrent reduction in milk yield in late lactation.  Brodison et al. (1989), in a study involving moderate yielding cows, observed that neither the Ca or P content of tail bones was affected when they were offered diets containing similar P levels as adopted in the current study (3.6 and 4.4 g P/kg DM).  Nevertheless, bone mineral contents observed by Brodison et al. (1989) were quite different from those in the current study, thus highlighting the need for a common sampling site and sample preparation methodology to be adopted if comparison of actual bone mineral contents are to be made between studies.
While it is generally accepted that cows resorb minerals from bone in early lactation, and replenish these in later lactation, neither bone ash nor bone Ca concentrations changed with stage of lactation in the current study.  This contrasts to work by Benzie et al. (1959) with lactating sheep, in which up to proportionally 0.4 of skeletal ash reserves were resorbed by mid lactation with P deficient diets.  However, the current study was not specificially designed to monitor changes in bone mineral content with stage of lactation, the majority of bone samples being removed from cows in late lactation.  Nevertheless, there was evidence that the P concentration in the ash of bone cross-sections (but not cores) declined during the months post-calving, and increased again in later lactation (Figure 1: P<0.01: quadratic trend).  However the current study provides no evidence of an interaction between dietary P level and stage of lactation, in terms of bone P concentrations.  Similarly, Ekelund et al. (2006) observed that although serum cross-linked carboxyterminal telopeptides of Type-I collagen (a marker of bone resorption) decreased as lactation progressed, while concentrations of osteocalcin (an indicator of bone formation) increased, their concentrations were not different for cows offered either high or low P diets in early lactation.
The current study provides a unique opportunity to examine the long term effects of two different dietary regimes on dairy cow bone P reserves, although there was, in fact, no evidence of a cumulative depletion of bone P reserves over the duration of the study.  Thus it is likely that bone P resorbed in early lactation, was largely replaced later in the lactation, or during the dry period.  As such, the data provides further reassurance that the dietary P levels examined were sufficient for the needs of the cows, not only in terms of performance (Ferris et al., 2009), but in terms of maintaining bone P reserves.
In dairying regions where P induced eutrophication is a particular problem, the dairy sector will continue to face increasing pressure to further reduce P levels in dairy cow rations.  While plasma P concentrations do not provide an accurate reflection of the P status of cows, having been observed to be within the normal range even when milk yield was reduced (Wu et al., 2000), bone may provide a more stable and reliable estimate of a cows P reserves.  Surgically removed bone biopsies could provide an indication of the P status of a herd, and have in fact been advocated in the past for this purpose, although this is unlikely to be a practical option.  However, the analysis of bone samples removed from casualty cows, or from healthy cows at slaughter, could be used to provide a measure of the long term P status of a herd, particularly if dietary P levels must be further reduced to meet increasingly stringent legislative requirements.  Bone P reserves are affected by many factors, and it is suggested that standards for different classes of livestock should be developed for specific regions or countries, much like the use of regional laboratory references for normal blood parameter levels.  Consistency in sampling site and methodology of sample preparation is essential if bone analysis is to be used as an indicator of P status.  While data from the current study and the study by Wu et al. (2001) provide an indication of ‘normal’ bone P contents for dairy cows, information on bone P levels that are indicative of either a marginal or P deficient status appears to unavailable.
Nutrient utilisation

Rumen microbes have a requirement for P (Bryant et al., 1959), and if this is not supplied via the diet, or from P recycled in saliva, microbial activity may be impaired.  For example, P depletion has been associated with a reduction in microbial protein synthesis and organic matter digestibility in sheep and goats (Breves et al., 1985; Petri et al., 1988).  However, dietary P level had no effect on the apparent digestibility of the DM, N, energy or ADF fractions of the rations offered in the current experiment, suggesting that rumen function was not impaired with the low P diet.  Similarly, Valk et al. (2002) observed that ration DM digestibility was unaffected when dairy cows were offered a ration containing approximately 2.4 g P/kg DM, despite a reduction in food intake and milk yield.  Thus, it is likely that diets containing extremely low levels of dietary P are required before ration DM digestibility is impaired, with Satter (2003) suggesting that modern dairy cow diets never approach the low dietary P concentrations that can result in impaired microbial growth in the rumen.
Within the current nutrient utilisation studies, the apparent digestibility of P with cows offered the high P diets ranged from proportionally 0.27 (year 2) to 0.40 (year 4), indicating that between 0.60-0.78 of P consumed was excreted in faeces.  While the apparent digestibility of P increased with cows offered the low P diet in year 2, in common with the findings of Knowlton and Herbein (2002) and Ekelund et al. (2006), the apparent digestibility of P was unaffected by dietary P level in year 4, in common with some of the observations by Valk et al. (2002).  The inconsistent effect of dietary P level on the apparent digestibility of P appears to be largely due to differences in P retention between the two years. 
Offering low P diets reduced faecal P excretions by proportionally 0.45 (34 g/cow/day) and 0.32 (20 g/cow/day) in years 2 and 4 respectively, an average reduction of 27 g/day.  If this reduction in faecal P excretion is assumed for a 150-day winter feeding period for a farm stocked at 2.5 cows/ha, this represents a reduction in P excretion in faeces of 4.0 kg/cow, and 10.1 kg P/ha.  Thus reducing the P content of dairy cow rations to the extent adopted within the current experiment has the potential to have a significant impact on farm P balances, and thus the likelihood of P loss to the environment.  In addition, Dou et al. (2002) observed an increased proportion of water soluble P in the faeces of cows offered high P diets, while Ebeling et al., (2002) demonstrated that P runoff from slurry produced from cows offered a high P diet was considerably greater than for slurry produced by cows offered a low P diet.

Only a trace of P was excreted in urine and this agrees with the findings of previous studies involving ruminants (Wu et al., 2000: Valk et al., 2002: Knowlton et al., 2002; and Ekelund et al., 2006), and reflects the fact that urine only becomes a significant excretory route for P when diets contain excessively high P levels.  Phosphorus excreted in milk was unaffected by treatment and this reflects the fact that neither milk output or milk P content was affected by dietary P level.
Practical implications

For each of the winter and grazing/late lactation periods described (Ferris et al., 2009), mean daily P intakes and P requirements were calculated for individual cows using either fortnightly (lactations 1 and 2) or weekly (lactations 3 and 4) production data (Table 6).  Phosphorus requirements within each of these two periods were calculated according to AFRC (1991), for rations with a metabolisability (q) of <0.7 (Table 5), as the sum of P requirements for ‘maintenance’, milk production, growth, and when appropriate, pregnancy.   ‘Growth’ was assumed as the difference in post calving liveweights between two successive lactations, or in the case of a cow that was culled, the difference between live weight at calving and the final live weight recorded prior to culling. Across the four lactations, mean P intakes for cows offered the low P diets were 26.5 g/day (26.9%: winter period) and 11.0 g/day (16.6%: grazing/late lactation period) lower than for those offered the high P diets.  Consequently, P intakes for cows on the high P diets were proportionally 1.08 (winter period) and 1.01 (summer period) of calculated P requirements, while P intakes with the low P diets were proportionally 0.79 (winter period) and 0.84 (grazing/late lactation period) of AFRC (1991) P requirements.  In addition, during the winter periods the mean Ca : P ratios were 1.7:1 and 2.3:1 for the high and low P diets respectively, while during the summer periods the mean Ca : P ratios were 1.9:1 and 2.2:1 respectively.  Although close to the 2:1 Ca : P ratio recommended in the past, it is now known that cows can tolerate a wide range of Ca : P ratios, provided P intakes are adequate (AFRC, 1991).

The lack of practically significant treatment effects on either cow performance (Ferris et al., 2009) or on cow health, fertility or bone P reserves within the current paper, highlights that the current AFRC (1991) rationing system allows the requirements of dairy cows with lactation yields of between 7500-9000 kg/lactation to be met (for diets with a q<0.7).  This agrees with the findings of Wu and Satter (2000) in a study involving very different diet types, who concluded that a dietary P content of between 3.3 and 3.7 g/kg DM was adequate for moderate to high production levels (7500-9000 kg/lactation).  Indeed, the results of the current study suggest that there may be opportunities to reduce the P content of dairy cow rations to levels lower than those recommended within AFRC (1991) as already highlighted by Valk and Sĕbek (1999).  These authors suggested a dietary P content of 2.8 g/kg DM was adequate for cows producing 9000 kg milk per lactation, while recommending 3.0 g/kg DM in practice.  However, these recommendations are extremely low, especially in view of the fact that P deficiencies have been observed with rations containing 3.1 g P/kg DM (Kincaid et al., 1981).  Nevertheless, these new recommendations are currently being adopted within the Netherlands (Valk and Beynen, 2003), and it remains to be seen if these P levels can be achieved through diet formulation in practice, and if they are in fact adequate for dairy cows in the long term

The results of the current study indicate that dairy cows can be managed on winter diets based on grass/maize silage containing 3.5-3.9 g P/kg DM, and summer diets based on grazed grass containing 3.4-3.8 g P/kg DM without any apparent adverse effects on cow performance.  Thus there is considerable scope for the UK dairy industry to substantially reduce the P content of dairy cow concentrates, from the level highlighted earlier (7.2 g P/kg DM).  However, accurate ration formulation with regards to P requires knowledge of the P content of the forage component of the ration, while in practice, normally only standard analysis values are available.  The limitations of the latter are highlighted in the variation in P content of 36 Northern Ireland farm silages, sampled in 2003, which ranged from 1.4 to 3.9 g P/kg DM (mean, 3.1 g/kg DM) (C.P. Ferris, Unpublished data).  In addition, concentrate feed level will have a significant impact on overall ration P content.  Thus, when advocating the adoption of low P concentrates, it is important that the concentrate P level adopted is adequate for forages of different P contents, over a range of concentrate feed levels.  For example, a lower concentrate P content could be adopted when a forage with a high P content is supplemented with a high level of concentrates, compared to when a forage with a low P content is supplemented with a low level of concentrates.  Thus, until a rapid low cost P analysis system for forages is developed, caution is necessary when making significant reductions in concentrate P contents on farm.

Conclusions

The results of the current study indicate that dairy cows can be managed on winter diets containing 3.5-3.9 g P/kg DM, and summer diets containing 3.4-3.8 g P/kg DM without any apparent adverse effects on cow health or fertility.  While the P content of rib bones was reduced when cows were offered low P diets, there was no cumulative reduction in rib P content with cows offered the low P diet over successive lactations.  Thus cows with lactation yields of between 7500-9000 kg/lactation can be managed on diets containing low levels of dietary P without any effect on cow performance.  Reducing dietary P level had no effect on the apparent digestibility of the rations offered, while P excretion to the environment was reduced by an average of 27 g/day.
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Table 1
Effect of dietary phosphorus content on locomotion score (LS), somatic cell count (‘000/ml) and the proportion of cows receiving antibiotic treatment for lameness and mastitis
	
	High phosphorus
	Low phosphorus
	SEM
	Sig

	Lactation 1
	
	
	
	

	Mean LS (calving to turnout)
	1.9
	1.9
	0.03
	NS

	Mean LS (turnout to dry-off)
	1.9
	1.9
	0.03
	NS

	Proportion of cows treated for lameness a
	0.37
	0.42
	0.063
	NS

	SCC (000/ml) log10 b
	2.14
	2.06
	0.056
	NS

	Proportion of cows treated for mastitis a
	0.45
	0.35
	0.069
	NS

	Lactation 2
	
	
	
	

	Mean LS (calving to turnout)
	1.9
	2.0
	0.04
	NS

	Mean LS (turnout to dry-off)
	1.9
	2.0
	0.05
	NS

	Proportion of cows treated for lameness a
	0.54
	0.49
	0.077
	NS

	SCC (000/ml) log10 b
	2.26
	2.28
	0.062
	NS

	Proportion of cows treated for mastitis a
	0.53
	0.56
	0.078
	NS

	Lactation 3
	
	
	
	

	Mean LS (calving to turnout)
	2.0
	2.2
	0.05
	*

	Mean LS (turnout to dry-off)
	2.1
	2.3
	0.06
	**

	Proportion of cows treated for lameness a
	0.29
	0.27
	0.09
	NS

	SCC (000/ml) log10 b
	2.30
	2.31
	0.075
	NS

	Proportion of cows treated for mastitis a
	0.50
	0.31
	0.092
	NS

	Lactation 4
	
	
	
	

	Mean LS (calving to turnout)
	2.2
	2.3
	0.08
	NS

	Mean LS (turnout to dry-off)
	2.5
	2.5
	0.09
	NS

	Proportion of cows treated for lameness a
	0.24
	0.25
	0.113
	NS

	SCC (000/ml) log10 b
	2.43
	2.15
	0.096
	NS

	Proportion of cows treated for mastitis a
	0.65
	0.42
	0.129
	NS


a  On at least one occasion

b   Entire lactation

(NS, not significant; *, P<0.05; **, P<0.01;***, P<0.001)
Table 2
Effect of dietary phosphorus content on dairy cow fertility during each of lactations 1-4
	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Lactation 1
	
	
	
	

	Pre day 42
	
	
	
	

	Proportion of cows showing luteal activity
	0.60
	0.64
	0.068
	NS

	Days to commencement of luteal activity (CLA)
	21.6
	23.6
	1.17
	NS

	Peak progesterone content
	26.6
	27.3
	1.57
	NS

	Proportion of cows with observed oestrus
	0.16
	0.24
	0.056
	NS

	Conception to first AI (proportion)
	0.42
	0.39
	0.070
	NS

	Conception to first + second AI (proportion)
	0.74
	0.67
	0.064
	NS

	Mean number of services/cow
	1.9
	2.0
	0.158
	NS

	100-day in-calf rate
	0.48
	0.43
	0.070
	NS

	Proportion of cows in-calf at end of breeding season
	0.94
	0.90
	0.038
	NS

	Calving interval (days)
	386
	408
	7.9
	NS

	Lactation 2
	
	
	
	

	Pre day 42
	
	
	
	

	Proportion of cows showing luteal activity
	0.55
	0.64
	0.078
	NS

	Days to commencement of luteal activity (CLA)
	21.3
	24.7
	1.56
	NS

	Peak progesterone content
	27.3
	28.9
	2.82
	NS

	Proportion of cows with observed oestrus
	0.32
	0.20
	0.070
	NS

	Conception to first AI (proportion)
	0.47
	0.33
	0.080
	NS

	Conception to first + second AI (proportion)
	0.73
	0.56
	0.077
	NS

	Mean number of services/cow
	1.8
	2.2
	0.194
	NS

	100-day in-calf rate
	0.58
	0.44
	0.083
	NS

	Proportion of cows in-calf at end of breeding season
	0.89
	0.83
	0.058
	NS

	Calving interval (days)
	372
	391
	9.33
	NS


Table 2  Continued

	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Lactation 3
	
	
	
	

	Pre day 42
	
	
	
	

	Proportion of cows showing luteal activity
	0.60
	0.49
	0.093
	NS

	Days to commencement of luteal activity (CLA)
	23.3
	25.9
	2.25
	NS

	Peak progesterone content
	21.2
	24.8
	3.45
	NS

	Proportion of cows with observed oestrus
	0.41
	0.23
	0.088
	NS

	Conception to first AI (proportion)
	0.27
	0.33
	0.090
	NS

	Conception to first + second AI (proportion)
	0.59
	0.69
	0.094
	NS

	Mean number of services/cow
	2.0
	2.0
	0.23
	NS

	100-day in-calf rate
	0.52
	0.44
	0.099
	NS

	Proportion of cows in-calf at end of breeding season
	0.96
	0.80
	0.066
	NS

	Calving interval (days)
	379
	385
	10.8
	NS

	Lactation 4
	
	
	
	

	Pre day 42
	
	
	
	

	Proportion of cows showing luteal activity
	0.65
	0.73
	0.126
	NS

	Days to commencement of luteal activity (CLA)
	29.1
	28.4
	3.17
	NS

	Peak progesterone content
	20.6
	20.9
	3.3
	NS

	Proportion of cows with observed oestrus
	0.18
	0.18
	0.104
	NS

	Conception to first AI (proportion)
	0.08
	0.25
	0.109
	NS

	Conception to first + second AI (proportion)
	0.31
	0.25
	0.140
	NS

	Mean number of services/cow
	2.7
	2.4
	0.46
	NS

	100-day in-calf rate
	0.39
	0.38
	0.352
	NS

	Proportion of cows in-calf at end of breeding season
	0.77
	0.63
	0.144
	NS

	Calving interval (days)
	396
	386
	20.3
	NS


(NS, not significant)

Table 3
Effect of dietary phosphorus level, lactation number when bone was sampled, and day of lactation when bone was sampled, on the composition of cortical bone removed from rib cores

	
	Dietary phosphorus
	
	Lactation number
	
	Significance

	
	
	
	
	
	
	
	
	
	
	Lactation number
	Day of lactation

	
	High phosphorus
	Low phosphorus
	SEM
	1
	2
	3
	4
	SEM
	P
	Linear
	Quadratic
	Linear
	Quadratic

	Mean depth of cortical bone (mm)
	3.4
	3.2
	0.11
	3.4
	3.2
	3.4
	3.3
	0.18
	NS
	NS
	NS
	NS
	NS

	Specify gravity
	1.49
	1.47
	0.015
	1.48
	1.48
	1.50
	1.48
	0.02
	P=0.077
	NS
	NS
	NS
	NS

	Oven dry matter (g/kg)
	854
	852
	3.4
	848
	850
	857
	857
	5.5
	NS
	*
	NS
	NS
	NS

	Ash (g/kg fresh)
	586
	580
	4.2
	576
	580
	586
	589
	6.7
	NS
	*
	NS
	NS
	NS

	Ash (g/kg DM)
	686
	681
	2.9
	679
	682
	684
	688
	4.6
	NS
	NS
	NS
	NS
	NS

	Calcium
	
	
	
	
	
	
	
	
	
	
	
	
	

	g/kg fresh bone
	185
	184
	7.1
	174
	183
	206
	175
	11.5
	NS
	NS
	**
	NS
	NS

	g/kg DM
	216
	216
	8.0
	205
	215
	241
	205
	12.9
	NS
	NS
	**
	NS
	NS

	g/kg ash
	315
	318
	11.3
	302
	315
	352
	298
	18.3
	NS
	NS
	**
	NS
	NS

	mg/ml fresh bone
	276
	272
	11.0
	257
	271
	309
	260
	17.8
	NS
	NS
	**
	NS
	NS

	Phosphorus
	
	
	
	
	
	
	
	
	
	
	
	
	

	g/kg fresh bone
	105
	102
	1.2
	102
	104
	105
	104
	2.0
	*
	NS
	NS
	NS
	NS

	g/kg DM
	123
	120
	1.2
	120
	122
	123
	121
	2.0
	*
	NS
	NS
	NS
	NS

	g/kg ash
	179
	177
	1.7
	177
	179
	180
	176
	2.7
	NS
	NS
	NS
	NS
	NS

	mg/ml fresh bone
	156
	151
	2.3
	150
	153
	158
	153
	3.7
	**
	NS
	NS
	NS
	NS


(NS, not significant; *, P<0.05; **, P<0.01;***, P<0.001)

Table 4
Effect of dietary phosphorus level, lactation number when bone was sampled, and day of lactation when bone was sampled, on the composition of rib cross sections

	
	Dietary phosphorus
	
	Lactation number
	
	Significance

	
	
	
	
	
	
	
	
	
	
	Lactation number
	Day of lactation

	
	High phosphorus
	Low phosphorus
	SEM
	1
	2
	3
	4
	SEM
	P
	Linear
	Quadratic
	Linear
	Quadratic

	Depth of section (mm)
	12.0
	11.4
	0.36
	11.8
	11.3
	11.8
	12.0
	0.57
	NS
	NS
	NS
	NS
	NS

	Specify gravity
	1.46
	1.45
	0.014
	1.44
	1.45
	1.48
	1.45
	0.230
	NS
	NS
	NS
	NS
	NS

	Oven dry matter (g/kg)
	839
	823
	11.4
	834
	820
	843
	826
	18.2
	NS
	NS
	NS
	NS
	NS

	Ash (g/kg fresh)
	498
	498
	5.8
	488
	486
	508
	491
	9.2
	NS
	NS
	NS
	NS
	NS

	Ash (g/kg DM)
	594
	595
	8.5
	586
	594
	603
	596
	13.6
	NS
	NS
	NS
	NS
	NS

	Calcium
	
	
	
	
	
	
	
	
	
	
	
	
	

	g/kg fresh bone
	176
	178
	2.7
	174
	174
	184
	177
	4.3
	NS
	NS
	NS
	NS
	NS

	g/kg DM
	213
	214
	3.4
	209
	212
	218
	214
	5.3
	NS
	NS
	NS
	NS
	NS

	g/kg ash
	358
	360
	3
	357
	357
	362
	360
	4.8
	NS
	NS
	NS
	NS
	NS

	mg/ml fresh bone
	261
	255
	5.7
	252
	253
	272
	256
	9.1
	NS
	NS
	NS
	NS
	NS

	Phosphorus
	
	
	
	
	
	
	
	
	
	
	
	
	

	g/kg fresh bone
	86
	84
	1.2
	84
	83
	87
	84
	1.9
	*
	NS
	NS
	*
	*

	g/kg DM
	102
	102
	1.6
	101
	102
	103
	102
	2.6
	NS
	NS
	NS
	NS
	NS

	g/kg ash
	172
	171
	1.1
	172
	171
	171
	171
	1.8
	NS
	NS
	NS
	**
	**

	mg/ml fresh bone
	125
	121
	2.5
	121
	121
	129
	121
	3.9
	0.063
	NS
	NS
	NS
	NS


(NS, not significant; *, P<0.05; **, P<0.01;***, P<0.001)

Table 5
Effect of dietary phosphorus level on cow performance, ration digestibility and P utilisation, during years 2 (mean of 114 days post-calving) and 4 (mean of 113 days post-calving) of the main dairy cow feeding study

	
	Year 2
	
	Year 4

	
	High phosphorus
	Low phosphorus
	SEM
	Sig.
	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Total DM intake (kg/day)
	19.7
	19.4
	0.28
	NS
	
	23.9
	22.3
	1.12
	NS

	Daily milk output (kg)
	29.6
	30.2
	1.03
	NS
	
	30.6
	30.4
	2.76
	NS

	Digestibility coefficients
	
	
	
	
	
	
	
	
	

	Dry matter
	0.724
	0.736
	0.0044
	NS
	
	0.763
	0.759
	0.0044
	NS

	Nitrogen
	0.688
	0.699
	0.0100
	NS
	
	0.679
	0.671
	0.0088
	NS

	Gross energy
	0.724
	0.733
	0.0041
	NS
	
	0.753
	0.746
	0.0036
	NS

	Acid detergent fibre
	0.611
	0.612
	0.0110
	NS
	
	0.636
	0.629
	0.0056
	NS

	ME concentration (MJ/kg DM)
	11.7
	12.1
	0.09
	*
	
	12.1
	12.0
	0.07
	NS

	ME/GE (Metabolisability, q))
	0.62
	0.64
	0.005
	NS
	
	0.659
	0.648
	0.0023
	*

	P utilisation
	
	
	
	
	
	
	
	
	

	P intake (g/day)
	103.2
	72.2
	1.18
	***
	
	105.1
	71.3
	4.33
	***

	Faecal P output (g/day)
	75.0
	41.2
	1.31
	***
	
	62.5
	42.6
	3.60
	**

	Apparent digestibility of P
	0.274
	0.427
	0.0203
	**
	
	0.405
	0.399
	0.0303
	NS

	Urinary P output (g/day)
	0.4
	0.2
	0.05
	NS
	
	0.3
	0.1
	0.09
	NS

	Milk P output (g/day)
	29.3
	29.7
	0.82
	NS
	
	28.9
	29.4
	1.38
	NS

	Milk P as proportion of P intake
	0.284
	0.412
	0.0072
	***
	
	0.275
	0.412
	0.0071
	***

	P balance (g/day)
	-1.4
	1.0
	1.79
	NS
	
	13.5
	-0.8
	3.13
	*


(NS, not significant; *, P<0.05; **, P<0.01;***, P<0.001)
Table 6
Phosphorus intakes (g/day) and phosphorus requirements (g/day), the latter calculated according to AFRC (1991) (q<0.7), during lactations 1-4 
	
	
	High phosphorus
	Low phosphorus
	SEM
	Sig.

	Lactation 1
	
	
	
	
	

	Winter period
	P intake
	91.6
	67.5
	1.21
	***

	
	P requirement 
	76.9
	77.3
	1.10
	NS

	Grazing/late lactation period
	P intake
	57.6
	45.5
	
	

	
	P requirement 
	57.0
	54.4
	1.02
	NS

	Lactation 2
	
	
	
	
	

	Winter period
	P intake
	100.2
	71.1
	1.19
	***

	
	P requirement 
	90.9
	91.0
	2.02
	NS

	Grazing/late lactation period
	P intake
	66.2
	56.0
	
	

	
	P requirement 
	66.0
	67.4
	1.17
	NS

	Lactation 3
	
	
	
	
	

	Winter period
	P intake
	98.6
	68.7
	1.81
	***

	
	P requirement 
	96.9
	96.5
	1.96
	NS

	Grazing/late lactation period
	P intake
	71.8
	60.4
	1.02
	***

	
	P requirement 
	71.4
	72.6
	1.66
	NS

	Lactation 4
	
	
	
	
	

	Winter period
	P intake
	103.1
	80.3
	2.98
	***

	
	P requirement 
	103.9
	100.5
	4.54
	NS

	Grazing/late lactation period
	P intake
	73.1
	62.9
	1.47
	***

	
	P requirement 
	72.8
	72.4
	2.43
	NS


(NS, not significant: ***, P<0.001)

Figure 1
Relationship between the phosphorus content of the ash component of rib cross-sections and day of lactation when bone samples were collected (mean of lactations 1 – 4), across the two dietary phosphorus treatments (cows culled as infertile, □ : cows culled for all other reasons, ■)  
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Reducing dietary phosphorus inputs within dairy systems

C.P. Ferris

Proceedings of the Nottingham Feed Manufacturers Conference (In Press)
Introduction

The two main inputs of phosphorus (P) to agricultural systems are P in inorganic fertilisers and P in concentrate feedstuffs.  Agricultural P is obtained from phosphate rock, with China, the United States of America (USA), Morocco and the Russian Federation currently the world’s main producers.  However, world reserves of phosphate rock are finite, and at the present rate of use known reserves have a predicted lifespan of approximately 200 years (Richards and Dawson, 2008).  Thus there is an increasing need to maximise the efficiency of use of this un-substitutable nutrient, and to minimise losses from agricultural systems.

However, in many agricultural regions, and at an individual farm level, there is a significant imbalance between P inputs and P outputs.  For example, until relatively recently the agricultural P balance sheet for Northern Ireland (NI) (Foy et al., 2002) indicated a total P input of 18911 t/annum (9601 t/annum in inorganic fertiliser and 9310 t/annum in feeds), compared to an output (removed in milk, beef, sheep, ‘pigs and poultry’ and crop) of 6062 t/annum.
Although most surplus P accumulates within the soil, part of this P is at risk of being lost to the environment.  In addition to representing a loss of valuable nutrients from agricultural systems, phosphates can cause the eutrophication of waterways (the enrichment of water by nutrients, especially compounds of nitrogen and P, whereby a body of water changes from a nutrient poor (oligotrophic) to a nutrient rich (eutrophic) state).  Eutrophication has a number of adverse effects on water quality, including health risks associated with toxic algae and algal scums in drinking water supplies and recreational waters, damage to habitats leading to loss of species diversity, loss of fisheries, and undesirable aesthetic impacts such as odours, loss of transparency, and clogging by weeds, the latter reducing amenity value.  Phosphorus is often the ‘limiting nutrient’ within these processes.

In many parts of the world dairy farming is a significant driver of P induced eutrophication.  Problems exist in countries where grassland-based systems dominate, such as New Zealand and Ireland, and in countries where intensive dairy systems are more common, such as the USA and the Netherlands.  However, as pressure on water resources continues to grow, all agricultural sectors, dairying included, will be forced to tackle this problem with increasing rigour.  Within the European Union (EU), legislation designed to improve water quality is already in place.  For example, restoring surface waters to good ecological status by 2015 (including reducing the trophic status) is a target within the Water Framework Directive, while, where it can be related to agricultural activities, action to control nutrient enrichment is also required under the Nitrates Directive. 
Proportionally 0.58 of P exports to inland waters within NI are of agricultural origin (Smith et al., 2005).  While the exact contribution of different agricultural sectors to this problem is unknown, the impact of dairying is likely to be significant due to the importance of the dairy sector within NI, and its relatively intensive nature.  This was highlighted in a recent agricultural P balance sheet for NI which indicated that P in dairy feeds represented the second largest P input (3025 t P per annum), exceeded only by P in fertiliser (Foy et al., 2002).  This feed P input exceeded the output of P in milk (1539 t of P per annum), so that even before inputs of P in fertiliser were considered, the average dairy farm was likely to be in P surplus.  The analysis of 40 commercial concentrate feedstuffs collected from dairy farms around Northern Ireland at this time (2000 – 2001) highlighted one of the factors contributing to this situation, namely the high mean P content of these concentrates (7.1 g/kg DM: C.P. Ferris, unpublished data).  

While improved management of P on farms will help reduce P loss to the environment, control measures must firstly seek to reduce farm-gate P surpluses.  For dairy farmers, options by which farm-gate P surpluses can be reduced include reducing the quantity of P brought onto farms in fertiliser and feeds.  With regards the latter, this may involve reducing stocking rates, utilising more home-produced concentrate feeds, feeding less concentrates/cow, or feeding concentrates with a lower P level.  While the latter is recognised as one of the most promising options for reducing P surpluses, reducing P levels in dairy cow diets will clearly be unacceptable if animal performance, health, fertility and welfare are not compromised. 

This paper will review the findings of ‘recent’ studies in which dairy cows have been offered diets containing different P levels, and will examine opportunities for reducing P levels in dairy cow diets, together with some of the practical implications of feeding rations containing lower P levels.  Where possible, this paper will examine these issues within the context of grassland-based systems.
Phosphorus requirements and uncertainties
Approximately 80% of P within the dairy cow occurs in bones and teeth, principally as apatite salts and calcium phosphate (NRC, 2001).  Phosphorus is also involved in acid-base buffer systems of blood and other body fluids, in cell differentiation, in all energy transactions, and as a component of cell walls and cell contents.  Dairy cows also secrete large quantities of P in milk on a daily basis (approximately 0.9 g/kg of milk produced), thus greatly increasing their requirements compared to those of growing cattle.  Rumen microbes also have a requirement for P (Bryant et al., 1959), and if this is not supplied via the diet, or from P recycled in saliva, microbial activity may be impaired.
The P requirements of dairy cows have been defined in many countries, including the United Kingdom (UK) (AFRC, 1991), USA (NRC, 2001), Germany (GfE, 1993) and the Netherlands (NCMN, 1973).  Most P requirement systems adopt a factorial approach which sums the net P required for ‘maintenance’, growth, pregnancy and lactation, and then divides this by a true absorption coefficient, to obtain a total daily P requirement.

Valk et al. (2000) reviewed the calculated P requirements of lactating dairy cows using a number of these systems, and demonstrated that while there was reasonable agreement between systems in net P requirements for milk production, maintenance P requirements and true absorption coefficients varied widely between systems.  The differing maintenance requirements are due in part to the different approaches adopted, with maintenance being a factor of cow live weight in some systems, and of dry matter (DM) intake in others.  In addition, appropriate data was not always available when these systems were being developed.  For example, within the current UK recommendations (AFRC, 1991), maintenance requirements for lactating dairy cows are based on unpublished data obtained from experiments involving sheep.  Indeed, recognising the limitations of existing knowledge, and noting that many aspects of P nutrition and metabolism were not well understood, AFRC (1991) included a recommendation that dairy cow P requirements should be validated in long term feeding trials using roughage-based diets.
It is clear that the exact net P requirements of dairy cows are not known precisely, while the availability of P from many common feedstuffs is not well defined.  As a consequence of these uncertainties, together with the perceived benefits, especially in relation to fertility, that farmers associate with feeding diets high in P content, there is evidence that nutritionists and farmers tend to feed P to dairy cows at levels in excess of existing recommendations.

Impact of reducing dietary phosphorus content on cow performance
During the last four decades a number of studies have examined the effect of dietary P level on dairy cow performance, with key details of some of these studies presented in Table 1.  However, many of these studies were of a relatively short term nature (less than two years), which is of concern as cows have the ability to deplete phosphorus reserves for milk production over a number of lactations, thus deficiency symptoms may not arise in the short term.  In addition, the appropriateness of some of these studies from a UK perspective have been questioned due to the use of monosodium phosphate (a very available form of P which is rarely used in UK diets) as a P supplement, and the use of non grass/grass silage-based diets (Hemmingway, 2002).  The latter is of concern as the availability of P from different feedstuffs (concentrates, maize silage, alfalfa silage, grazed grass) may vary, as reflected in the different true absorption coefficients adopted within feeding recommendations in different countries.

While low P diets have been examined previously in grassland-based systems (Brodison et al., 1989), this study involved relatively low yielding dairy cows (5,000 litres), compared to the industry norm at present.  However, it was only recently that the recommendation made within AFRC (1991), namely ‘validation in long term feeding trials using roughage-based diets’, was addressed in a four-year experiment involving a grassland-based system (Ferris et al., 2010a and 2010b).

[ha] Nutrient utilisation and food intake [ax]

Rumen microbes have a requirement for P (Bryant et al., 1959), and if this is not supplied via the diet, or from P recycled in saliva, microbial activity may be impaired, and ration digestibility and food intake reduced.  For example, P depletion has been associated with a reduction in microbial protein synthesis and organic matter digestibility in sheep and goats (Breves et al., 1985; Petri et al., 1988).  However, in the majority of dairy cow production studies which involved measures of nutrient utilisation, ration digestibility was unaffected when low P diets, including one containing 2.4 g P/kg DM (Valk et al., 2002), were offered.  It is therefore likely that diets containing extremely low levels of dietary P are required before ration digestibility is impaired, with Satter (2003) suggesting that modern dairy cow diets never approach the low dietary P concentrations that can result in impaired microbial growth in the rumen. 
However, reduced food intakes have been observed with cows offered low P diets in a number of studies.  For example, Call et al. (1987) observed a reduction in food intake after a diet containing a very low P content (2.4 g P/kg DM) was offered for approximately six weeks.  In a separate study (which commenced at week 17 of lactation) involving a similar diet (2.4 g P/kg DM), Valk and Sěbek (1999) observed no reduction in food intake until the dry period at the end of lactation 1, with DM intake reduced during lactation 2 (Table 2) to such an extent that this treatment was discontinued.  These studies clearly demonstrate a dietary P content of 2.4 g/kg DM to be inadequate, even during a single lactation.  Reductions in food intake have also been observed with diets containing much higher P levels, namely 3.1 (Kincaid et al., 1981) and 3.5 g P/kg DM (Odongo et al., 2007), the latter involving primiparous cows.  In a number of other studies in which reductions in food intake were observed (Bortolussi et al., 1996; Milton and Ternouth, 1985), ration digestibility was unaffected by dietary P level.  The latter authors have suggested that the reduction in food intake associated with low P diets may be mediated via a metabolic effect at a cellular level.  However, intakes were unaffected in studies involving dietary P levels of between 2.8 and 3.3 g P/kg DM (Call et al., 1987; Brintrup et al., 1993; Valk and Sěbek, 1999; and Wu et al., 2000), and during the winter period of a four-year study (Ferris et al., 2010a) in which cows were offered diets containing approximately 3.6 g P/kg DM (Table 3).

[ha] Milk production [ax]
The reduction in feed intake observed by Call et al. (1987), Valk and Sěbek (1999) and Kincaid et al. (1981) with diets containing 2.4, 2.4 and 3.1 g P/kg DM, was accompanied by a lower milk output.  However the fall in milk production observed by Valk and Sěbek (1999) was only observed after the diet was offered during a second lactation (Table 2), highlighting that body P reserves can sustain cows through considerable periods of P inadequacy.  In the same study no reduction in milk production was observed with a dietary P level of 2.8 g P/kg DM during either of lactations 1 or 2, although this study excluded the first 17 weeks of lactation 1.  In contrast, Call et al. (1987) observed a lower persistency of milk yield with diets containing 3.2 g P/kg DM, while Wu et al. (2000) observed a reduction in milk yield after cows had been offered a diet containing 3.1 g P/kg DM for 25 weeks, although intake was not affected in either of these studies.  Ferris et al. (2010b) found milk production to be unaffected when a diet containing 3.6 g P/kg DM was offered over four successive lactations (Table 3), highlighting the long term adequacy of this level of P in sustaining milk yields of up to 9000 kg/lactation.  Although it is likely that dietary P impacts on milk yield through a reduction in food intake, Valk and Sěbek (1999) observed that the fall in milk yield preceded the decline in intake, perhaps also suggesting an effect of dietary P on milk synthesis at the cellular level.  Nevertheless, Ferris et al. (unpublished data) observed no difference in the partial efficiency of lactation (kl) with cows offered diets differing in dietary P levels.  In general, there is no evidence of a reduction in milk output in studies involving dietary P levels in excess of 3.3 g/kg DM (Table 1), although all but two of these studies (Brodison et al., 1989; Ferris et al., 2010a) were of less than two years in duration.
[ha] Body tissue reserves [ax]
When cows were offered diets containing 2.4 g P/kg DM, Call et al. (1987) observed a significant reduction in live weight after a 14-week period, while a trend towards a lower live weight was observed by Valk and Sěbek (1999).  However, in each of these studies the reduction in live weight was associated with other symptoms of P deficiency (reduced intakes and milk outputs).  In contrast, Wu et al. (2000) observed no significant effect of dietary P level on either condition score or live weight during a single lactation study, despite a significant reduction in milk yield in late lactation with cows offered a low P diet.  More recently Ferris et al. (2010a), observed a significant reduction in both condition score and live weight with a diet containing 3.6 g P/kg DM, despite no significant effect of diet on food intake or milk production.  These differences only became apparent after cows had been managed on this diet for two full lactations, with the authors concluding that the effect was unlikely to have arisen as a direct consequence of the different dietary P levels imposed.

[ha] Cow health [ax]
The results from a number of studies (Valk and Sěbek, 1999; Wu and Satter, 2000; Lopez et al., 2004; Odongo et al., 2007; Ferris et al., 2010b) provide no evidence that dietary P level had an effect on incidences of mastitis.  While Wu et al. (2000) and Odongo et al. (2007) observed a numerically higher incidence of hoof problems in cows offered a low P diet, Wu and Satter (2000) observed the reverse trend.  However, over four successive lactations, Ferris et al. (2010b) observed that dietary P level had no effect on the incidence of lameness.  Similarly, in a six-month study involving 247 cows, incidence of foot/leg problems did not differ between cows offered either a high or low P diet (Lopez et al., 2004).  More recently, Mullarky et al. (2009) observed neither innate or cell-mediated immune responses of lactating dairy cows to differ when dietary P level was reduced from 5.2 to 3.4 g P/kg DM.
[ha] Reproductive performance [ax]
There is no doubt that the perception of a strong link between dietary P levels and dairy cow fertility is one of the key reasons why dairy cows are frequently fed diets containing high P levels.  The origins of this perception have been traced by Ferguson and Sklan (2005), in a review of data published between 1920 and 1960, much of it based on field observations and survey work.  However, in the vast majority of ‘recent’ studies in which the effect of dietary P level on cow fertility is presented (Call et al., 1987; Brodison et al., 1989; Brintrup et al., 1993; Valk and Sěbek, 1999; Wu and Satter, 2000; Wu et al., 2000; Ferris et al., 2010b), fertility performance was largely unaffected by dietary P levels.  Nevertheless, these studies were primarily designed to examine the impact of dietary P level on cow performance, and not fertility performance per se.  Recognising that basic indices of ‘fertility success’ such as ‘conception rate’ are affected by a wide range of factors, including human ‘intervention’, a number of studies have examined the effect of dietary P level on physiological changes within the cow, including milk progesterone levels, oestrus behaviour and ovarian activity.  For example, Lopez et al. (2004) using a radiotelemetric transmitter, observed that dietary P (3.8 and 4.8 g/kg DM) had no significant effect on the number of oestrus events recorded, the duration of the oestrus cycle, the duration of oestrus, the number of mounts within each oestrus or total mounting time within each oestrus.  Similarly, using ultrasonography, Tallam et al. (2005) observed that dietary P (3.5 or 4.7 g P/kg DM) had no effect on days to first post-partum ovulation or the diameter of dominant and ovulating follicles, corpus luteum development, or blood progesterone concentrations during the voluntary weighting period.  The latter supports the findings of Ferris et al. (2010b), who observed no difference in the proportion of cows showing luteal activity prior to day 42 post-calving (Table 3), the interval to commencement of luteal activity, and the peak progesterone level during the first oestrus cycle, with cows offered diets differing in P content.
Nevertheless, ‘cow numbers’ have been a limiting factor in virtually all studies, with Wu and Satter (2000) observing that approximately 250 cows per treatment would have been required in their study in order to detect a 10% difference in fertility parameters.  Realising the limitations of examining fertility data from individual studies in isolation, these authors combined data from 13 individual experiments, involving a total of 785 cows, approximately 392 cows per P level.  When reproductive performance was compared across low (3.2-4.0 g P/kg DM) and high (3.9-6.1 g P/kg DM) P diets, diet had no significant effect on days to first oestrus, days to first insemination, days open, number of services per conception, or pregnancy rate.  Indeed, reproductive performance was unaffected in studies where dietary P concentrations of 2.4 g/kg DM were examined (Call et al., 1987; Valk and Sěbek, 1999), despite a reduction in cow performance with these diets.  This is in agreement with the findings of Ferguson and Sklan (2005), who modelled the relationships between dietary P and conception rates, and dietary P and pregnancy rates, across a range of studies.  These authors concluded that dairy cattle can tolerate dietary P concentrations of between 2.0-3.0 g/kg DM, without reproductive performance being affected.  In summary, it would appear that with most modern dairy cow diets containing moderate to high concentrate feed levels, dietary P in isolation is unlikely to be a causal effect of poor reproductive performance.

[ha] Blood metabolites [ax]
It is generally accepted that blood P concentrations do not provide a good indicator of P deficiency in ruminants (Forar et al., 1982).  This was highlighted by Wu et al. (2000) who observed similar plasma P concentrations over a range of diets, despite a significant reduction in milk yield with cows offered a diet low in P.  Nevertheless, reduced plasma P concentrations have frequently been observed with cows offered low P diets (Brodison et al., 1989; Dhiman et al., 1995; Wu et al., 2000; Lopez et al., 2004; Ferris et al., 2010a).  In the latter study, which was conducted over four successive lactations, a significantly lower plasma P concentration was observed with cows offered a diet containing 3.6 g P/kg DM, compared to those offered a diet containing 4.5 g P/kg DM (Figure 1).  The trend for plasma P concentrations to be lowest during the post-calving period, and to decline with increasing lactation number, was observed previously (Wu et al., 2000; Forar et al., 1982).  However, it was only during weeks 2-6 of lactation 4 that P concentrations fell below the norm (1.44 mmol/l) for samples collected and analysed within NI (M. McCoy, personal communication).  However, with extremely low P diets, plasma P concentrations may be a useful diagnostic tool, with Call et al. (1987) observing a significant reduction in plasma P concentrations (mean concentration over the lactation of 1.16 mmol/l) with a diet containing 2.4 g P/kg DM.
[ha] Bone reserves [ax]
The extent of P resorption from bone can be significant, with Wu et al. (2001) suggesting that a 600 kg dairy cow could mobilise between 600-1000 g P in early lactation.  Indeed, there is no doubt that resorbed bone P has an important role to play in meeting the P requirements of dairy cows, especially in situations where dietary P is inadequate, with AFRC (1991) justifying the absence of a safety margin by suggesting that the skeleton should be relied upon to provide the necessary ‘elasticity’ between supply and demand.  Similarly, Ekelund et al. (2006) suggested that it may be possible to reduce the dietary supply of P to dairy cows in early lactation by optimising naturally occurring bone resorption.

A reduction in the P content of rib bones has been observed with cows offered low P diets in a number of studies (Wu et al., 2001; Ferris et al., 2010b).  However, in the former study bone strength (shear stress or fracture energy) was unaffected at a dietary P content of 3.1 g P/kg DM, despite a reduction in milk yield in late lactation.  Ferris et al. (2010b) observed no evidence of a cumulative depletion of bone P reserves across four successive lactations, suggesting that bone P resorbed in early lactation was largely replaced later in the lactation, or during the dry period.  The findings of this study provides reassurance that the dietary P levels examined (3.6 g P/kg DM) was sufficient not only for the needs of the cows in terms of performance, but also in maintaining bone P reserves long term.

[ha] Overall conclusions from dairy cow production studies [ax]
While Valk and Sěbek (1999) suggested that a dietary P content of 2.8 g/kg DM was adequate for cows producing 9000 kg milk per lactation, they recommended a dietary P content of 3.0 g/kg DM in practice.  Phosphorus requirements based on the latter study are currently being recommended within the Netherlands (Valk and Beynen, 2003), although it remains to be seen if these low P levels can actually be achieved through diet formulation in practice, and if they are in fact adequate for dairy cows long term.  While it is true that no adverse cow performance effects were observed in a number of studies (including that by Valk and Sěbek) when diets containing 3.0–3.2 g P/kg DM were offered, lower food intakes and milk outputs were observed in other studies involving similar dietary P levels, highlighting that this dietary P level will not be adequate in all situations.  These inconsistent findings may reflect a carryover effect of previous P nutrition prior to the start of these studies, or possibly different P availabilities associated with the very different diets offered.

For diets with P concentrations of between 3.3 and 3.5 g/kg DM, available evidence would suggest that in most circumstances, although perhaps not in all, these levels will be adequate for lactating dairy cows.  However, in the vast majority of studies no adverse performance effects were observed with cows offered diets containing at least 3.6 g P/kg DM.  Thus, based on current knowledge, this would appear to be a safe lower limit for dietary P levels for cows yielding up to approximately 9000 kg milk/year.  This was also the mean P level in the multi-lactation study undertaken by Ferris et al. (2010a), with these authors suggested that this level of dietary P was sufficient for dairy cows with lactation yields of between 7500 and 9000 kg, when managed within a predominantly grassland-based system.  With very different diets, but cows of a similar yield potential (7500-9000 kg/lactation), Wu and Satter (2000) concluded that a dietary P content of between 3.3 and 3.7 g/kg DM was adequate.

Low input grass-based systems
While a number of the studies presented in Table 1 were grassland based, none involved the low input spring calving systems that are common throughout Ireland, and that are practiced in some western parts of the UK.  Within these systems cows are often turned out to grass immediately post-calving, while minimal (frequently zero) supplementary concentrates are offered during the main part of the grazing season.  With total concentrate inputs normally between 200-700 kg/cow/lactation, and with the ‘concentrates’ offered often low cost low P by-products, such as citrus pulp (offered to sustain cows through periods of grass shortage), dietary P intakes from concentrates within these systems will be very low.  That few studies have examined the impact of dietary P level within this type of system may be due to the practical difficulties of modifying dietary P intakes when concentrate supplements are not offered.  In addition, oversupply of P within these systems, the key driver of the majority of recent studies, is unlikely to be a problem due to the low concentrate inputs involved.  Indeed, interest in P nutrition within these systems is likely to be driven by concern about P deficiency, rather than oversupply.

One study which attempted to address this issue was conducted at Johnstown Castle Research Centre in the Republic of Ireland (Culleton et al., 1999).  In this study three farmlets were managed to achieve soil P indexes of 1-3 (‘Morgan’s P index’; where 1 represents a P deficient soil, and 3 represents the target for intensively grazed systems) by applying different levels of inorganic fertiliser P (0, 14 and 28 kg P/ha) over a four-year period.  However, it was not until the fourth year of this study that fertiliser management regime had a significant effect on herbage P concentrations (2.6, 3.0 and 3.3 g P/kg herbage DM, with soil P indexes 1-3, respectively).  While there was no evidence of a treatment effect on milk production or milk composition in any year of the study (cows were re-randomised at the start of each year), cows on the treatment with the lowest soil P index had a significantly lower live weight (46 kg lower) at the end of year 4, compared to either of the other two treatments. 

Unfortunately this study was terminated at this stage, leaving the lower live weight of the cows on the low soil index treatment unexplained.  However, a dietary P content of 2.4 g/kg DM was demonstrated to be inadequate by Valk and Sěbek (1999), while diets containing 3.0-3.2 g P/kg DM were inadequate in a number of other studies.  With a mean herbage P content of 2.6 g/kg DM over the grazing season, it is possible that the cows managed on the low soil P index treatment may have come close to experiencing P deficiency.

To examine this issue further (Table 4), J.P. Murphy (unpublished data) used the Moorepark Dairy Systems Model (Shalloo et al., 2004) to estimated average daily milk yields, concentrate intakes, grass silage intakes and grazed grass intakes (on a monthly basis), for the average Irish dairy cow (4676 kg milk/lactation: National Farm Survey data from the Republic of Ireland: Connolly et al., 2005).  Dairy cow P requirements (mean of 46.0 g/cow/day) were then calculated using the French P requirement system (Gueguen et al., 1989), while ‘actual’ P intakes were calculated for herbage with a P content of either 3.0 or 3.5 g/kg DM (P content of grass silage and concentrates assumed as 3.5 and 5.2 g/kg DM, respectively).  With a herbage P content of 3.5 g/kg DM (close to national average for intensively managed farms in Ireland), mean P intake over the year was 46.1 g/day (3.8 g/kg DM), with this close to the calculated P requirement during most months.  In addition, total ration P content never fell below 3.6 g/kg DM during any month.  With a herbage P content of 3.0 g/kg DM, mean P intakes over the year were 42.6 g/day (3.5 g/kg DM), approximately 3.0 g/day lower than the calculated requirement.  In addition, total diet P content was less than 3.6 g/kg DM throughout most of the grazing season.  If this calculation had been undertaken for herbage with a lower P content, this situation would clearly be much more severe.

Nevertheless, historical evidence from farms where low input systems operate, and from research centres where cows have been managed over multi-lactations with minimal concentrate supplementation during the grazing season (C.P. Ferris, unpublished), suggest that these low input systems are sustainable in terms of P nutrition.  Thus it would appear that within systems where the P status of the soil is maintained at a level optimal for herbage production, grazed grass as the sole feed can allow the P requirements of dairy cows to be met.  However, with legislation increasingly forcing farmers to reduce P inputs, including inputs of inorganic fertiliser P, problems may arise in the future if the nutrient status of soils are not managed carefully.

The UK P requirement system
Phosphorus requirement systems within the UK have undergone a number of changes during the last forty years (ARC, 1965; ARC, 1980; AFRC, 1991).  Within the latter (current recommendations), diet quality has a significant effect on P requirements, with endogenous P loss increasing by a factor of 1.6, and the true absorption coefficient for P being reduced from 0.70 to 0.58, when the metabolisability (q) of the diet, defined as diet metabolisable energy (ME) content / diet gross energy (GE) content, falls below 0.7.  For example, according to AFRC (1991), when diet metabolisability is increased from 0.6 to 0.7, the P requirements of a 600 kg cow producing 15 kg milk/day decrease from 45 to 29 g/day (3.8 to 3.1 g P/kg DM, respectively), while for a cow producing 30 kg milk/day, P requirements decrease from 82 to 54 g/day (4.4 to 3.5 g/kg DM, respectively).  While AFRC (1991) recognises that diets with q >0.7 will rarely be attained with forage based ruminant diets in practice, the large increase in calculated P requirement with lower quality diets is difficult to justify, and is largely a function of the low value adopted for the true absorption coefficient of P (0.58).  More recent P requirement systems have adopted higher true absorption coefficients for P, namely 0.7 (GfE, 1993; Valk and Beynen, 2003), and 0.64 and 0.70 for forages and concentrates, respectively (NRC, 2001).

Evidence reviewed earlier in this paper indicates that cows can be managed on diets with P concentrations considerably less than 4.4 g/kg DM without adverse effect, thus suggesting AFRC (1991) overestimates the P requirements of dairy cows offered lower quality diets.  This was highlighted in the multi-lactation study by Ferris et al. (2010a and 2010b) where P intakes were proportionally 0.79 (winter period) and 0.84 (grazing/late lactation period) of AFRC (1991) P requirements (for diets with a q<0.7).  Thus while the results of this study provide validation ‘in long term feeding trials using roughage-based diets’ of the ‘adequacy’ of AFRC (1991) requirements, they also demonstrate the real potential to reduce P intakes below those within AFRC. Indeed actual P intakes in this study were similar to those recommended within NRC (2001), while being slightly higher than those calculated using the new Dutch system proposed by Valk and Beynen (2003).  Evidence available suggests a need to review the existing UK recommendations in order to prevent P being overfed, and to bring them into line with more recent recommendations in other countries.
The adoption of reduced P diets in practice

While evidence reviewed suggests that dietary P levels can be safely reduced to at least 3.6 g P/kg DM without having a negative effect on performance, accurate ration formulation requires that the P content of both the concentrate and forage components of the ration is known.  Although the former may be declared, or calculated from the P content of the individual concentrate ingredients, the P content of forages can be extremely variable, and in practice will not normally be known.  For example, the P concentration of 249 NI farm silages ranged from 1.4 to 5.3 g P/kg DM (mean, 3.3 g/kg DM) (R.S. Park, Unpublished data).  While some feed test laboratories routinely analyse silages for P, this normally involves drying and milling the silages prior to analysis, a three step process which incurs additional cost.  However, with Near Infrared Reflectance Spectroscopy (NIRS) having been widely adopted as a low cost methodology to predict both chemical and nutritional characteristics of fresh forages, the use of this technology to predict the mineral content of forages would appear to be a logical development.  However, NIRS operates by measuring the Near Infrared radiation absorbed by organic bonds, and will only be able to estimate mineral levels if the minerals are chelated or bound to organic molecules.
This issue was examined by Park et al. (unpublished data) who, using 199 grass silage samples, developed NIRS calibrations for the P content of fresh silage on both a fresh basis and a DM basis.  The actual P content of these silages was determined using an Inductively Coupled Plasma Atomic Emissions Spectrometer (ICP-AES).  This calibration was then tested using an independent dataset of 50 fresh silages.  While a reasonable prediction was obtained (R2 = 0.74) for the P content of silage on a fresh basis (Figure 2), this was not sufficiently robust to allow the prediction of the P content of fresh forages on a routine basis.  In addition, the relationship was much poorer when predicted on a DM basis (R2 = 0.25).  
In addition to forage P content, level of concentrate feeding will also influence overall ration P content.  Thus when advocating the adoption of reduced P concentrates, it is important that concentrate P levels adopted are adequate for silages of different P contents, over a range of concentrate feed levels.  To examine this issue, the relationship between concentrate feed level (4.0, 8.0, 12.0 and 16.0 kg/day) and silage P content (2.0, 3.0 and 4.0 g/kg DM) on total ration P content, was examined for concentrates containing 4.5, 5.5 and 6.5 g P/kg DM (Table 5).  Total DM intakes were modelled for a medium feed value silage from the data of Ferris et al. (2001).  Values shaded in grey represent rations with a P concentration of less that 3.6 g P/kg DM, with these deemed to be ‘potentially inadequate’.  
For silages with a high P content (4.0 g/kg DM), total ration P content was adequate under all scenarios.  When silage P content was reduced to 3.0 g/kg DM, a dietary P content of less than 3.6 g/kg DM only occurred when a concentrate containing 4.5 g P/kg DM was offered at a low level of supplementation (4.0 kg/day).  Thus at normal concentrate feeding levels (>8.0 kg/day), and with silages with a P content close to the industry norm, rations are unlikely to be deficient in P even when concentrates containing very low P levels are offered.  However, when a silage with a very low dietary P content (2.0 g P/kg DM) was supplemented with 4.0 kg concentrate/cow/day, dietary P contents were below 3.6 g/kg DM with all concentrate P contents.  At a concentrate feed level of 8.0 kg/cow/day, dietary P contents were below 3.6 g/kg DM with concentrates containing both 4.5 and 5.5 g P/kg DM.  Thus dietary P levels can become critical when silages containing very low P contents are supplemented with low levels of concentrates.  Nevertheless, in most practical feeding scenarios involving grass silage, a concentrate P content of 5.5 g/kg DM will be adequate.  However, in situations where a considerable proportion of the diet comprises maize silage or whole crop silages (which normally have lower P concentrations than grass silage), a higher concentrate P content may be necessary to ensure dietary P levels are adequate.
Data in Table 5 does however confirm that there is little justification for dairy cow concentrates to contain in excess of 7.0 g P/kg DM, as was common practice in parts of the UK until relatively recently.  A realisation of this fact led to a joint initiative being adopted across the feed compounding sector within NI, whereby agreement was reached that dairy cow concentrates would not contain in excess of 6.7 g P/kg DM (approximately 5.7 g/kg fresh).  While this was certainly a positive move, and one which demonstrates what can be achieved with industry co-operation, nutritionally there is potential for this value to be reduced further, perhaps to 5.5-6.0 g/kg DM.

Nevertheless, a limitation to a more significant reduction in the P content of concentrates is that it can actually be more expensive to produce concentrates low in P.  This is largely due to the fact that lower cost ingredients such as maize gluten, which have a low nitrogen:P ratio, must be replaced in part by more expensive ingredients such as soya-bean meal, which have a higher N:P ratio.  However, the recent reduction in the availability of maize gluten within Europe, a result of difficulties associated with the slow EU approval process for products derived from genetically modified crops, is likely to have resulted in a fall in the P contents of many commercial concentrates.  In addition, the high P content of forages on many farms adds to the difficulty of reducing overall ration P content.  For example, in the study by Ferris et al. (2010) a concentrate with a P content of 4.4 g/kg DM was necessary to allow a total dietary P content of 3.6 g P/kg DM to be achieved.  This concentrate P content is much lower than would normally be adopted in practice.  However, as total P inputs onto dairy farms are reduced, the P content of forages will also decline slowly, making lower P rations more achievable.
Impact of offering reduced P diets on dairy farm P balance
Using actual milk output, concentrate input and stocking rate data, Ferris and Hopps (2006) examined farm-gate P balances for 157 Benchmarked dairy herds in NI (2002–2003) under a number of different scenarios (Figure 3).  Scenario 1 was based on ‘current’ industry practice and assumed a concentrate P content of 7.1 g/kg DM, and an input of P in inorganic fertiliser of 15 kg P/ha.  Data points within this scenario clearly highlight the strong relationship between concentrate feed level and farm-gate P balance.  Three additional scenarios were also examined, namely; offering concentrates with a P content of 5.5 g/kg DM (Scenario 2); the adoption of a ‘zero P’ fertiliser policy (Scenario 3); and Scenario 4, offering concentrates with a P content of 5.5 g/kg DM, together with a ‘zero P’ fertiliser policy.  Under Scenario 2, the mean farm-gate P balance was reduced from 23 to 19 kg P/ha/year, the magnitude of the reduction on individual farms increasing with increasing concentrate inputs.  With Scenarios 3 and 4 mean farm-gate P balances were reduced to 8.0 and 4.0 kg ha/year, respectively.  In these latter two scenarios, 67% and 93% of farms had a P balance of less than 10.0 kg P/ha, respectively, while a considerable proportion of farms moved from a P surplus to a P deficit situation.  Farms with a P balance >10.0 kg/ha/year tended to have concentrate inputs in excess of 2.5–3.0 t/annum.

The practical implications of this have been highlighted within UK legislation designed to fulfil the requirements of the EU Nitrates Directive, namely ‘The Nitrates Action Programme Regulations (Northern Ireland) 2006’ and the ‘Phosphorus (Use in Agriculture) Regulations (Northern Ireland) 2006’.  For example, this legislation prohibits the application of inorganic fertiliser P unless a crop requirement can be demonstrated through the results of a soil test.  With a recent survey indicating that 73% of grassland within NI (NIEA, 2009) had either high or excessive P levels (Olsen P index 3-5), the decrease in P fertiliser sales since this legislation was introduced is unsurprising.  In addition, NI farmers who require a ‘derogation’ from the EU Nitrates Directive to allow them to operate at a stocking rate of more than 170 kg organic nitrogen/ha, are required to have an annual farm-gate P balance of <10.0 kg/ha.  High concentrate feed levels are common on many of these intensively stocked farms, and in these situations, offering concentrates with lower P levels can play an important role in ensuring that farm-gate P surpluses meet the legislation.  Indeed, as concentrate feed levels increase, the opportunity, and sometimes necessity, to reduced concentrate P levels becomes greater.

While the reduction in use of inorganic fertiliser P and the adoption of concentrate feeds containing lower P levels may cause few problems in the short term, the longer term implications need to be considered.  For example, inorganic fertiliser P levels have a direct impact on soil P status and forage P content, as highlighted in data reviewed by Hemingway (1999).  This was also demonstrated in the farmlet study by Culleton et al. (1999), where soil P levels in grassland receiving no inorganic fertiliser P become depleted in P over a number of years.  As P levels in herbage, both grazed and conserved, decline (as highlighted in Tables 4 and 5), concentrate P content becomes increasingly important in ensuring that overall dietary P levels do not fall below critical levels.  This highlights the importance of on-farm nutrient management, including regular soil testing, and the need to develop a low cost system for the rapid determination of P levels in forages.

Impact of reduced P diets on nutrient loss to the environment

In addition to reducing farm-gate P surpluses, reducing the P content of dairy cow diets will reduce P loss to the environment by reducing P excretion in manure.  For example, when the P content of dairy cow diets was reduced from 5.2 to 3.7 g/kg DM, P intake was reduced from 103 to 72 g/day, while P excretion was reduced from 75 to 41 g/day (proportionally 0.45) (Ferris et al., 2010b).  If this reduction in faecal P excretion is assumed for a 150-day winter feeding period for a farm stocked at 2.5 cows/ha, this represents a reduction in P excretion of 5.1 kg/cow, and 12.7 kg/ha.

In addition to reducing the quantity of P excreted in manure, reducing the P content of the ration will also reduce the solubility of the P fractions excreted.  For example, Dou et al. (2002) observed an increased proportion of water soluble P in the faeces of cows offered high P diets.  In addition, Ebeling et al. (2002) observed that reducing P in the diet of cows by 40% resulted in a 90% reduction in P losses from manures, when applied to arable ground.  This can be attributed to the reduction in the soluble orthophosphate fraction in manures from animals offered reduced P diets.  More recently, slurry produced by cows offered grass silage-based diets supplemented with concentrates containing different dietary P concentrations, was applied to grassland during the spring, summer and winter (O’Rourke et al., 2007). The P contents of the slurries applied were 13, 10, 9 and 5 g/kg DM.  While the results from this experiment were not as dramatic as those observed by Ebeling et al. (2002), the overall trends were similar, with total P measured in run-off generated after a simulated rainfall event decreasing as the P content of the slurry decreased (Figure 4).

In addition, P loss to the environment can also be reduced by matching nutrient supply from manures to crop requirements, the adoption of ‘closed periods’ for spreading; limiting spreading to periods when soil and weather conditions are suitable, and the adoption of improved spreading techniques.  With regards the latter, research is currently underway to examine the impact of different slurry spreading techniques (splash-plate, trailing shoe and shallow injection) on P loss in overland flows.

Conclusions
Phosphorus induced eutrophication continues to reduce water quality in many areas of the world, with agriculture, including dairy farming, contributing to this problem.  Reducing the P content of dairy cow diets will both reduce farm-gate P surpluses, and reduce P excretion in manures.  There is now a considerable body of evidence to demonstrate that the P content of dairy cow diets can be reduced without having a detrimental effect on cow performance, health or fertility.  In virtually all studies undertaken to date, a dietary P content of 3.6 g P/kg DM was adequate, and it is suggested that this dietary P content will be adequate in most situations.  Nevertheless, improving the accuracy with which P is rationed to dairy cows requires the P content of the forage component of the diet to be known.  However, to date the use of NIRS does not appear to be sufficiently robust to allow the P content of fresh silage to be predicted with sufficient accuracy.  In addition, formulating low P diets can be difficult if the forages offered contain high concentrations of P, while low P diets can also be more expensive to produce.  For lower quality diets, the P recommendations within AFRC (1991) result in dairy cows being over fed P.  The UK P recommendations need to be revised, especially in relation to ‘maintenance’ P requirements, and the true absorption coefficients of P of different feedstuffs.  
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Table 1
Details of some of the main studies published during the last 40 years in which dairy cows were offered diets containing different levels of dietary phosphorus

	Reference
	Main dietary components
	Number of cows per treatment
	Duration of study
	Approximate lactation yield (kg)
	Dietary P levels 
(g/kg DM)

	Steevens et al. (1971)
	Alfalfa hay, concentrates
	16
	Lactation 1 + 16 weeks of lactation 2
	6 100
	4.1 and 6.0

	Carstairs et al. (1981)
	Maize silage, concentrates
	24
	3 months
	Unavailable
	4.0 and 5.0

	Kincaid et al. (1981)
	Alfalfa hay, grass/alfalfa silage, concentrates
	10
	10 months
	8 500
	3.1 and 5.4

	Call et al. (1987)
	Alfalfa hay, corn, molasses, dried beet pulp, soya hulls
	8-13
	2 months pre-calving until 7-10 months post-calving
	7 000
	2.4, 3.2 and 4.2

	Brodison et al. (1989)
	Grass silage, concentrates (winter);  grazed grass (summer)
	35
	3 years
	5 000
	Housed: 3.5 and 4.4, Grazing: 3.5 and 3.5

	Brintrup et al. (1993)
	Grass silage, maize silage, concentrates
	26
	2 years
	7 500
	3.3 and 3.9

	Dhiman et al. (1995)
	Alfalfa silage, maize silage, high moisture ear corn, soya bean, barley
	23
	3 months
	Unavailable
	3.9 and 6.5

	Valk and Sěbek (1999)
	Grass silage, dried grass, maize silage, wet beet pulp, straw, concentrates
	6-9
	Week 17 of lactation 1, to the end of the dry period in lactation 2
	9 000
	2.4, 2.8 and 3.3

	Wu et al. (2000)
	Alfalfa silage, maize silage, high moisture ear corn, soyabean, beet pulp
	8-9
	1 year
	11 000
	3.1, 4.0 and 4.9

	Wu and Satter (2000)
	Alfalfa silage, maize silage, high moisture ear corn, soya (housed); maize silage, high moisture ear corn, soya, grazed grass (grazing period)
	21
	2 years
	9 500
	Housed: 3.8 and 4.8, Grazing: 3.1 and 4.4

	Lopez et al. (2004)
	Alfalfa silage, maize silage, high moisture ear corn, soyabean
	123
	5 - 6 months
	Unavailable
	3.7 and 5.7

	Tallam et al. (2005)
	Alfalfa hay and silage, corn silage, high moisture ground corn, soyabeans, concentrates
	27
	10 months
	11 000
	3.5 and 4.7

	Odongo et al. (2007)
	Corn silage, alfalfa silage, high moisture ear corn, grain mix
	32
	2 years
	11,000
	3.5 and 4.2

	Ferris et al. (2010a)
	Grass silage, maize silage, concentrates (winter)

Grazed grass, concentrates (summer)
	50 decreasing to 10
	4 years (lactations 1 – 4)
	7 500 increasing to 9 000
	Housed: 3.6 and 4.9

Grazing: 3.6 and 4.2


Table 2
Dry matter intakes and milk yields of dairy cows offered diets containing three levels of dietary phosphorus (2.4, 2.8 and 3.3 g/kg DM) from week 17 of Year 1 until the end of lactation in Year 2 (Valk and Sěbek, 1999)

	Dietary P level (g/kg DM)
	2.4
	2.8
	3.3
	
	2.4
	2.8
	3.3

	
	
	
	Dry matter intake (kg/day)
	
	
	
	Milk yield (kg/day)
	

	Year 1
	Weeks 17-27
	21.5
	20.7
	21.1
	
	26.8
	25.9
	27.5

	
	Weeks 28-37
	19.2
	19.1
	19.2
	
	19.7
	22.3
	21.4

	
	Dry period 
	10.5
	11.1
	11.6
	
	
	
	

	
	
	
	
	
	
	
	
	

	Year 2
	Weeks 2-11
	20.8
	24.6
	25.3
	
	37.9
	43.7
	44.1

	
	Weeks 12-21
	21.9
	24.0
	24.7
	
	29.9
	37.5
	37.1

	
	Weeks 22-31
	*
	21.5
	20.8
	
	*
	30.5
	28.9

	
	Weeks 32-42
	*
	19.8
	19.5
	
	*
	24.9
	22.1

	
	Dry period 
	*
	10.2
	11.5
	
	
	
	


*  Cows removed from treatment

Table 3
Effect of dietary P level over four successive lactations on dairy cow performance and fertility parameters (Ferris et al., 2010a and b)
	
	
	Mean dietary P level 

	
	Lactation No
	3.6 g/kg DM
	4.5 g/kg DM

	Intake (kg DM/cow/day)†
	1
	17.6
	17.4

	
	2
	19.9
	19.6

	
	3
	20.8
	19.8

	
	4
	22.9
	22.7

	
	
	
	

	Lactation milk output (kg)
	1
	7521
	7474

	
	2
	8241
	8419

	
	3
	9177
	9219

	
	4
	9000
	8976

	
	
	
	

	Proportion of cows with luteal activity pre day 42 post-calving‡
	1
	0.60
	0.64

	
	2
	0.55
	0.64

	
	3
	0.60
	0.49

	
	4
	0.65
	0.73

	
	
	
	

	Conception to 1st + 2nd insemination (proportion basis)
	1
	0.74
	0.67

	
	2
	0.73
	0.56

	
	3
	0.59
	0.69

	
	4
	0.31
	0.25


†  winter period only

‡  based on milk progesterone analysis

Table 4
Calculated phosphorus requirements vs phosphorus intakes within a low input grazing system, with grass of different phosphorus contents (based on J.P.Murphy, unpublished data)

	
	
	Dry matter intake (kg/day)
	
	P requirement (Gueguen et al., 1989)
	
	P intake (herbage P, 3.0 g/kg DM)
	
	P intake (herbage P, 3.5 g/kg DM)

	
	Milk yield (kg/day)
	Concentrate
	Silage
	Grass
	Total
	
	g/day
	g/kg DM
	
	g/day
	g/kg DM
	
	g/day
	g/kg DM

	January
	1
	0.6
	11.6
	0.0
	12.2
	
	33.1
	2.7
	
	43.8
	3.6
	
	43.8
	3.6

	February
	5.1
	1.7
	7.0
	0.9
	9.6
	
	32.6
	3.4
	
	35.9
	3.8
	
	36.4
	3.8

	March
	11.9
	3.2
	4.5
	3.6
	11.2
	
	42.8
	3.8
	
	43.0
	3.8
	
	44.8
	4.0

	April
	20.0
	2.9
	1.7
	7.9
	12.5
	
	54.9
	4.4
	
	44.7
	3.6
	
	48.7
	3.9

	May
	20.4
	1.7
	0.0
	11.3
	12.9
	
	55.5
	4.3
	
	42.5
	3.3
	
	48.1
	3.7

	June
	20.0
	1.7
	0.0
	11.8
	13.4
	
	54.9
	4.1
	
	43.8
	3.3
	
	49.7
	3.7

	July
	18.0
	1.7
	0.0
	11.7
	13.3
	
	52.0
	3.9
	
	43.5
	3.3
	
	49.4
	3.7

	August
	16.8
	1.7
	0.0
	11.5
	13.2
	
	50.2
	3.8
	
	43.2
	3.3
	
	48.9
	3.7

	September
	15.6
	1.7
	0.0
	11.2
	12.9
	
	48.3
	3.8
	
	42.3
	3.3
	
	47.9
	3.7

	October
	13.2
	1.7
	1.4
	9.8
	12.8
	
	44.7
	3.5
	
	42.7
	3.3
	
	47.6
	3.7

	November
	9.6
	1.7
	7.1
	3.7
	12.5
	
	46.0
	3.7
	
	44.5
	3.6
	
	46.4
	3.7

	December
	3.5
	2.0
	8.8
	0.0
	10.8
	
	36.9
	3.4
	
	41.2
	3.8
	
	41.2
	3.8

	Mean
	
	
	
	
	
	
	46.0
	3.7
	
	42.6
	3.5
	
	46.1
	3.8


Table 5
Impact of silage and concentrate phosphorus content, and concentrate intake, on total ration P content (g/kg DM)*

	
	
	Concentrate intake (kg/day)

	Silage P content
(g/kg DM)
	Concentrate P content
(g/kg DM)
	4.0
	8.0
	12.0
	16.0

	2.0
	4.5
	2.7
	3.0
	3.3
	3.6

	
	5.5
	2.9
	3.4
	3.8
	4.2

	
	6.5
	3.2
	3.8
	4.3
	4.8

	3.0
	4.5
	3.4
	3.6
	3.8
	3.9

	
	5.5
	3.7
	4.0
	4.3
	4.6

	
	6.5
	3.9
	4.4
	4.8
	5.2

	4.0
	4.5
	4.1
	4.2
	4.3
	4.3

	
	5.5
	4.4
	4.6
	4.8
	4.9

	
	6.5
	4.7
	5.0
	5.3
	5.6


*
Shaded section represents rations with P concentrations of less than 3.6 g P/kg DM (P levels assumed as potentially inadequate)
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Figure 1
Effect of dietary phosphorus level (High phosphorus, ■ : Low phosphorus, --□---) on plasma phosphorus concentrations over four successive lactations (Ferris et al., 2010a)
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Figure 2
Regression plot showing the NIRS prediction of phosphorus in fifty fresh grass silage samples, on a fresh basis, compared to the actual P content measured using ICP-AES (R.S. Park, Unpublished data)
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Figure 3
Impact of adopting a number of management strategies on farm P balance (Scenario 1, industry norm: Scenario 2, reduced P concentrates:  Scenario 3, Zero P fertiliser policy; Scenario 4, reduced P concentrates and zero P fertiliser policy)
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Figure 4
Flow weighted mean concentrations of total phosphorus measured in runoff generated two days after manure application during the Spring, Summer and Winter 
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SECTION II
LABOUR STUDIES

Background to labour research programme
Labour, including family labour, constitutes a major cost on Northern Ireland dairy farms (approximately 4-5 pence/litre of milk produced).  Reducing the input of paid labour offers a very real opportunity by which milk production costs can be reduced.  However, the inevitable result is that the workload of the farmer will increase.

To remain profitable, many farmers have expanded output by increasing animal numbers, an approach which will almost invariably result in increased labour requirements.  However, in the majority of cases where cow numbers have increased, there has not been a corresponding increase in the number of labour units on the farm, the current workforce simply taking on the extra workload.  

Social changes are taking place within the farming community, with younger farmers placing an increasing emphasis on lifestyle.  For example, many younger farmers now expect to spend more time with their families and to take holidays throughout the year as do their urban counterparts.  This in turn increases pressure on labour requirements, and on the daily workload that farmers are prepared to endure.
In situations where additional labour can be justified, the availability of skilled labour may be a limiting factor.
In view of the above, there is increasing interest in options to adopt more labour efficient production systems on dairy farms.  To address this issue a series of studies were undertaken at AFBI-Hillsborough to examine the impact of a range of management systems on cow performance and labour inputs.  These studies examined a number of areas, including: different winter feeding systems, night time housing of cows, and frequency of spreading fertiliser nitrogen.   Two experiments were conducted within each area.  Full details of each of these experiments follow, with the research presented in the form of published scientific papers.
Dairy cow performance and labour inputs associated with two silage feeding systems
C. P. Ferris, J. P. Frost, R. C. Binnie and D. C. Patterson
Grass and Forage Science, 61:  304–314.
Abstract

Two experiments were conducted to examine the effect of two winter feeding systems on the performance of early lactation dairy cows.  Experiments 1 (144 days duration) and 2 (146 days duration) involved 64 (primiparous) and 86 (primiparous and multiparous) Holstein Friesian dairy cows respectively.  Rations offered comprised grass silage, maize silage (0.26–0.29 of forage dry matter) and concentrates (10–12 kg day-1).  With treatment CD (Complete diet), the forage and concentrate components were mixed using a complete diet mixer wagon, and offered daily in the form of a ‘complete diet’.  With treatment EF (Easy feed), the dairy cows were offered the forage component of the ration twice weekly in whole blocks, in quantities sufficient for the following three- or four-day period, while the concentrate component of the diet was offered via electronic out-of-parlour feeding stations.  Total dry matter intakes were similar, namely 17.6 and 17.0 kg day-1 (Experiment 1) and 18.7 and 18.5 kg day-1 (Experiment 2), for treatments CD and EF respectively.  Feeding system had no significant effect on milk yield, milk fat or milk protein content, or on end-of-study indices of body tissue reserves in either experiment (P > 0.05).  Similarly, feeding system had no significant effect on the digestibility of the ration measured in Experiment 2 (P > 0.05).  Feeding times associated with each component of the two feeding systems were measured, and these were then used to calculate total feeding time for a 97-cow dairy herd.  Calculated feeding times for this herd were 209.3 and 156.0 minutes week-1 for treatments CD and EF respectively.
Keywords: dairy cows, feeding system, labour requirements, complete diets, mixed rations

Introduction

As labour costs increase, and as the availability of skilled labour falls, labour has become an increasingly important issue on United Kingdom (UK) and Irish dairy farms.  In addition, expansion without additional labour units, diversification, the uptake of off-farm employment, and changing lifestyle expectations, all place extra pressures on the use of labour resources.  As a consequence, there is increasing interest in options to make more efficient use of labour on farms, and especially on dairy farms.

Winter feeding is one area where there may be potential to reduce labour inputs on dairy farms, especially since winter feeding systems have become increasingly complex on many farms.  However, while a number of earlier studies, involving on-farm surveys (ADAS, 1980; Murphy et al., 1978; Forristal, 1992), quantified work rates associated with different feeding systems, this subject appears to have received relatively little attention recently.  Exceptions include the work of Nydegger and Schick (2004) and a survey of spring-calving dairy herds in Ireland in which ‘feeding’ was found to account for 0.11 of the annual labour input (O’Brien et al., 2002).  With autumn-calving herds, the time associated with feeding is expected to be much greater.

A number of studies, including recent work by Gordon et al. (1995) and Yan et al. (1998), have compared ‘complete diet’ feeding systems with systems where the forage and concentrate components of the diet were offered separately.  However, with the ‘separate’ feeding system in many of these studies, the silage component of the diet was mixed using a mixer wagon prior to feeding, and offered daily.  In practice when silage and concentrates are offered separately, the silage is likely to be offered in whole blocks or part blocks along a feed barrier and, in addition, each block is likely to be on offer for more than a single day.  To address the practical shortcomings associated with a number of earlier studies, two experiments were conducted to examine performance of dairy cows associated with two winter feeding systems, namely daily complete diet feeding, and separate feeding of the forage and concentrate components.  The latter system was specifically designed to incorporate twice-weekly feeding of whole blocks of silage.  In addition, an assessment of labour requirements associated with each of the two feeding systems was made.

Materials and Methods

Two studies were conducted to examine performance of dairy cows associated with two winter feeding systems, with silage quality, level of concentrate feeding and parity of the cows differing between studies.  Throughout these studies, dairy cows were housed in cubicle accommodation in a single cowshed.

Dairy cows

Experiment 1 involved 64 primiparous winter-calving (mid-September to late January) Holstein Friesian dairy cows [mean calving date, 12 November 2001 (s.d. 39 days)].  The dairy cows were of high genetic merit and had a predicted transmitting ability (Swanson, 1991) for milk fat + protein yield, expressed using the year 2000 as a baseline (PTA2000), of 40.1 (s.d. 7.32) kg.  Thirty-two dairy cows were allocated to each of the two winter feeding systems (‘easy feed’ [treatment EF] or ‘complete diet’ [treatment CD]) within 48 h of calving, with dairy cows remaining on the study from calving until 5 April, a mean of 144 days.  All dairy cows completed the study. 
Experiment 2 involved 86 winter-calving (mid-September to late February) Holstein-Friesian dairy cows.  Twenty-four of these animals were primiparous while the remainder were in their second lactation.  Dairy cows were of high genetic merit, and had a predicted transmitting ability for milk fat + protein yield (PTA2000) of 37.0 (s.d. 10.88) kg.  As in Experiment 1, dairy cows were allocated to two winter-feeding systems (43 per system) within 48 h of calving, with dairy cows remaining on the study from calving until 9 April.  Eight dairy cows, six from treatment CD and two from treatment EF, did not complete the study for the following reasons: acute mastitis (n = 3), ‘abomasal catastrophy’ (n = 1) recurring displaced abomasum (n = 1) and injury (n = 3).  None of these illnesses were believed to be a consequence of the experimental regimes imposed.  Dairy cows, that completed the study, had a mean calving date of 14 November (s.d. 48.6 days), and remained on the study for a mean of 146 days.

Rations offered

The rations offered during each of Experiments 1 and 2 comprised grass silage, maize silage and concentrates.  The grass silage offered in Experiment 1 was produced from primary growth herbage harvested between 21 and 23 May, following a 36–48 h period of rapid wilting.  Herbage was harvested, using a precision chop forage harvester, and treated with a bacterial inoculant at harvest.  The maize silage (variety Loft) was harvested on 1 November and introduced into the ration at proportionally 0.33 of forage DM from 10 November onwards.  The level of concentrate supplementation (kg day–1) was increased incrementally during the first 20 days post-calving according to the following pattern: 4.0 kg (calving to day 5), 6.0 kg (days 6–10), 8.0 kg (days 11–20) and 10.0 kg (day 20 onwards).  Of the daily concentrate allowance, 0.5 kg day-1 was offered in the milking parlour at the time of milking, 0.25 kg at each milking, with the remainder being offered as outlined in the description of treatments CD and EF.  The concentrate component of the diet consisted of one of two concentrate types, differing only in mineral content, with these different concentrates being offered as part of a separate study.  Each concentrate type was offered to an equal numbers of dairy cows within each of the two experimental feeding systems.  The ingredient composition of these concentrates, excluding the mineral/vitamin element, was as follows: barley, 160 kg t-1; wheat, 160 kg t-1; molassed sugar-beet pulp, 140 kg t-1; citrus pulp, 95 kg t-1; maize gluten, 105 kg t-1, soya bean meal, 220 kg t-1; rape meal, 75 kg t-1; and molasses, 15 kg t-1.

In Experiment 2, grass silage produced from primary regrowth herbage (harvest dates, 6 August and 16 August) was offered until 13 January, while grass silage produced from primary growth herbage (harvest dates, 27–29 May) was offered thereafter.  Both silages were harvested using a precision chop forage harvester within several hours of mowing and treated with a bacterial inoculant at harvest.  The maize silage offered in Experiment 2 (variety Tassello) was treated with a bacterial inoculant at harvest on 15 October and was introduced into the ration at proportionally 0.30 of forage DM from 13 November onwards.  Levels of concentrate supplementation (kg day-1) for primiparous dairy cows were incrementally increased during the first 20 days post-calving according to the following pattern: 4.0 kg (calving to day 5), 6.0 kg (days 6–10), 8.0 kg (days 11–20) and 10.4 kg (day 20 onwards).  The respective levels of supplementation for second-lactation dairy cows were 6.0, 8.0, 10.0 and 13.0 kg day-1.  Of the daily allowance of concentrate, 1.0 kg day-1 was offered in the milking parlour at the time of milking, 0.5 kg at each milking, with the remainder being offered as outlined in the description of treatments CD and EF in Experiment 1.  As in Experiment 1, two concentrates, differing only in level of mineral inclusion, were offered equally across the two winter feeding systems.  The ingredient composition of these concentrates, excluding the mineral/vitamin element, was as follows: barley, 155 kg t-1; wheat, 155 kg t-1; molassed sugar-beet pulp, 170 kg t-1; citrus pulp, 145 kg t-1; soya bean meal, 255 kg t-1; rape meal, 70 kg t-1; and molasses, 20 kg t-1.

Feeding system treatments

In Experiments 1 and 2, the experimental rations were offered in the two treatments via either an ‘easy-feed’ (treatment EF) or ‘complete diet’ (treatment CD) system.  With treatment EF, dairy cows were offered the forage component of the ration twice weekly (Tuesday and Friday) in quantities sufficient for the following three- or four-day period.  Blocks of silage were placed along a feed passage, at 90o to a series of feed barriers (‘Cow Pow’, O’Donovan Engineering Co Ltd, Coachford, Cork, Ireland) mounted on wheels, and attached to upright reinforced steel joists by a hinge mechanism.  This hinge mechanism allowed the barriers to extend 112 cm beyond their ‘resting’ position.  Thus cows were able to push the barriers out whilst eating their way through the blocks of silage placed along the feed barrier.  The feed barriers were subdivided into individual ‘dovetail’ feed spaces (four or five spaces per barrier), with an average of three dairy cows per feed space.  On the evening prior to fresh feed being offered, silage, that had been pushed or tossed beyond the reach of the cows, was pushed in by hand.  Uneaten silage was removed from the feed barrier before fresh silage was offered, with fresh silage being offered so that the uneaten proportion over the three or four-day period was proportionally 0.1 of a single day’s intake.

During feeding, blocks of grass silage and maize silage were removed from the silo using a ‘reverse drive tractor’ (Multi Function Tractor [MFT], QMI Limited, Moffet Engineering, Dundalk, Ireland), fitted with a block cutter (1.8 m cutting width).  The weight of silage in each block was recorded using a commercial weigh-bridge (accuracy, +10 kg) and the appropriate quantity of each forage, necessary to achieve the target maize silage:grass silage DM ratio, was offered.  Maize silage and grass silage blocks were ‘inter-mixed’ along the barriers, with every effort taken to minimize disturbance of the blocks during release from the block cutter.  With the system in treatment EF, the concentrate component of the ration, in the form of a pellet, was offered via two electronic out-of-parlour feed stations, the daily allocation being split between four equal time periods over each 24-h period.  Concentrate allowances are described above.

With the system on treatment CD, the forage and concentrate components were offered in the form of a ‘complete diet’, prepared daily using a mixer wagon (Redrock 11 FD Varicut, Redrock Engineering, Armagh, N. Ireland, UK).  Blocks of grass silage and maize silage were removed from the silo and transferred into the mixer wagon using the block-cutting equipment described above.  After the forages were mixed for approximately four minutes, the concentrate component of the ration, in the form of a meal, was added from an overhead tower, and mixing continued for a further six minutes approximately.  Levels of inclusion of concentrate were calculated according to the number of days that individual dairy cows in the group had calved, as described earlier.  The complete diet was then transferred from the mixer wagon into a series of feed boxes, with access to each box controlled via a Calan gate feeding system linked to automatic cow identification, thus permitting automated recording of feed intakes, as described by Forbes et al. (1986).  An average of three dairy cows shared each gate.  This ‘complete diet’ was prepared and offered daily at proportionally 1.1 of the previous day’s intake.  As with treatment EF, uneaten feed was removed twice-weekly on Tuesday and Friday of each week.  To account for the loss of concentrates within this uneaten feed (approximately 0.1 of the daily concentrate allowance), concentrate was added twice weekly (Tuesday and Friday) to the mix at proportionally 1.1 of that day’s requirement.  The use of the Calan gate feeding system with this treatment, rather than a conventional easy-feed barrier, was necessitated by the requirement for the measurement of the intakes of individual dairy cows in another study.  A previous experiment (Ferris et al., 2002) had demonstrated that intakes were unaffected when cows had access to feed, either via a Calan-gate feeding system, which permitted a maximum of three dairy cows to feed at any one time, or a conventional easy-feed barrier which permitted a maximum of eight dairy cows to feed at any one time.

Measurements

Throughout Experiments 1 and 2, dairy cows were milked twice daily, between 06:30 h and 08:30 h, and between 16:00 h and 18:00 h, with milk yields recorded at each milking.  Milk was sampled and analysed on a fortnightly basis as described by Gordon et al. (2000).  With treatment EF, group intakes were determined twice weekly as the difference between the weight of forage placed in front of the barrier and the weight of silage remaining uneaten, either three or four days later.  As a consequence of the nuzzling activity of cows, the uneaten feed was normally a homogenous mix of maize silage and grass silage and it was assumed to contain the same proportions of the two feeds, on a DM basis, as was offered.  However, on a number of occasions during Experiment 1, part blocks of maize silage remained uneaten due to aerobic deterioration within the blocks.  The weight of these part blocks was recorded and accounted for in the calculation of intake of silage.  For the EF treatment, total forage intake over the winter period was determined for the entire ‘herd’, with daily DM intakes then calculated by dividing this ‘total experimental intake’ by the total number of cow feeding days.  With treatment CD, the intakes of grass silage, maize silage and concentrates were calculated assuming no preferential selection from the ‘complete diet’ offered.  Although individual cow intakes were available from the Calan-gate system, mean intakes for treatment CD were calculated using the same methodology as described for treatment EF.  Live weights and body condition scores were recorded weekly throughout the experiment.
In Experiment 2, the effect of feeding system on nutrient utilization was examined using four dairy cows from each of treatments EF and CD, with these dairy cows being a mean of 114 (s.d. 22.7) days calved at the start of the nutrient utilization study.  The dairy cows were removed from their treatment group two days prior to the commencement of the nutrient utilization study and tied in individual stalls within a cow-shed, while continuing to be offered their treatment rations.  With treatment CD, rations for each dairy cow were prepared individually using a mini-mixer, with ration ingredients being mixed in the same proportions as used with treatment CD at the time of the nutrient utilization study.  With treatment EF, the individual tie-stall system did not permit the forage component of the diet to be offered twice weekly, but rather grass silage and maize silage were offered once daily during the nutrient utilization study.  The concentrate component of the diet was divided between four equal feeds, offered at 06:00, 11:00, 16:00 and 23:00 h.  As in the main study, 0.5 kg of concentrate was offered at each milking with both treatments.  The study of the digestibility of the ration lasted for six days and was undertaken using the technique described by Mayne and Gordon (1984).  One dairy cow on treatment CD was removed from the study for health reasons and returned to the main experimental group.
Silages offered were sampled daily and analysed for oven dry matter (DM) concentrations.  Dried samples (twice weekly) were bulked for each four-week period and analysed for concentrations of neutral-detergent fibre (NDF), acid-detergent fibre (ADF), ash and water-soluble carbohydrates (WSC).  Samples of maize silage were dried at 60°C twice weekly, bulked for each four-week period, and analysed for starch.  Twice weekly, fresh samples of maize silage and grass silage were analysed for gross energy, N, ammonia-N, pH and volatile components.  The digestibility of each of the silages offered during the study was determined using castrated male sheep confined in digestibility crates (four per silage).  Each batch of concentrate produced was sampled and a bulked sample for each 4-week period was analysed for oven DM content, with the dried sample subsequently analysed for N, ADF, NDF, gross energy (GE) and ash concentrations.  In Experiment 2, a concentrate sample, dried at 60°C, was similarly bulked and analysed for starch concentrations.  The silages and concentrates offered were analysed as described by Cushnahan and Gordon (1995), with the exception of the GE concentration of the silages, which was determined on a fresh sample, as described by Porter (1992).

Labour inputs, associated with each of the two feeding systems, were measured at various stages during Experiment 1.  Twelve major labour components were identified across the two feeding system treatments.  The times taken for each component were separately timed by an observer with a digital stopwatch.  The elapsed times (minutes and seconds) for each labour component were expressed as unit per second or second per unit (Table 4) prior to calculating means.  However, because the experimental feed boxes used on treatment CD required individual filling, it was considered that measuring the time taken to fill these boxes would not have given a ‘normal’ on-farm time.  In addition, in the CD treatment there was no need to push in loose silage, as would have been required daily with a conventional easy-feed barrier.  For the EF treatment, due to the small number of dairy cows involved, loose silage was pushed in by hand, rather than by a tractor and ‘scraper attachment’ as would be normal practice.  Consequently, time measurements relating to ‘discharging wagon’ and ‘pushing in uneaten silage’ were made in a “standard house” with non-experimental cows that were offered a diet similar to those used in the current experiments.  The “standard house” had a ‘normal feed passage’ in which cows were fed with the same mixer wagon used on the CD treatment and the loose silage was pushed-in with a tractor fitted with a rear-scraper attachment.  For treatment CD, it was assumed that there was no need to attach or detach the mixer wagon from the tractor on a daily basis.  For treatment EF, times associated with filling, programming and monitoring the electronic out-of-parlour feeding system were not measured.  For both treatments CD and EF, it was assumed that the block cutter remained permanently attached to the “reverse-drive” tractor.  Times associated with disposing of uneaten silage from the feed passages were not recorded for either system.

Statistical analysis

Statistical analysis of data of individual DM intakes was not possible due to measurements representing group intakes.  All other data on the dairy cows were analysed by analysis of variance.  In the analysis of data on total milk output, post-calving live weight and ‘days on study’ were used as covariates in Experiment 1 while, in Experiment 2, lactation number was also included as a covariate.  Data on daily milk production and milk composition were analysed without the use of covariance.  Post-calving live weights and body condition scores were used as covariates in the analysis of the data on final live weights and body condition scores.  Data on nutrient utilization in Experiment 2 were analysed by analysis of variance, with an unequal number of replicates.  All statistical analyses were conducted using Genstat for Windows (6th edition).  Standard deviations of the mean times were estimated for each labour component measured.

Results

The grass silage offered in Experiment 1 (Table 1) was of a high feeding value (DM content, 348 g kg-1; crude protein concentration, 167 g kg-1) and was well preserved (ammonia-N concentration, 55 g kg-1 total N) while the maize silage offered was of a much lower feeding value (DM content, 243 g kg-1; starch concentration, 102 g kg-1 DM).  The grass silage offered had a DM digestibility and a digestible organic matter in the DM (DOMD), determined using sheep, of 0.809 (s.d., 0.0074) and 0.749 (s.d., 0.0081), while the respective values for the maize silage were 0.655 (s.d., 0.0184) and 0.637 (s.d., 0.0159).  In Experiment 2 the reverse was true, with the grass silages offered having a mean DM content and crude protein concentration of 216 g kg-1 and 109 g kg-1 DM respectively, while the maize silage offered had a DM content of 282 g kg-1 and a starch concentration of 241 g kg-1 DM.  The DM digestibility and DOMD of the grass silage offered until 13 January was 0.725 (s.d., 0.0324) and 0.693 (0.0267), while the equivalent values for the grass silage offered from 14 January until the end of the study were 0.723 (s.d., 0.0304) and 0.691 (s.d., 0.0252) respectively.  The maize silage offered had a DM digestibility and DOMD of 0.693 (s.d., 0.0182) and 0.685 (s.d., 0.0187) respectively.  Although not analysed statistically, total DM intakes were 0.6 (Experiment 1) and 0.2 (Experiment 2) kg day-1 greater on treatment CD compared to treatment EF (Table 2).  Feeding treatment had no significant effect on any of the milk production variables examined in either experiment (P > 0.05).  Similarly, neither live weight nor body condition score at the end of the study were significantly affected by treatment in either experiment (P > 0.05).  Feeding system had no significant effect on any of the digestibility coefficients measured, or on the estimated metabolizable energy concentration of the diets offered (P > 0.05).

Details of the 12 major labour components identified, together with the mean recorded time and the number of observations for each component, are presented in Table 4.  In order to calculate total feeding times for each of the CD and EF treatments, a number of assumptions were made: intakes of grass silage, maize silage and concentrates for both CD and EF treatments, 6.35, 2.6 and 8.35 kg DM cow-1 day-1 respectively (mean of Experiment 1 intakes): DM contents of feeds as in Experiment 1; cows on treatment CD fed once per day; cows on treatment EF fed twice per week; capacity of mixer wagon, 3750 kg fresh weight; wagon mixing time, 6 minutes per wagon (as per manufacturers recommendations: Gordon et al., 1995); length of feed passage, 0.67 m head-1 (SAC, 2001); transport distance from silos to cow-shed, 50 m (100 m return); and on treatment EF distance from cow-shed door to feed barrier, 20 m.

Based on the above assumptions, feeding times for each of the two feeding system treatments have been calculated (Table 5).  These calculations relate to a 97-cow dairy herd, this being the number of dairy cows that can be fed with one ‘full mixer wagon’ when the above assumptions are applied.  The main components contributing to differences in labour requirements between the two systems include, in the case of treatment CD, adding silage and concentrate to the wagon and mixing the feed in the wagon, and in the case of treatment EF, transporting feed to and from the cow-shed.  Total weekly feeding times for a 97-cow herd were calculated to be 209.3 and 156.0 minutes for treatments CD and EF respectively, equivalent to 2.16 and 1.61 minutes cow-1 week-1 for treatments CD and EF respectively.

Discussion

Two experiments were conducted to examine the performance of dairy cows associated with daily complete diet feeding and separate feeding of concentrates and silage, silage being offered twice weekly with the latter feeding system.  An assessment of feeding times associated with the two feeding systems was also made.  While the feeding systems examined in each of the two experiments were similar, concentrate feed levels, animal parity and forage quality differed between experiments.  Repeating the experiment with forages of different qualities was considered particularly important in view of possible feeding system x forage quality interactions.  The layout of the housing and feeding area meant that ‘replication’ of each system was not possible within an experiment, and as such, individual animals were used as the experimental units.  The latter was considered acceptable as adequate feed places per animal were provided.  If groups had been considered as the experimental unit, the number of groups necessary to allow potentially small treatment differences to be identified, would have been prohibitive.
I) Dairy cow performance

A key difference between the current experiments and many previous comparisons, e.g. those of Gordon et al. (1995) and Yan et al. (1998), was that the forage component of the ration in treatment EF was offered twice weekly rather than daily, while in addition, the forage was offered in entire blocks and was not mixed prior to feeding.  Thus the current experiments represent more closely what happens on farms, where silage is often offered in entire blocks which are consumed over a number of days.  Separating out the potential impact on the performance of dairy cows of the different feeding frequencies, adopted in the current experiments, is difficult.  While a number of studies have compared the effect of frequency of offering complete diets (Stanley and Morita, 1967; Nocek and Braund, 1985; Thivierge et al., 2002) and forages (Woodford et al., 1986; Ruiz and Mowat, 1987; Thiago et al., 1992) within a 24-hour period, few studies have compared the effect of frequency of feeding over longer time intervals.  In one exception (Phillips and Rind, 2001), daily complete diet feeding was compared with complete diet feeding on alternate days, with the latter associated with increased intakes and performance of dairy cows.  Offering food to cattle is associated with increased activity and aggression between animals (Arnold and Grassia, 1983), and it has been suggested that as other mammals do not appear to be able to anticipate the offering of food at intervals of greater than 26 hours, feeding cattle on alternate days may eliminate the anticipation of the event, with behavioural observations indicating that cattle fed every other day were more ‘content’ (Phillips and Rind, 2001).  While the impact of feeding frequency on behaviour of the dairy cows was not assessed in the current study, Nydegger and Keil (2002) examined the performance and feeding behaviour of dairy cows when maize silage, grass silage and sugar beet pulp silage were offered daily in the form of a complete diet, or as separate blocks every three to five days.  In each case, feed was pushed towards the cows using an ‘automatic feed pusher’.  While feeding system had no effect on time spent at the feed barrier, or on milk yields measured over three-week periods, dairy cows offered the ‘blocks’ experienced a high degree of displacement at the feeding barrier, compared to those offered the complete diet.  It was suggested that this was a consequence of dairy cows preferring one feed relative to another.
The impact of offering grass silage in blocks, as in the current study, rather than loose, as in previous studies, does not appear to have been investigated previously.  While it might be expected that loose silage would be prehended easier than silage that must be removed from a compacted block, it is also possible that mixing reduces the density of the silage, resulting in less silage being consumed within each bite, thus necessitating an increased biting rate or a longer feeding time to maintain DM intakes.  In addition, it might be expected that blocks of silage would begin to deteriorate while sitting in front of a feed barrier for three to four days, and that this potentially could have a negative impact on DM intake and performance.  Aerobic deterioration was indeed a problem with the maize silage offered early in Experiment 1, with maize silage sometimes having deteriorated to such an extent by day three or four that cows refused to eat it.  Indeed this was probably the primary reason for the 0.4 kg lower DM intake of maize silage with the easy-feed system in Experiment 1.  This problem arose due to the slow feed-out rate of maize from the unstable front ramp area of the silo and was resolved when feeding out rate increased and the silage on offer was removed from a more compacted area of the silo.  Aerobic deterioration of grass silage was not observed to occur during either experiment.  However a key practical management issue with treatment EF was to ensure that silage removed from the silo had not deteriorated, and that the blocks of silage were discharged from the block cutter with minimum disturbance.  Disturbance at the silo face during removal of the blocks will encourage aerobic deterioration and this will be further exacerbated if blocks are disturbed during discharge by the block cutter.

While statistical analysis of DM intake data from the current studies was not possible, intakes, although numerically greater (by 0.6 and 0.2 kg DM cow-1 day-1 in Experiments 1 and 2 respectively) with treatment CD, were unlikely to have been significantly different.  However, the lack of a treatment effect on either milk production or milk composition in the current experiments is unequivocal.

In a review of thirteen comparisons of complete diet feeding versus separate feeding of concentrates (Gordon et al., 1995), average daily DM intakes and milk yields were proportionally 0.06 and 0.04 greater with cattle offered feed in the form of a complete diet.  In two more recent studies involving high-yielding dairy cows (Gordon et al, 1995; Yan et al., 1998), total DM intake was unaffected by feeding system, while milk yield was significantly increased with complete diet feeding in the former study.  In most of the studies reviewed by Gordon et al. (1995), feeding system had either no, or only a small effect, on milk composition.  In rationalising the findings of the thirteen comparisons reviewed, Gordon et al. (1995) concluded that intake, and more particularly milk yield, responses to complete diet feeding, were most likely to occur when the proportion of concentrate in the diet was greater than 0.60, on a DM basis, and when studies involved high-yielding (> 28 kg milk day-1) cows in early lactation.  While the current studies involved dairy cows in early lactation with mean milk yields of 29.0 (Experiment 1) and 30.3 (Experiment 2) kg d-1, the mean proportions of concentrate were 0.48 and 0.54 in Experiments 1 and 2 respectively.

Positive responses at higher levels of concentrate feeding are likely to be due to the key nutritional advantages proposed for complete diet feeding, namely the synchronization of the supply of dietary fermentable energy and N in the rumen, and the minimization of fluctuations in patterns of rumen fermentation.  The former has been shown to increase the efficiency of microbial synthesis in the rumen of sheep (Sinclair et al., 1993).  In addition to possible effects of rumen synchrony, arising from the method of feeding concentrates, offering two forages of contrasting feeding value appeared to have a considerable effect on diet selection across the three- or four-day feed periods on treatment EF, and this may have led to a degree of rumen asynchrony.  For example, the grass silage offered in Experiment 1 was of exceptionally high feeding value (DMD, 0.809) while the maize silage offered was of a much lower feeding value (DM content, 243 g kg-1; starch concentration, 86 g kg-1 DM).  In Experiment 2 the reverse was true, with the grass silage having a DMD value of 0.725, while the maize silage had a DM content of 282 g kg-1, and a starch concentration of 241 g kg-1 DM.  Visual observation at the feed barrier indicated that grass silage was eaten in preference to maize silage in Experiment 1, while the reverse was true in Experiment 2.  These differences were on occasions very marked, and are likely to have resulted in very different grass silage:maize silage DM ratios being consumed over the course of the three- to four-day period.  Nevertheless, as noted previously, no aspect of performance of the dairy cows was affected by feeding system in either study.  Indeed, Chamberlain and Choung (2002) have questioned the magnitude of any response in milk yield achievable through increased microbial synthesis as a consequence of improved synchronisation of energy and nitrogen supply.  In addition, while levels of concentrate in the current study were below the level at which responses have been observed historically, it should also be noted that concentrates offered in the EF treatment were split between four time-periods each day, thus minimizing fluctuations in rumen fermentation patterns, and providing a degree of synchrony to nutrient supply to the rumen.  Nevertheless, the relatively high levels of concentrate feeding used meant that twice-daily feeding of concentrates in the parlour during milking was not an option.  In support of the fact that feeding system appeared to have little or no impact on rumen function, none of the measurements of digestibility examined in Experiment 2 were affected by feeding system, in agreement with the findings of Yan et al. (1998).  That feeding system had no effect on DM intake, ration digestibility or indices of body tissue reserves at the end of the study supports the absence of any effect on milk yield or milk composition observed between the two feeding systems.

While the feed barrier system used with treatment EF in the current study was moveable, similar outcomes in terms of performance might be expected with a system that involves placing whole blocks of silage between a pair of parallel fixed feed barriers, with the barriers positioned at a distance just wide enough for a tractor plus block cutter to deposit a block between them.
II) Labour requirements

Weekly feeding times, calculated for a 97-cow herd, were proportionally 0.25 lower with treatment EF, compared to treatment CD, a saving equivalent to 53.3 minutes per week.  When viewed within the context of a 40-hour working week, this saving is relatively small.  However, an alternative way to view this is that with the EF treatment, 78 minutes are required for feeding silage on two occasions each week, compared with approximately 30 minutes each day with CD.  Thus treatment EF might be particularly suited to a part-time dairy farmer, allowing feeding to be undertaken once at the weekend and once during the week.

While there appears to be few comparisons of labour requirements associated with different feeding systems, the relative increase in feeding times with systems based on complete diet mixer wagons is in agreement with the findings of an on-farm survey conducted by Forristal (1992).  In this survey, feed rates were 21.7 t h-1 with a tractor and front-mounted shear grab (1.6 m width), and 11.4 t h-1 with a complete diet mixer wagon.  While these feed rates are considerably greater than those which can be calculated in the current study (approximately 7.5 and 9.7 t h-1 with treatments CD and EF respectively), feeding rates are influenced by many factors including tidiness at the silo face and quality of yard surfaces (Forristal, 1992), degree of precision in weighing feeds, time spent mixing, transport speed, transport distance, loader type and weight of blocks cut.  For example, Forristal (1992), when calculating the above work rates, used a silage block weight of 640 kg, compared to 376 kg in the current study.

Travel distance from silos to the cow-shed, and the degree of utilization of the capacity of the mixer wagon, can also have a considerable impact on overall efficiency.  For example, doubling the transport distance from the silo to the cow-shed to 100 m (200 m return journey) would increase weekly feeding times for a 97-cow herd proportionately by 0.04 and 0.26 for treatments CD and EF respectively, equivalent to 2.24 and 2.03 minutes per cow per week respectively.  This differential reflects the extra time required to transport the blocks of silage to the cow-shed on treatment EF.  Alternatively, reducing the transport distance from the silo to the cow-shed to 25 m would reduce weekly feeding times for a 97-cow herd to 205 and 135 minutes for treatments CD and EF respectively.  In addition, increasing herd size to 120 cows (at 50 m from silo to cow-shed) results proportionately in a 0.42 increase in weekly feeding time with treatment CD to 296.5 minutes, while the equivalent feeding time with treatment EF was relatively unchanged at 193.5 minutes per week.  This reflects the inefficiency associated with using part-filled wagons, a 120-cow herd requiring the equivalent of 1.2 mixer wagons per day.

Conclusions

Feeding system had no significant effect on any aspect of performance of the dairy cows measured or on nutrient utilization.  While feeding times for a 97-cow herd on treatment EF were proportionally 0.25 less than on treatment CD, the absolute reduction in total feeding times with treatment EF was 53.3 minutes per week.
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Table 1 Chemical composition of feeds offered [g kg-1 dry matter (DM), unless stated otherwise]

	
	Experiment 1
	
	Experiment 2

	
	Grass silage
	s.d.
	Maize silage
	s.d.
	Concen-trate
	s.d.
	
	Grass silage
	s.d.
	Maize silage
	s.d.
	Concen-trate
	s.d.

	Oven DM content (g kg-1)
	335
	9.4
	230
	8.9
	873
	9.4
	
	198
	40.2
	268
	15.8
	870
	5.0

	Volatile corrected DM content (g kg-1)
	348
	
	243
	9.5
	
	
	
	216
	40.8
	282
	14.0
	
	

	Concentration of:
	
	
	
	
	
	
	
	
	
	
	
	
	

	Crude protein
	167
	7.3
	81
	3.5
	214
	7.3
	
	109
	15.6
	78
	4.36
	233
	11.1

	Gross energy (MJ kg-1 DM)
	18.4
	0.10
	18.8
	1.14
	17.9
	0.10
	
	19.3
	1.54
	18.6
	1.08
	18.0
	0.16

	Neutral-detergent fibre
	533
	18.0
	587
	9.3
	192
	18.0
	
	580
	33.5
	423
	25.0
	183
	23.3

	Acid-detergent fibre
	292
	13.0
	311
	8.3
	91
	13.0
	
	345
	37.9
	221
	17.3
	93
	13.3

	Ash
	89
	5.6
	57
	10.6
	79
	5.6
	
	82
	9.2
	38
	2.1
	82
	5.8

	Water-soluble carbohydrates
	35
	15.4
	7.8
	5.33
	
	
	
	11.5
	7.6
	7.2
	2.1
	
	

	Starch
	
	
	102
	20.2
	
	
	
	
	
	241
	41.7
	186
	17.7

	Ammonia-N (g kg-1 total N)
	55
	17.9
	83
	12.8
	
	
	
	85
	21.4
	72
	23.1
	
	

	Lactate
	81
	30.1
	63
	19.3
	
	
	
	82
	60.6
	24
	16.9
	
	

	Acetate
	11
	6.1
	32
	9.1
	
	
	
	40
	25.6
	33
	16.6
	
	

	Propionate
	0.3
	0.67
	0.5
	0.50
	
	
	
	2.5
	1.83
	0.8
	0.7
	
	

	pH
	3.98
	0.110
	3.86
	0.097
	
	
	
	3.93
	0.350
	3.98
	0.212
	
	


Table 2 Effect of feeding system treatment (treatment CD, complete diet; treatment EF easy feed) on performance of dairy cows

	
	Experiment 1
	
	Experiment 2

	
	Treatment CD
	Treatment EF
	s.e.m.
	Level of significance
	
	Treatment CD
	Treatment EF
	s.e.m.
	Level of significance

	Dry matter intake (kg day-1)
	
	
	
	
	
	
	
	
	

	Grass silage
	6.4
	6.3
	
	
	
	6.3
	6.2
	
	

	Maize silage
	2.8
	2.4
	
	
	
	2.1
	2.2
	
	

	Concentrate
	8.4
	8.3
	
	
	
	10.3
	10.1
	
	

	Total
	17.6
	17.0
	
	
	
	18.7
	18.5
	
	

	Total milk output (kg)
	4101
	4276
	63.5
	NS
	
	4170
	4264
	106.5
	NS

	Milk yield (kg day-1)
	28.4
	29.6
	0.44
	NS
	
	30.0
	30.6
	0.75
	NS

	Milk composition (g kg-1)
	
	
	
	
	
	
	
	
	

	Fat
	39.4
	38.5
	0.68
	NS
	
	41.8
	40.2
	0.75
	NS

	Protein
	33.5
	34.1
	0.36
	NS
	
	33.9
	33.9
	0.38
	NS

	Lactose
	50.6
	50.5
	0.22
	NS
	
	49.9
	49.9
	0.20
	NS

	Fat + protein yield (kg day-1)
	2.06
	2.14
	0.027
	NS
	
	2.2
	2.2
	0.48
	NS

	Final live weight (kg)
	539
	532
	5.8
	NS
	
	561
	556
	5.5
	NS

	Final body condition score 
	2.4
	2.3
	0.03
	NS
	
	2.5
	2.5
	0.04
	NS


NS, not significant

Table 3 Effect of feeding system on nutrient utilization (Experiment 2)

	
	Treatment CD
	Treatment EF
	s.e.m.
	Level of significance

	Dry matter intake (kg day-1)
	
	
	
	

	Grass silage
	6.6
	5.6
	0.20
	*

	Maize silage
	2.4
	2.4
	0.21
	NS

	Concentrate
	10.7
	11.4
	0.12
	*

	Total
	19.8
	19.4
	0.30
	NS

	Milk yield (kg day-1)
	30.0
	29.9
	1.21
	NS

	Digestibility coefficients
	
	
	
	

	Dry matter
	0.726
	0.735
	0.0056
	NS

	Organic matter
	0.750
	0.759
	0.0044
	NS

	Gross energy
	0.724
	0.734
	0.0049
	NS

	Nitrogen
	0.679
	0.706
	0.0084
	NS

	Acid-detergent fibre
	0.623
	0.610
	0.0122
	NS

	Digestible OM in DM (DOMD)
	0.697
	0.704
	0.0056
	NS

	Metabolisable energy 
(MJ kg-1 DM)
	11.8
	12.0
	0.16
	NS


*, P<0.05; NS, not significant

Table 4 Times taken (decimal minutes) for the main labour components of the complete diet (treatment CD) and easy feeding (treatment EF) systems.

	
	Mean
	s.d.
	n

	Block weights (kg fresh weight)
	
	
	

	Grass silage 
	376.4
	130.61
	50

	Maize silage
	312.2
	94.80
	25

	Common measurements
	
	
	

	Cutting block of grass silage (s)
	17.8
	5.38
	50

	Cutting block of maize silage (s)
	17.9
	3.84
	25

	Pushing-in uneaten silage (m s-1)
	0.15
	0.029
	25

	Complete diet (CD)
	
	
	

	Tipping block into wagon (grass silage, s block-1)
	23.4
	5.53
	28

	Tipping block into wagon (maize silage, s block-1)
	41.3
	5.75
	12

	Adding concentrate to wagon (kg s-1)
	9.7
	2.94
	22

	Travel speed to/from animal house (m s-1)
	1.5
	0.15
	21

	Discharge rate at feed passage (kg s-1)
	9.5
	4.40
	21

	Easy feed (EF)
	
	
	

	Travel speed to/from animal house (m s-1)
	2.4
	0.29
	38

	Travel speed in animal house (m s-1)
	1.1
	0.13
	44

	Place block at barrier (s block-1)
	34.6
	4.37
	44

	Time to reset feed barrier, clean wheels and manually clean standing area (s cow-1)
	4.2
	1.35
	25


Table 5 Calculated feeding times (decimal minutes) for a 97-cow dairy herd with daily complete diet feeding via a mixer wagon (treatment CD) or twice weekly easy feeding (treatment EF)

	
	Treatment

	
	CD
	EF

	Number of wagons per day
	1
	NA

	Number of blocks per week
	63.0
	58.0

	Time to cut blocks (min week-1)
	18.7
	17.2

	Time to tip blocks into wagon (min week-1)
	32.9
	NA

	Time to transport blocks or wagon from silo to cow house (min week-1)
	8.1
	41.1

	Time to add concentrate (min week-1)
	11.1
	NA

	Time to mix (min week-1)
	42.0
	NA

	Time to feed, move and clean barrier, clean central passage (min week-1)
	96.4
	97.6

	Total time (min week-1)
	209.3
	156.0

	Total time (min cow-1 week-1)
	2.16
	1.61


Effect of offering silage during housing at night on the performance of grazing dairy cows and on labour requirements
C. P. Ferris, R. C. Binnie, J. P. Frost and D. C. Patterson

Grass and Forage Science, 63:  138–151
Abstract
In the UK, dairy cows are increasingly housed at night throughout the grazing season.  However, there is limited information on cow performance and the impact on labour requirements when a forage supplement is offered during housing at night throughout the entire grazing season.  The effects of housing at night were studied in two experiments, in which two treatments were compared.  On treatment PG (part-grazing), dairy cows were given access to grazing by day and were offered grass silage while housed at night, and, on treatment CG (continuous grazing), dairy cows were given access to grazing both by day and by night.  Experiments 1 (138-d duration) and 2 (127-d duration) involved sixty (primiparous) and seventy-six (primiparous and multiparous) Holstein-Friesian dairy cows, respectively.  Concentrates were 
offered during milking at 4.0 and 3.0 kg cow d-1 in Experiments 1 and 2, respectively.  In Experiment 1, total milk output was significantly higher with treatment PG than treatment CG (P < 0.01) while the reverse occurred in Experiment 2 (P < 0.001).  Milk protein concentration was significantly higher with treatment CG in Experiments 1 and 2 (P < 0.001).  Cows on treatment CG in Experiment 2 had significantly higher body condition scores and live weights at the end of experiment than those on treatment PG (P < 0.05).  Weekly labour requirements were calculated to be proportionally 0.04 lower on treatment PG than on treatment CG.  When offered silage during housing at night, the response of grazing dairy cows was largely determined by the grazing conditions encountered and the quality of the forage offered.

Key words: dairy cows, grazing, housing at night, labour requirements

Introduction
During the grazing season in temperate regions, most dairy cow systems involve cows grazing both by day and by night.  However, an increasing number of herds are now managed within total confinement systems, or in systems in which cows graze by day while being housed at night.  Reasons for this include attempting to meet the greater nutrient requirements of high-yielding cows, larger herd sizes resulting in the grazing area within walking distance of the milking parlour being insufficient to support full-time grazing, and the fragmented nature of many farms resulting in cows having to cross or walk along roads that are increasingly congested with traffic.  While silage-concentrate mixes are often offered within these complete or partial confinement systems, offering silage without a concentrate supplement removes the need for a complete diet mixer wagon and reduces the cost of the ration.  In addition, in many situations additional concentrate feeding may not be necessary, either due to the yield potential of the cows, or sufficient forage being available on the farm but outside of the grazing area. 
A number of previous studies have examined the effect of offering grass silage during periods of housing at night (Phillips and Leaver, 1985; Aston et al., 1987; Roberts and Kelly, 1990).  However, only the latter study was conducted over the whole grazing season, the other studies being undertaken over relatively short periods of time, primarily in early season when herbage quality was high.  While these short-term studies tend to suggest that housing at night is associated with a reduction in the performance of dairy cows, the quality of the forage supplement offered, and the grazing conditions encountered, might be expected to influence the responses observed.  Moreover, the implications of housing cows at night on labour requirements has not been examined previously, with this being of particular importance at present in view of increasing labour costs and the reduced availability of skilled agricultural labour.  Housing cows at night will affect the labour required for herding, silage feeding, and slurry and pasture management.

To address these issues, two experiments were conducted over the entire grazing season with the aim of comparing the performance of dairy cows when managed on either a full-time grazing regime, or a part-grazing and part-housing regime, with grass silage being offered during housing at night with the latter.  In addition, the experiments examined labour inputs associated with each of the two systems.

Materials and methods
Two experiments were conducted during consecutive years (2002 and 2003) at the Agri-Food and Biosciences Institute (formerly the Agricultural Research Institute of Northern Ireland: latitude 54(27'N; longitude 06(04'W).  While the experiments were similar in design, the quality of the conserved forages offered and the grazing conditions encountered differed between the experiments.

Dairy cows
Experiment 1 involved 60 primiparous Holstein-Friesian dairy cows with cows having a mean predicted transmitting ability (Swanson, 1991) for fat + protein yield (PTA2000) of 39.8 (s.d. 7.17) kg, and a mean live weight of 524 (s.d. 38.1) kg.  The cows were winter-calving, and had a mean number of days in lactation of 171 (s.d. 39.5) when the study started on 2 May 2002.  Experiment 2 involved 76 Holstein-Friesian dairy cows, comprising 22 primiparous and 54 multiparous cows.  These cows had a mean number of days in lactation of 171 (s.d. 48.9), when the study started on 5 May 2003, and had a mean PTA2000 fat + protein yield of 39.2 (s.d. 7.40) kg, and a mean live weight of 547 (s.d. 50.7) kg.  The 54 multiparous cows used in Experiment 2 were used previously in Experiment 1.  However, cows from each treatment in Experiment 1 were divided between each of the two treatments in Experiment 2, thus eliminating the potential for bias arising from ‘carry over’ effects.

Treatments and management systems

During the winter periods prior to the start of both experiments, cows were offered diets comprising grass silage, maize silage and concentrates, the latter included in the diet at 10.0-12.5 kg cow-1 d-1.  From 5 April (Experiment 1) and 9 April (Experiment 2), cows were given access to grazing for periods of increasing duration while continuing to be offered their winter diets during the part of the day when they were housed.  Amount of concentrates was gradually reduced during this transition period so that cows were offered 6.0 kg concentrate d-1 at the start of Experiment 1 (2 May).  At the start of Experiment 2 (5 May), primiparous and multiparous animals were offered 4.0 and 5.0 kg concentrate d-1, respectively.  In Experiments 1 and 2, a full grazing cycle (see below) was completed during this transition period.
On completion of this transition period, cows were allocated to either a part-grazing, part-housing regime (treatment PG), or a whole-grazing regime (treatment CG), with treatment groups balanced for days in milk, PTA2000 fat + protein yield, pre-experimental milk yield, milk composition, live weight and body condition score, and in the case of cows confirmed to be in-calf, predicted calving date.  On treatment PG, cows grazed during the day, between milking in the morning and evening, and were then housed at night, between milking in the evening and morning, while with treatment CG, cows grazed both during the day and at night.  Each treatment group was managed within a rotational grazing system, with cows being given access to a fresh area of pasture following the morning milking.  The grazing area in each of Experiments 1 and 2 comprised a single area of approximately 11 ha in size with this area divided into three parallel strips of equal size.  These strips were subsequently divided into temporary paddocks (Experiment 1) or fixed paddocks (Experiment 2).  On any given day, the two treatment groups grazed on adjacent ‘paddocks’ within the same strip, rotating to a new strip on a daily basis.  Planned post-full turnout grazing cycles in each experiment were as follows: 2 x 21-d cycles, 2 x 24-d cycles and 2 x 27-d cycles.

Experiment 1

A flexible rotational grazing system was adopted in Experiment 1 with temporary paddocks for each treatment created daily.  Paddock size was adjusted daily with the aim of achieving post-grazing target sward heights of approximately 6.0 cm in May and June, increasing to 7.0-8.0 cm in July, August and September.  On treatment PG, the aim was to achieve these post-grazing target sward heights at the end of the period of day-time grazing, while on treatment CG, the aim was to achieve these residual sward heights after the period of day and night grazing.  As a consequence of the herbage allocation method used, the two treatment groups were not restricted to specific areas within each of the three strips during successive grazing cycles.  Ten days after the study commenced, amounts of concentrate offered to all cows were reduced from 6.0 to 4.0 kg cow-1 d-1, remaining at this level throughout the study.  As a result of a prolonged period of cold wet weather, the target lengths of the grazing cycle were not achieved due to exceptionally low herbage growth rates and extremely difficult grazing conditions.  Instead, five grazing cycles (28, 29, 38, 33 and 33 d) were completed, with these longer cycles on occasions necessitating the incorporation of swards from outside of the main grazing area into the grazing cycles.  The total areas grazed within each of grazing cycles 1, 2, 3, 4 and 5 were 2.89, 3.60, 6.24, 3.70 and 3.28 ha (treatment PG), and 4.68, 5.61, 10.91, 5.96 and 4.86 ha (treatment CG), respectively, while the mean number of cows within each grazing cycle were 30, 30, 30, 26 and 18 (treatment PG) and 30, 30, 30, 27 and 18 (treatment CG), respectively.  Mean stocking rates, weighted for the mean length of each grazing cycle, were 7.0 and 4.4 cows ha-1 for treatments PG and CG, respectively.  While housed at night, cows on treatment PG had access to grass silage, produced from predominantly perennial ryegrass-based swards, ad libitum.  The silage, offered from the start of the study until 10 August (proportionally 0.72 of experimental days), was produced from primary growth herbage while the silage offered from 11 August until the end of the study was produced from first re-growth grass herbage.  Herbage for both silages was harvested using a precision-chop forage harvester, treated with a bacterial inoculant (Ecosyl; Ecosyl Products Limited, Cleveland, UK) at harvest.  Fresh silage was offered twice weekly along a moveable feed barrier, with uneaten silage being removed twice weekly, prior to feeding.  Fresh silage was offered so that the uneaten proportion was proportionally 0.10 of a single day’s intake.  This moveable feed barrier, the feeding equipment used and the feeding methodology adopted has been described previously by Ferris et al. (2006).  Cows remained on the experiment for a mean of 138 (s.d. 26.0) d.  All cows remained on the experiment until mid-August, approximately half-way through the fourth grazing cycle.  Thereafter, cows were removed from the experiment either eight weeks pre-calving, or when the experiment finished on 8 October.

Experiment 2

The rotational grazing system adopted in Experiment 2 involved ‘fixed paddocks’ (0.3 and 0.18 ha in size for treatments CG and PG, respectively).  The difference in paddock size between the treatments was based on the outcome of Experiment 1, where cows on treatment PG required approximately 0.62 of the grazing area of cows on treatment CG in order to achieve similar residual sward heights.  With the exception of the first grazing cycle, when an additional three paddocks were incorporated into each treatment from within the main grazing block, the target grazing pattern was adhered to with grazing cycles 1, 2, 3, 4, 5 and 6 being 24, 21, 24, 24, 27 and 27 d in duration, respectively.  The total areas grazed within each of grazing cycles 1, 2, 3, 4, 5 and 6 were 4.32, 3.90, 4.32, 4.32, 4.03, and 2.48 ha (treatment PG), and 7.20, 6.50, 7.20, 7.20, 6.81 and 4.57 ha (treatment CG), respectively, while the mean numbers of cows within each grazing cycle were 38, 38, 38, 38, 31 and 20 (treatment PG), and 38, 38, 38, 38, 32 and 22 (treatment CG), respectively.  During the last two weeks of the fifth grazing cycle and during the sixth grazing cycle, paddock size on both treatments was reduced by approximately 0.30 and 0.50, on a proportional basis, respectively, a reflection of the decreasing number of cows remaining on each treatment.  Mean stocking rates, weighted for the mean length of each grazing cycle, were 8.6 and 5.2 cows ha-1 on treatments PG and CG, respectively.  The grass silage offered on treatment PG was produced from herbage of a first regrowth, which was harvested on 20 August, from predominantly perennial ryegrass-based swards.  Herbage was harvested using a precision chop forage harvester, and treated with a bacterial inoculant (Ecosyl; Ecosyl Products Limited, Cleveland, UK).  Twenty-one days after the experiment commenced, the amount of concentrate was reduced to 3.0 kg cow-1 d-1, remaining at this level throughout the study.  As a result of injury, one cow on treatment CG was removed from the study and data from this cow excluded from the analysis.  This cow was replaced by a non-experimental animal.  Cows remained on the experiment for a mean of 127 (s.d. 22.8) days.  All cows remained on the experiment until 7 August, the start of the fifth grazing cycle while, thereafter, cows were removed either eight weeks pre-calving or on completion of the experiment on 29 September.

Concentrates offered

In each experiment, the daily allocation of concentrates was split into two equal amounts offered in the milking parlour during milking.  Concentrates offered consisted of one of two types, each type differing only in mineral concentration.  These different concentrate types were offered as part of a separate study with each type offered to equal numbers of cows within each grazing system.  The composition in terms of ingredients in these concentrates, excluding the mineral and vitamin element, was as follows: barley, 103 kg t-1; maize meal, 240 kg t-1; sugar-beet pulp, 270 kg t-1; maize gluten meal, 50 kg t-1; soya-bean meal, 265 kg t-1; and molasses 10 kg t-1 (Experiment 1) and barley 150 kg t-1; maize meal, 250 kg t-1; sugar-beet pulp, 270 kg t-1; soya-bean meal, 250 kg t-1; and  molasses 10 kg t-1(Experiment 2).
Pasture management

Inorganic fertilizer nitrogen (N), as urea, was applied to the entire grazing area at 64 kg N ha-1 on 8 March in Experiment 1 and, in Experiment 2, 56 kg N ha-1 of urea was applied to approximately 0.5 of the grazing area on 13 February and to the remainder of the grazing area on 24 February.  Thereafter, fertilizer-N, as calcium ammonium nitrate, was applied after each grazing in Experiments 1 and 2, at the following rates: 60 kg N ha-1 until the end of April, 50 kg N ha-1 until 15 June, 40 kg N ha-1 until the end of July, and 30 kg N ha-1 thereafter.  No fertilizer was applied after 15 September.  Total application rates of inorganic N were approximately 300 and 340 kg N ha-1 in Experiments 1 and 2, respectively.  Fertilizer was applied within three days of an area having been grazed, with fertilizer for each paddock in Experiment 2 weighed out individually.  The entire grazing area was trimmed to a height of c.8.0 cm after the third grazing cycle in Experiment 1, and after the second and fifth grazing cycles in Experiment 2.

Measurements

In Experiments 1 and 2, cows were milked twice daily between 06:30 and 08:00 h and between 16:00 and 18:00 h with individual milk yields recorded at each milking.  Milk was sampled fortnightly in proportion to yield (during six consecutive milkings) and a single bulked sample analysed for fat, protein and lactose concentrations using a Milkoscan 605, while somatic cell counts were analysed using a Fossomatic 360 (Foss Electric, Hillerød, Denmark).  In addition, on three separate occasions during Experiments 1 and 2 (weeks 3, 9 and 15), milk samples were collected at each milking over a 48-h period, bulked in proportion to yield, and subsequently analysed for N, non-casein N, non-protein N, urea N and fatty acid concentrations, as described by Keady et al. (1998) and Keady et al. (2000).  Live weights and body condition scores were recorded weekly throughout each experiment.  On treatment PG, intakes of silage on a group basis were determined twice weekly based on the difference between the quantity of silage offered and uneaten.  The mean daily DM intake of silage was then calculated by dividing the total silage intake of the group over the entire experimental period by the total number of cow-feeding days.  Mean daily intakes of herbage DM were calculated fortnightly for each cow from data on the performance of the cows, and the mean intake over the experimental period subsequently calculated.  Within this calculation, energy concentration in milk was determined from the composition of the fortnightly milk samples using the equations of Tyrrell and Reid (1965), while mean daily liveweight change over the grazing period was determined by linear regression of data on weekly live weights.  Total energy required for maintenance, production, tissue change, pregnancy (where appropriate) and walking, assumed as 2.0 km d-1 and 1.0 km d-1 for treatments CG and PG, respectively, was determined using the equations in Agnew et al. (2004).  The metabolizable energy (ME) concentration of herbage was calculated from the acid-detergent fibre (ADF) concentration of herbage, using the equation described by Givens et al. (1990), while the ME concentration of the concentrates offered was calculated as 12.4 MJ kg DM-1 on the basis of published values for individual ingredients (AFRC, 1993).  On treatment PG, the ME concentration of the silage was assumed to be 0.84 of the digestible energy concentration, determined using sheep as described later, with the ME concentration of silage corrected for feeding level as described by Agnew et al. (2004).  In the absence of DM intakes of silage for individual cows on treatment PG, the mean DM intake of silage for each two-week period was applied individually to all cows.

The silages offered were sampled and analysed as described by Ferris et al. (2006), while the in vivo digestibility of each of the silages, offered at a level of intake to meet the ME requirements for maintenance of live weight, was determined using castrated male sheep confined in digestibility crates (four sheep per silage).  Concentrates offered were sampled fortnightly and analysed as described by Ferris et al. (2006).  In each of Experiments 1 and 2, pre- and post-grazing sward heights were measured daily in a ‘W’ formation, from 40 locations within the grazing area, using a rising plate meter (Ashgrove Pasture Meter, Hamilton, New Zealand).  In addition, pre-grazing herbage mass above ground level was determined weekly using an Agria mower (herbage mass >4.0 cm) and Gardenia hand shears (herbage mass between 0 and 4.0 cm), as described by Gordon et al. (2000).  However, the methodology was modified within the current study, with five strips being cut using the Agria Mower, and two strips within each Agria strip being cut using the Gardenia hand shears.  Within each treatment, a bulked sample of the herbage cut using the Agria Mower was analysed for oven dry matter (ODM) content, with the dried samples bulked for each four-week period, and analysed for N, ADF, neutral-detergent fibre (NDF), ash, water-soluble carbohydrates (WSC) and gross energy (GE) concentrations.  Chemical analyses of all feedstuffs were undertaken as described by Cushnahan and Gordon (1995).  On nine separate occasions during Experiments 1 and 2, ‘slurry’ produced during overnight housing on treatment PG was collected and measured.  This involved switching off an automatic slurry scraping system, blocking a slurry drainage channel, and collecting and weighing the slurry which accumulated in the cow-standing area during overnight housing.  Fresh slurry collected during each sampling occasion was analysed for ODM content and N concentration.

The two systems differed in labour requirements in four main areas, namely herding cows for milking, pasture management (fertilizer application), indoor feeding and slurry management.  In the case of herding cows for milking, the following three components were identified as part of the herding process: i) stockperson walking to and from the grazing area or cow shed without cows:  ii) stockperson ‘herding’ cows to and from the grazing area, and from the cubicle house; defined as the time taken from the first cow exiting the collection yard until the last cow entered the grazing area, or the time taken from the last cow exiting the grazing area until the last cow entered the collection yard: when housed, defined as the time taken from the last cow exiting the cubicle house until the last cow entered the collection yard; the time taken to return to the cubicle house from the milking parlour was not recorded as cows walked back unaccompanied post-milking: iii) collecting cows in the grazing area or cubicle house; defined as the time taken from the stockperson entering the grazing area or cubicle house, until the last cow exited the grazing area or cubicle house.  While travelling to and from the cubicle house, cows walked on a covered concrete track and, when travelling to and from the grazing area, cows walked on a stone track with a compacted gravel surface.  On ten separate occasions during a five-week period in Experiment 2, each of these components was timed during consecutive morning and afternoon milkings.
In the case of slurry management, the following five operations were identified: i) filling the slurry tanker; ii) transporting the slurry from the farm yard to the field; iii) spreading the slurry in the field; iv) unproductive time in the field which was taken as the time taken for turning at headlands plus the time to travel to and from the point of spreading; and v) returning from the field to the yard.  Each of these operations was timed for 12 vacuum-type slurry tankers having capacities of either 9.3 m3 (nine measurements) or 8.4 m3 (three measurements).  Times are presented as sec m-3, sec per tanker, or m sec-1, as appropriate.  It was assumed that slurry mixing could take place without an operator being in attendance for the full period of mixing.  For all herding and slurry-spreading measurements, operators were accompanied by a person with a digital stopwatch and the elapsed times in minutes and seconds for each labour component measured.  Detailed descriptions of measurements involved in assessing times to feed silage and to apply fertilizer are presented by Ferris et al. (2006) and Ferris et al. (2008).
The impact of each of the two grazing regimes on labour requirements were subsequently calculated for a 100-cow dairy herd, based on the following assumptions: mean distance from parlour to grazing area, 300 m; mean distance from parlour to cubicle house, 50 m; all herding conducted on foot: post-milking, cows returned to the cubicle-house unaccompanied, with the stockperson securing the door of the cubicle house at the end of milking: length of ‘full time’ grazing period, 21 weeks; mean stocking rates at pasture, 5.2 and 8.6 cows ha-1 for treatments CG and PG respectively, number and length of grazing cycles, rates of fertilizer application, mean DM intake of silage, and mean DM content of silage, as in Experiment 2; volume of slurry produced during overnight housing, as in Experiment 2; time to attach and detach slurry tanker, plus time involved in mixing slurry, 1 h on each spreading occasion; slurry spread on four occasions during the summer; distance from slurry store to field, 1.0 km; all other assumptions related to application of fertilizer were as defined by Ferris et al. (2008): all assumptions related to silage feeding via the moveable feed-barrier system were as defined by Ferris et al. (2006).

Data analysis

Statistical analysis of the data on intake of silage by groups, and of the data on herbage intake, was not possible.  The remaining data on the performance of dairy cows were compared using ANOVA.  In the case of daily milk yield, weekly milk yield, fat + protein yield, and milk fat, protein and lactose concentrations, and body condition score and live weights at the end of the experiments, the corresponding pre-experimental values were used as covariates in the analysis.  In the case of data on total milk output, days on the experiment and pre-experimental milk yields were used as covariates.  Data on N components and fatty acid concentrations in milk were averaged for each cow across the three sampling periods, and the mean data analysed by ANOVA.  Within each experiment, data on weekly milk yields were analysed by a REML repeated measures analysis of variance using a correlation model, which included cow as a random effect, week of study as time points and treatment as the fixed effect.  Within this analysis, pre-experimental milk yields were used as a covariate.  All statistical analyses were conducted using Genstat for Windows (6th Edition).  Means and standard deviations for each of the time measurements were calculated.

Results

The DM digestibility and digestible organic matter in the DM (DOMD) of the silages offered in Experiment 1, from the start of the study until 10 August, were 0.77 (s.d. 0.010) and 0.72 (s.d. 0.010), respectively, and for silage offered from 11 August until the end of the study were 0.71 (s.d. 0.022) and 0.66 (s.d. 0.019), respectively.  The DM digestibility and DOMD of the silage offered in Experiment 2 were 0.71 (s.d. 0.008) and 0.66 (s.d. 0.012) respectively.  While the silages offered in Experiments 1 and 2 had similar DM contents and fermentation characteristics, silages offered in Experiment 2 tended to have a much lower crude protein concentration (Table 1).
The chemical composition of the herbage grazed in each of the two experiments was similar.  In Experiment 1, mean pre-grazing sward heights with treatments CG and PG were 11.5 (s.d. 1.41) and 11.9 (s.d. 1.58) cm, respectively, while mean post-grazing sward heights were 6.0 (s.d. 0.77) and 6.2 (s.d. 1.03) cm, respectively.  Similarly, in Experiment 2, mean pre-grazing sward heights with treatments CG and PG were 11.6 (s.d. 2.01) and 12.0 (s.d. 2.4) cm, respectively, while mean post-grazing sward heights were 6.3 (s.d. 1.57) cm and 6.7 (s.d. 1.75) cm, respectively.  Mean pre-grazing herbage masses were 4091 (s.d. 522.7) and 4049 (s.d. 735.4) kg DM ha-1 for treatments CG and PG, respectively, in Experiment 1 and 3927 (s.d. 399.9) and 4090 (s.d. 613.1) kg DM ha-1 for treatments CG and PG, respectively, in Experiment 2.
Mean daily DM intakes of silage by cows over the entire experimental period on treatment PG were 6.6 kg in Experiment 1 and 5.6 kg in Experiment 2.  Mean calculated herbage intakes were 9.5 and 4.4 kg DM cow-1 d-1 for treatments CG and PG, respectively, in Experiment 1, and 12.5 and 7.2 kg DM cow-1 d-1 in Experiment 2 (Table 2).  In Experiment 1, total milk output over the experimental period was significantly higher with treatment PG compared to treatment CG (P < 0.01) while the reverse was true in Experiment 2 (P < 0.001).  When weekly milk yields were examined over the first twenty weeks of each experiment, there were significant treatment, time (week) and treatment x time effects in both Experiments 1 (Figure 1a, P<0.001) and 2 (Figure 1b, P<0.01).  Milk fat concentration was unaffected by treatment in both experiments (P > 0.05).  Cows on treatment CG had a significantly higher milk protein concentration than those on treatment PG in both experiments (P < 0.001).  Somatic cell counts were unaffected by treatment in either study (P > 0.05).  Body condition score and live weight at the end of the experiment were unaffected by treatment in Experiment 1 (P > 0.05) and were significantly lower on treatment PG in Experiment 2 (P ≤ 0.05).  Treatment had no significant effect on urea-N concentrations in milk in either experiment (P > 0.05), while the non-protein-N concentration was significantly higher on treatment PG than treatment CG in Experiment 1 (Table 3).  The higher milk casein-N concentrations in treatment CG in Experiments 1 and 2 were reflected in the higher milk N concentrations (P < 0.001).  Concentrations of C4:0-C14:0, C16:0 and C18:3 fatty acids in milk fat were higher on treatment PG than treatment CG in Experiment 1 (P ≤ 0.05), while concentrations of C18:1 and C18:2 fatty acids and conjugated linoleic acid were higher on treatment CG than on treatment PG (P < 0.001).  In Experiment 2, concentrations of C16:0 fatty acids were higher on treatment PG than treatment CG (P < 0.001) while concentrations of C18:1 and C18:2 fatty acids and conjugated linoleic acid were higher on treatment CG (P ≤ 0.05) than treatment PG.
Mean daily slurry outputs on a fresh weight basis during housing at night were 22.3 (s.d. 2.65) kg and 26.6 (s.d. 2.74) kg cow-1 in Experiments 1 and 2, respectively, equivalent to 2.28 (s.d. 0.158) and 2.37 (s.d. 0.129) kg DM cow-1 d-1, respectively.  The N concentration of the slurries collected in Experiments 1 and 2 were 44.9 (s.d. 10.95) and 42.7 (s.d. 7.38) g kg DM-1, respectively.
The number of observations and mean recorded times for each of the components comprising herding and slurry handling are presented in Table 4.  The mean walking speeds of the stockperson to and from the paddocks (mean distance, 533 (s.d. 197.8) m) and cubicle house (68 m) were 1.30 and 1.26 m s-1, with the mean speed of 1.29 m s-1 adopted for subsequent analyses.  The mean walking speeds of the stockperson when herding cows to and from the paddocks were 1.05 and 1.08 m s-1, respectively, with a mean speed of 1.06 m s-1 adopted for subsequent analyses.  The mean walking speed of the stockperson when herding the cows from the cubicle house was 0.62 m s-1 while mean collecting times for cows in the field and in the cubicle house were 6.8 and 4.7 s cow-1, respectively.  For a 100-cow dairy herd, the total weekly labour requirements associated with each of the two grazing treatments examined were calculated as 430.2 and 413.2 min for treatments CG and PG, respectively (Table 5).  The largest component of this time, 398.3 and 272.1 min week-1 for treatments CG and PG, respectively, was attributed to herding.

Discussion

Two experiments were undertaken to examine labour requirements and dairy cow performance when grazing dairy cows were offered silage during housing at night.  Individual cows were used as the experimental unit since replication of each system within experiments was not possible due to the layout of the silage feed barriers and the roadways within the grazing areas.  In addition, it would have been logistically impossible to manage a sufficient number of small groups of cows to provide adequate replication to allow potentially small differences between the two treatments to be identified.

Grazing conditions and feed quality

During Experiments 1 and 2, measurements of total rainfall recorded at Hillsborough from 1 March to 30 September were 568 mm and 355 mm, respectively.  As a consequence of the cold wet conditions encountered during Experiment 1, herbage growth was proportionately 0.20 lower than that recorded during the previous three years (Barrett and Laidlaw, 2005; P.D. Barrett, unpublished data).  It was, therefore, necessary to graze cows more extensively than planned and, as a result, the mean stocking rate on treatment CG in Experiment 1 (4.4 cows ha-1) was lower than would be considered normal for autumn-calving cows during the subsequent summer.  While the stocking rate at pasture on treatment PG in Experiment 1 was 7.0 cows ha-1, the similar pre- and post-grazing sward heights on treatments CG and PG confirm that similar grazing pressures were achieved by the two treatments.  More typical patterns of herbage growth occurred during Experiment 2 and permitted stocking rates at pasture to be higher than in Experiment 1 (5.2 and 8.6 cows ha-1 on treatments CG and PG, respectively).  The data on sward heights confirm that the proportional reduction in paddock size of 0.38 on treatment PG, compared to treatment CG, allowed similar grazing intensities to be achieved on both treatments.  Nevertheless, in both experiments stocking rates at pasture on treatment PG were considerably lower than those recorded by Aston et al. (1987) for cows offered silage at night, namely 11.0-11.6 cows ha-1.  However, in a set-stocking experiment, designed to identify appropriate stocking rates at pasture for cows offered grass silage while housed at night, a stocking rate of 12 cows ha-1 was found to be too high with a stocking rate of 10 cows ha-1 optimum (Roberts and Leaver, 1986).

Performance of dairy cows

Intakes of silage during the period of housing at night (6.6 and 5.6 kg DM cow-1 d-1 in Experiments 1 and 2, respectively) were similar to those recorded in previous studies (Roberts and Kelly, 1990; Aston et al., 1987).  Nevertheless, these intakes might be considered low when compared to intakes of silage of 3.0 and 2.8 kg DM cow-1 d-1 for cows given access to silage for a period of two hours after the morning milking (Morrison et al., 2006; Morrison and Patterson, 2007).  This is likely to reflect the fact that cows offered silage when housed at night feed for relatively short periods of time (2.0-3.5 h; Phillips and Leaver, 1985; Roberts and Kelly, 1990).  Nevertheless, in a short-term study, Phillips and Leaver (1985) recorded an intake of silage of 10.4 kg DM cow-1 d-1 at night when high-quality silage was offered during a period of adverse weather.  Similarly, during the first five weeks of Experiment 1, when grazing conditions were particularly difficult, a mean silage DM intake of 8.4 kg d-1 was recorded.

Cows offered silage at night in the current experiments had similar herbage intakes as those recorded in short-term studies involving cows of similar milk-yield potential (Roberts and Kelly, 1990; Aston et al., 1987).  Previous studies have shown that total grazing time is reduced by proportionally 0.5 and ruminating time is increased when silage is offered to cows housed at night (Roberts and Kelly, 1990; Phillips and Leaver, 1985).  While a statistical comparison was not possible, cows in Experiment 1 with access to silage at night had a total DM intake which was 1.5 kg d-1 greater than that of cows with access to grazing while, in Experiment 2, total DM intake was 0.3 kg d-1 higher for cows with access to silage at night.
The higher daily milk yields on treatments PG than CG in Experiment 1 are likely to be due to the difficult grazing conditions encountered and the good-quality grass silage offered, while the higher daily milk yields on treatments CG than PG in Experiment 2 are likely to be due to the fact that grazing conditions were excellent while the silage offered was only of moderate quality.  This would also explain the higher intakes of silage observed in Experiment 1 despite all the cows being primiparous.  While previous studies have shown milk yields to be either reduced or unaffected by offering silage during a period of housing at night (Phillips and Leaver, 1985; Roberts and Kelly, 1990; Aston et al., 1987), a positive response in milk yield has not been observed previously.  The results of Experiment 1 highlight that offering a good-quality grass silage during a very difficult grazing season may be a useful management tool to maintain cow performance.  In addition, these experiments highlight the importance of examining responses to changes in grassland management over the entire grazing season rather that just in early or late season.  For example, the difference in milk yield in Experiment 1 only became significant in mid-season, despite difficult weather conditions being encountered during May and June.  This suggests that the nutritive value of spring grass is sufficient to maintain similar levels of performance as achieved with cows offered a high quality silage when housed at night, even when grazing conditions are difficult.  The fall in milk yield from mid-June onwards on treatment CG in Experiment 1 is likely to be a reflection of a rapid deterioration in sward quality combined with continued difficult grazing conditions.  In Experiment 2, the difference in milk yield between treatments decreased in late season, perhaps reflecting a decline in herbage quality in late season.
Milk protein concentrations were higher on treatment CG in both experiments, in agreement with the findings of previous studies in which silage was offered overnight in early season (Aston et al., 1987) and throughout the entire grazing season (Roberts and Kelly, 1990).  The higher energetic efficiency of synthesis of microbial protein, associated with grass compared to grass silage-based diets (ARC, 1984), is likely the primary reason.  The small increase in the non-protein N concentration in milk on treatment PG in Experiment 1 is unlikely to be of any practical significance.
While offering a ‘fibrous’ forage to grazing cows is frequently suggested as a means of preventing a fall in milk fat concentration in early season, no difference was found between treatments in the current experiments.  This is in contrast to the findings of earlier studies where a significant increase in milk fat concentration was observed with cows offered silage at night (Phillips and Leaver, 1985; Aston et al., 1987).  While the lack of a response in milk fat concentration in the current experiments is difficult to explain, the impact of housing at night on the concentrations of fatty acids in milk is perhaps of greater importance.  Although a number of studies have compared fatty acid concentrations in milk associated with either pasture or total mixed diets (White et al., 2001; Schroeder et al., 2003), and when providing a total mixed ration to cows having access to pasture for approximately eight hours per day (Loor et al., 2003), the effects on the concentrations of fatty acids in milk arising from offering grass silage during housing at night do not appear to have been examined previously.  Couvreur et al. (2006) observed a linear increase in the proportion of unsaturated fatty acids in milk as maize silage was replaced with zero-grazed grass herbage and Magowan (2004) observed almost identical trends to those in the current experiments when grass silage was either partly or completely replaced by zero-grazed grass herbage.  The current experiments confirm the possibility of benefits to human health (Parodi, 2004) in terms of increased concentrations of CLA and unsaturated fatty acids in milk of cows on full-time grazing systems compared to those offered conserved forage as a significant part of the diet.
Somatic cell counts in milk were not affected by treatment in either experiment, indicating that housing animals at night during the summer did not predispose animals to an increased risk of mammary infection compared to a grazing regime.  While it might be expected that housing cows for even part of the day would increase the risk of mammary infection (Goldberg et al., 1992; Washburn et al., 2002), cows on the CG treatment, especially in Experiment 1, were often lying on wet pastures, a factor also known to predispose towards higher cell counts in milk (Barnouin et al., 2004).  Although differences in body condition score at the end of Experiment 2 were statistically significant, these differences were small and unlikely to be of practical significance.

Labour requirements

While weekly labour requirements for each of the two systems were calculated to be similar, the relative importance of the various labour components examined was different.  For example, on treatment PG, herding and feeding accounted for proportionally 0.66 and 0.18, respectively, of the weekly labour requirement while, on treatment CG, herding accounted for proportionally 0.93 of the weekly labour requirement.  Nevertheless, these labour calculations may be significantly affected by the assumptions used.  For example, on many farms herding will be undertaken using a farm vehicle, saving time when travelling to and from the grazing area without cows.  In the example given, if herding was undertaken by tractor with a mean travel speed of 3.6 m s-1 (C. P. Ferris, unpublished data), weekly herding times would be reduced to 328.7 and 237.3 min on treatments CG and PG, respectively.  In addition, on proportionally 0.59 of farms in an Irish survey (O’Brien et al., 2002), cows are able to walk from the milking parlour to the grazing area ‘unaccompanied’, with this substantially reducing post-milking herding times.  In the example given, if all herding was undertaken by tractor and, if cows were able to return to the grazing area unaccompanied, weekly herding times would be further reduced to 282.1 and 214.0 min on treatments CG and PG, respectively.  On the other hand, while herding measurements in the current study did not involve crossing public roads, O’Brien et al. (2002) observed that crossing roads was necessary on proportionally 0.37 of farms surveyed, a consequence of the fragmented nature of Irish farms.  This, they suggested, contributes significantly to labour requirements.  Herding times will also be affected by the walking speed of cows, with this influenced by a range of factors, including track width, track surfaces, the presence of restrictions on the track (Klindworth, 2000) and lame cows within the herd.

Although feeding accounted for a considerable part of the weekly labour requirement on treatment PG, the moveable feed-barrier system used was calculated to be more labour-efficient than daily feeding via a mixer wagon (Ferris et al., 2006).  However, the calculations took no account of time required to produce the additional silage offered during housing at night although on many farms the complete silage-making process is now undertaken by a contractor.  Additional tasks that were not included in the calculations of labour requirements but which may arise when cows are housed at night include managing the silo face, bedding cubicles and, if mechanical scrapers are not present, scraping down passageways.

Implications for the whole farm 

In addition to examining the effect of housing at night on cow performance on a daily basis, the effect of treatment on the overall output of the farm must be considered.  For example, infrequent harvesting of herbage for silage may result in higher total herbage yields (Chestnutt et al., 1977) compared to the frequent harvesting intervals which exist under grazing.  In addition, while the efficiency with which herbage is mechanically harvested for silage is normally much higher than the efficiency with which herbage is ‘harvested’ by grazing, ensilage losses can be considerable.  To examine the impact of these issues for the two grazing treatments, total milk output and the yield of milk solids (fat plus protein) were calculated on an area basis.  Within these calculations the yield of ‘edible silage’ on treatment PG was assumed as 10.0 t DM ha-1, representing a harvested yield of 11.5 t DM ha-1, based on yields recorded within a three-harvest silage production system (Small and Gordon, 1988).  By dividing the yield of edible silage ha-1 by the total quantity of silage consumed per cow on treatment PG over the summer period, ‘silage stocking rates’ of 11.0 and 14.1 cows ha-1 (0.091 and 0.071 ha cow-1) were determined for Experiments 1 and 2 respectively.  When the area required for silage (ha cow-1) on treatment PG is added to the area requirement for grazing (0.143 and 0.116 ha cow-1 in Experiments 1 and 2, respectively), total requirements were 0.232 and 0.187 ha cow-1, respectively, representing overall stocking rates of 4.3 and 5.3 cows ha-1 in Experiments 1 and 2 respectively.  These values are similar to the grazing stocking rates of 4.4 cows ha-1 in Experiment 1 and 5.2 cows ha-1 in Experiment 2 on treatment CG.

Total milk outputs ha-1 were calculated to be 10.95 and 10.38 t in Experiment 1, and 12.61 and 13.34 t in Experiment 2 on treatments PG and CG, respectively, and total solids outputs ha-1 were 0.816 and 0.806 t in Experiment 1, and 0.938 and 1.043 t (in Experiment 2 on treatments PG and CG, respectively.  Thus total outputs of milk and milk solids were proportionally 0.055 and 0.013 higher, respectively, on treatments PG than CG in Experiment 1 and were proportionally 0.055 and 0.101 lower, respectively, on treatments PG than CG in Experiment 2.  These calculated differences will clearly be affected by the yield of ‘edible silage’ assumed, the adoption of a higher yield of edible silage increasing the outputs of milk and milk solids ha-1 with treatments involving housing at night.

Assuming a ratio of the cost of grazed grass, relative to grass silage, of 1.0:1.3 (Keady and Anderson, 2000), the small overall gain in the performance per ha of cows offered silage while housed at night in Experiment 1 is unlikely to be economic.  Nevertheless, the move towards housing at night is frequently driven by practical rather than purely financial issues.  For example, as herd sizes increase, sustaining both grazing during the day and at night becomes an increasing challenge on many farms, due to the fragmented nature of farms and increased traffic on roads.  Mechanical harvesting of grass from less accessible fields for ensilage can clearly help overcome this problem.
The environmental implications of housing cows at night must also be considered.  For example, supplementing grass herbage, with a high concentration of N, with forage with a lower concentration of N may increase the efficiency of utilisation of N by reducing N intake.  In a study by Valk (1994), neither total DM intake nor milk production was affected by offering maize silage at night as a replacement for zero-grazed grass herbage, although total N intake was reduced from 726 to 510 g day-1, while N excreted in urine was reduced from 437 to 225 g d-1.  Although the N concentration of the grazed grass herbage and grass silage offered in Experiment 1 were similar, the grazed grass herbage and grass silage offered in Experiment 2 had N concentrations of 28.7 and 18.7 g kg-1 DM respectively, the latter resulting in a proportional reduction in N intake on treatment PG of 0.12 compared to treatment CG.  Nevertheless, N output in milk, as a proportion of N intake, was not increased (0.25 and 0.24 for treatments CG and PG, respectively) as a consequence of the lower milk yields and lower milk protein concentration on treatment PG.  The latter highlights the need to offer a high quality-low protein feed as a supplement to grazed grass herbage in order to improve the efficiency of N utilization.
Housing at night may also result in a reduction in N losses via leaching, as a consequence of the shorter grazing time, and an associated reduction in the number of urine and dung patches on grassland.  Due to their spatial distribution, urine and dung patches are associated with high losses of nutrients, especially in late summer and autumn, when only a small proportion of the nutrients excreted is likely to be utilized (Aarts, 2003).  In contrast, spreading of manure collected from housed animals on pastures will result in a much more even spread of nutrients than is the case with grazing cattle.  Results from the current study suggest that approximately half of the daily faecal output was excreted indoors on treatment PG assuming a DM digestibility of the total ration of 0.65-0.70.  While housing at night may result in a reduction in nitrate losses to water courses, ammonia losses from faeces and urine produced indoors are generally greater than from faeces and urine excreted during grazing (Aarts, 2003).  In addition, housing at night is likely to result in an increased consumption of fossil fuels associated with silage harvesting, silage feeding and slurry handling.
Conclusions

Offering grass silage to dairy cows when housed overnight during the entire grazing season resulted in a significant reduction in daily milk yield in one experiment and a significant increase in daily milk yield in a second experiment.  Intakes of silage during overnight housing were relatively low, averaging 6.1 kg DM cow-1 d-1 across the two experiments.  However, cows with access to full-time grazing had higher concentrations of protein and unsaturated fatty acids in milk compared to those offered silage at night.  The results of these experiments suggest that the response in daily milk yield to housing at night was determined by the grazing conditions encountered and the feed value of the silage offered. Under difficult grazing conditions, and when good-quality conserved forage is offered, higher milk yields are likely to be observed with a system involving housing at night.  However, when examined on a whole-farm basis, total outputs of milk solids ha-1 were relatively unaffected by treatment in Experiment 1 and were proportionally 0.10 lower with the housing at night treatment in Experiment 2.  Calculated labour inputs associated with the full-time grazing treatment and the treatment involving housing at night were similar.
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Table 1 Chemical composition of silage, grazed grass herbage and concentrate offered (g kg DM-1 unless stated otherwise). s.d.; standard deviation of the mean
	
	Experiment 1
	
	Experiment 2

	
	Grass silage‡
	s.d.
	Grass herbage†
	s.d.
	Concen-trate
	s.d.
	Grass silage
	s.d.
	Grass herbage†
	s.d.
	Concen-trate
	s.d.

	Oven dry matter content (g kg-1)
	237
	41.2
	189
	22.1
	876
	8.6
	240
	45.3
	194
	43.0
	874
	14.3

	Volatile corrected DM content (g kg-1)
	252
	42.8
	-
	-
	-
	-
	257
	46.9
	-
	-
	-
	-

	Crude Protein concentration
	160
	14.3
	166
	52.1
	207
	3.4
	117
	18.3
	179
	16.3
	210
	21.5

	Ammonia-N concentration 
(g kg total N-1)
	106
	4.3
	-
	-
	-
	-
	114
	4.8
	-
	-
	-
	-

	pH
	4.0
	0.25
	-
	-
	-
	-
	3.8
	0.34
	-
	-
	-
	-

	Lactate concentration
	100.4
	54.02
	-
	-
	-
	-
	100.9
	50.36
	-
	-
	-
	-

	Acetate concentration
	22.7
	9.07
	-
	-
	-
	-
	25.2
	13.56
	-
	-
	-
	-

	Acid-detergent fibre concentration
	327
	33.2
	244
	39.6
	75
	9.3
	343
	25.0
	234
	18.2
	84
	8.7

	Neutral-detergent fibre concentration
	558
	52.2
	497
	65
	172
	14.5
	587
	28.3
	482
	21.5
	176
	16.1

	Ash concentration
	87
	6.3
	86
	14.8
	107
	4.1
	85.2
	18.4
	89
	7.4
	98
	14.0

	Water-soluble carbohydrates concentration
	14.4
	12.83
	196
	30.9
	-
	-
	22.4
	20.15
	169
	23.5
	-
	-

	Gross energy 
(MJ kg DM-1)
	18.7
	1.74
	18.4
	0.70
	17.2
	0.05
	19.2
	1.05
	18.5
	0.12
	17.4
	0.35


†  Treatments CG and PG combined

‡  Mean analysis for the two silages offered

Table 2 Effect of summer management treatment (treatment CG, grazing during day and at night; PG, grazing during day and housed at night and offered silage) on cow performance in Experiments 1 and 2

	
	Experiment 1
	
	Experiment 2

	
	Treatment CG
	Treatment PG
	s.e. of mean
	Level of significance‡
	Treatment CG
	Treatment PG
	s.e. of mean
	Level of significance‡

	Dry matter intake (kg day-1)
	
	
	
	
	
	
	
	

	Concentrate 
	3.7
	3.7
	-
	-
	2.9
	2.9
	-
	-

	Silage 
	0
	6.6
	-
	-
	0
	5.6
	-
	-

	Herbage 
	9.5
	4.4
	-
	-
	12.5
	7.2
	-
	-

	Total 
	13.2
	14.7
	-
	-
	15.4
	15.7
	-
	-

	Total milk output (kg)†
	2360
	2562
	46.8
	**
	2565
	2363
	38.3
	***

	Daily milk yield (kg)
	17.2
	18.6
	0.37
	*
	20.0
	18.4
	0.341
	**

	Milk composition (g kg-1)
	
	
	
	
	
	
	
	

	Fat
	42.2
	41.0
	0.53
	NS
	42.4
	41.0
	1.14
	NS

	Protein
	35.4
	33.5
	0.25
	***
	35.8
	33.4
	0.20
	***

	Lactose
	48.2
	48.5
	0.26
	NS
	48.2
	48.7
	0.20
	NS

	Fat + Protein yield 
(kg day-1)
	1.335
	1.378
	0.0275
	NS
	1.538
	1.358
	0.0413
	***

	Somatic cell count (log10)
	2.19
	2.10
	0.073
	NS
	2.22
	2.16
	0.083
	NS

	Body condition score at end of experiments
	2.4
	2.3
	0.03
	NS
	2.6
	2.5
	0.02
	**

	Live weight at end of experiments (kg)
	529
	536
	4.62
	NS
	594
	580
	4.8
	*


† 138 days and 127 days in Experiments 1 and 2 respectively

NS, not significant; *, P<0.05; **, P<0.01; ***, P<0.001

Table 3 Effect of summer management treatment (treatment CG, grazing during day and at night; PG, grazing during day and housed at night and offered silage) on concentrations and proportions of nitrogen components in milk and concentrations of fatty acids in milk in Experiments 1 and 2†

	
	Experiment 1
	
	Experiment 2

	
	Treatment CG
	Treatment PG
	s.e. of mean
	Level of significance
	Treatment CG
	Treatment PG
	s.e. of mean
	Level of significance

	Milk N Fractions
	
	
	
	
	
	
	
	

	Milk nitrogen (g kg-1)
	5.36
	5.05
	0.056
	***
	5.44
	5.13
	0.062
	***

	Proportion of casein nitrogen 
	0.780
	0.776
	0.0038
	NS
	0.764
	0.760
	0.0033
	NS

	Casein nitrogen (g kg-1)
	4.18
	3.92
	0.050
	***
	4.16
	3.90
	0.054
	***

	Proportion of non-protein nitrogen 
	0.054
	0.057
	0.0009
	*
	0.061
	0.062
	0.0010
	NS

	Urea nitrogen (mg kg-1)
	115
	119
	2.18
	NS
	170
	164
	3.41
	NS

	Milk fatty acids (g kg-1 total fatty acids identified)
	
	
	
	
	
	
	
	

	C4:0 – C14:0
	315
	332
	5.9
	*
	344
	349
	3.6
	NS

	C14:1
	12.4
	11.7
	0.49
	NS
	18.6
	18.1
	0.57
	NS

	C15:0
	11.8
	11.8
	0.29
	NS
	8.4
	7.9
	0.28
	NS

	C16:0
	235
	247
	3.5
	*
	205
	223
	3.3
	***

	C16:1
	17.5
	17.8
	0.51
	NS
	16.5
	16.7
	0.46
	NS

	C18:0
	92
	96
	2.5
	NS
	77
	77
	1.6
	NS

	C18:1
	259
	231
	5.5
	***
	239
	227
	3.3
	*

	C18:2
	28.7
	23.2
	0.59
	***
	47.5
	41.8
	1.14
	***

	C18:3
	7.7
	8.9
	0.16
	***
	13.2
	12.8
	0.24
	NS

	Conjugated linoleic acid
	11.7
	8.2
	0.37
	***
	30.4
	26.5
	1.01
	**


† mean of 3, 9 and 15-week samples

NS, not significant; *, P<0.05; **, P<0.01; ***, P<0.001

Table 4 Mean times taken and standard deviations of mean (s.d.) for herding cows and slurry management
	
	n
	Mean
	s.d.

	Herding cows
	
	
	

	Walking speed of stockperson (m s-1)
	40
	1.29
	0.194

	Time to collect cows in field (s cow-1)
	30
	6.8
	1.96

	Walking speed of stockperson when herding cows to and from field (m s-1)
	60
	1.06
	0.163

	Time to collect cows in house (s cow-1)
	10
	4.7
	1.29

	Walking speed of stockperson when herding cows from house (m s-1)
	10
	0.62
	0.117

	Slurry management
	
	
	

	Tanker filling (s (m3)-1)
	12
	33.7
	8.84

	Travel speed to and from field (m s-1)
	24
	6.1
	1.38

	Tanker discharge rate (s (m3)-1)
	12
	25.4
	5.67

	Unproductive time in field (s tanker-1)
	12
	102.3
	38.87


Table 5 Calculated times associated with the two summer management treatments (treatment CG, grazing during day and at night; PG, grazing during day and housed at night and offered silage) for 100 cows (min week-1)
	
	Treatment CG
	Treatment PG

	Herding cows
	398.3
	272.1

	Fertilizer management
	31.9
	23.5

	Indoor feeding
	0
	73.5

	Slurry management
	0
	44.1

	Total time
	430.2
	413.2
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Figure 1 Weekly milk yields for the two summer management treatments (treatment CG,  ■  ; grazing during day and at night; PG, --□--; grazing during day and housed at night and offered silage) during the two-week pre-experimental period and the first 20-weeks of the experimental periods in Experiments 1 (a) and 2 (b)  

Effect of frequency of application of inorganic nitrogen fertilizer within a rotational paddock-grazing system on the performance of dairy cows and inputs of labour

C. P. Ferris, D. C. Patterson and M. A. McCoy
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Abstract

As herd sizes and labour costs increase, and the availability of skilled labour decreases, efficient use of available labour becomes more important in dairy cow systems.  Two experiments were conducted to examine the effect of reducing the frequency of application of inorganic nitrogen (N) fertilizer on inputs of labour and performance of dairy cows.  Experiments 1 (169 days of duration) and 2 (179 days of duration) involved 58 and 40 multiparous Holstein-Friesian dairy cows, respectively, in mid-lactation.  In each experiment, on the ‘Infrequent’ treatment fertilizer was applied to all paddocks on a single occasion at the start of each grazing cycle, while on treatment ‘Frequent’, fertilizer was applied on three occasions each week, within two or three days of each paddock having been grazed.  The experimental treatments were imposed from 30 March and 29 March in Experiments 1 and 2, respectively.  Total N application rates were approximately 360 and 250 kg N ha-1 in Experiments 1 and 2, respectively.  Concentrate feed (4.0 kg cow-1) was offered daily in both experiments.  With the Infrequent treatment, highest concentrations of crude protein and nitrate in herbage were observed in swards grazed approximately 10 days after N fertilizer was applied.  Treatment had no significant effect on milk yield, milk fat and protein concentrations, and final live weight and body condition score of cows in either experiment.  Milk urea and plasma urea concentrations were not significantly affected by treatment.  Calculated application times of fertilizer for a herd of 100 dairy cows were 107 and 83 min week-1 for the Frequent and Infrequent treatments, respectively.

Keywords:  dairy cows, grazing, frequency of fertilizer application, herbage nitrate, milk urea

Introduction

Increasing labour costs, the unavailability of skilled labour, changing lifestyle expectations, and off-farm employment opportunities, are reducing labour inputs on dairy farms in Europe.  Whilst the period of grazing in spring, summer and autumn is often considered a time of low labour requirements, labour inputs in excess of 9 h d-1 were recorded throughout the period of grazing in a survey of 141 Irish dairy farms (O’Donovan et al., 2002).  In addition, the results of this survey indicated that grassland management accounted for proportionately 0.12 of the annual labour input on Irish dairy farms, with this being considerably greater during the period of grazing (O’Brien et al., 2005).  This highlights the need to develop more labour-efficient grazing systems.

Within rotational paddock-grazing systems, nitrogen (N) fertilizer has conventionally been applied within a few days of paddocks having been  grazed.  In order to achieve this, fertilizer may be applied on many occasions during the course of the grazing season.  For example, a survey of commercial dairy farms in Ireland highlighted that fertilizer was applied on up to 85 occasions per year (Humphreys et al., 2006).  Although it does not appear to have been quantified previously, reducing the frequency with which N fertilizer is applied might be expected to improve the efficiency of labour use during the period of grazing.  This is reflected in the current interest in blanket-spreading; that is applying N fertilizer across the entire grazing area on a single occasion during each grazing cycle.
While there is evidence that applying N fertilizer immediately post-harvest is optimum in terms of maximising subsequent herbage production (Sullivan and Sprague, 1953; McKee et al., 1967; Brockman, 1974), blanket-spreading entails applying fertilizer to swards grazed between 1 and 27 days previously, according to the length of the grazing cycle.  Thus fertilizer will frequently be applied to swards at times considered as non-optimum in terms of providing nutrients for regrowth of swards.  In addition, within a blanket-spreading regime, swards will be grazed between 1 and 27 days after fertilizer has been applied.  This is important as the chemical composition of herbage, especially the components of N, is known to change with time after the application of N fertilizer (Wilman, 1975; Wilman and Wright, 1978).

While changes in yield and composition of herbage may influence performance of livestock, the impact of the frequency of application of N fertilizer on the performance of grazing dairy cows does not appear to have been examined previously.  To address this issue, two experiments were conducted with the primary objective of examining the response of rotationally grazed dairy cows to the frequency of application of N fertilizer.  Within these experiments N fertilizer was sown either within a few days of each paddock having been grazed, or on all paddocks on a single occasion at the start of each grazing cycle.  The secondary objective of these experiments was to quantify the effect of frequency of application of N fertilizer on inputs of labour.

Materials and methods

Two experiments were undertaken during consecutive years (2004 and 2005) at the Agri-Food and Biosciences Institute, Hillsborough (formerly the Agricultural Research Institute of Northern Ireland), Northern Ireland (latitude 54(27'N; longitude 06(04'W).  Animal procedures within these Experiments were undertaken under the Animal (Scientific Procedures) Act 1986, and were approved by the Ethical Review Committee of the Agri-Food and Bioscience Institute, Hillsborough.

Grazing areas

Swards grazed in each of Experiments 1 and 2 comprised perennial ryegrass-based swards which were approximately 20 years old.  Forty-two one-day paddocks (21 pairs of paddocks) were established prior to the outset of each experiment, with paddocks of 0.22 and 0.17 ha in size in Experiments 1 and 2, respectively.
Fertilizer management and treatments

Prior to the start of Experiment 1, inorganic fertilizer N (56 kg N ha-1), in the form of urea (proportionally 0.46 N), was applied to the experimental grazing area in mid-February while, prior to the start of Experiment 2, urea was applied to the experimental grazing area in late February (28 kg N ha-1).
Experimental treatments differed in the frequency of application of inorganic fertilizer N.  With treatment ‘Infrequent’, fertilizer was applied to all paddocks on a single occasion at the start of each grazing cycle.  With treatment ‘Frequent’, fertilizer was applied on three occasions each week, within two or three days of each paddock having been grazed.  For example, paddocks grazed on Friday, Saturday and Sunday had fertilizer applied on Monday: paddocks grazed on Monday and Tuesday had fertilizer applied on Wednesday, while paddocks grazed on Wednesday and Thursday had fertilizer applied on Friday.  All fertilizer sown during the experimental periods was in the form of calcium ammonium nitrate (proportionally 0.275 N), with applications of 60, 50, 50, 40, 40, 30 and 30 kg N ha-1 during grazing cycles 1–7 in Experiment 1, and 50, 50, 30, 30, 20, 20 and 20 kg N ha-1 during grazing cycles 1-7 in Experiment 2.  No fertilizer was sown during the eighth grazing cycle in either experiment.  Across the season, total N application rates were 356 (Experiment 1) and 248 (Experiment 2) kg N ha-1, with these rates chosen to represent a likely maximum (Experiment 1) and a more normal  (Experiment 2) rate of N fertilizer application used on intensive grassland-based dairy farms in Northern Ireland.  To ensure accuracy of application throughout the experiments, fertilizer for each paddock was individually weighed into the fertilizer distributor (Vicon, PS 503; Kverneland Group UK Ltd, St Helens, UK)

Dairy cows

Experiment 1 involved 58 multiparous (mean lactation number, 2.7) Holstein-Friesian dairy cows (29 per treatment).  These winter-calving cows had a mean of 121 (s.d., 57.1) days in milk when the experiment started on 30 March, and had a mean pre-experimental live weight and milk yield of 595 (s.d., 49.4) kg and 36.3 (s.d., 6.62) kg d-1, respectively, and mean predicted transmitting ability (Swanson, 1991) for fat + protein yield, expressed using the year 2000 as a base year (PTA2000), of 39.1 (s.d., 6.76) kg.
Experiment 2 involved 40 multiparous (mean lactation number, 3.6) Holstein-Friesian dairy cows (20 per treatment).  These winter-calving cows had a mean of 100 (s.d., 52.6) days in milk when the experiment started on 29 March, and had a mean pre-experimental live weight and milk yield of 609 (s.d., 50.3) kg and 34.2 (s.d., 6.88) kg day-1, respectively, and a mean PTA2000 fat + protein yield of 38.8 (s.d., 5.6) kg.  Cows were divided into two groups (29 and 20 cows per group in Experiments 1 and 2 respectively) at turnout, with groups balanced for days in milk, genetic merit, milk yield, milk fat and milk protein concentrations, live weight, body condition score, and expected calving date (if confirmed in calf).
Grazing and feeding management 

Pre-experimental period

During the winter prior to Experiments 1 and 2, cows were housed and offered a complete diet comprising grass silage, maize silage (0.70:0.30 dry matter (DM) basis, approximately) and concentrates (11.0 kg cow-1 d-1, approximately).  Experimental regimes were imposed from turnout.

Experiment 1 

Cows were first given access to grazing on 30 March.  The number of hours of grazing each day was increased so that, by 7 April, cows grazed from after the morning milking to the evening milking, with grazing for 24 h commencing on 20 April.  During this period, the amount of concentrate in the complete diet was reduced, with access to the complete diet removed on 20 April.  At the same time, increasing amounts of the concentrate used whilst grazing were offered in the milking parlour, split between two equal meals per day, so that 6.0 kg d-1 was offered by 20 April.  This was subsequently reduced to 4.0 kg day-1 on 27 April, remaining at this amount until the end of the experiment.  The composition of the ingredients of this concentrate was as follows: barley, 150 kg t-1; maize meal, 250 kg t-1; sugar beet pulp 270, kg t-1; soya-bean meal, 250 kg t-1; molasses, 20 kg t-1; minerals and vitamins, 60 kg t-1.  At the end of the fourth grazing cycle (21 June), an additional three paddocks were incorporated into each system, the number of paddocks within each treatment remaining at 24 paddocks until the end of the experiment.  All paddocks were topped to a height of approximately 7.0 cm during the fourth grazing cycle.  Cows remained on the study until 28 September (169 days), having completed eight grazing cycles.

Experiment 2

Cows commenced grazing on 29 March and were grazing on the swards from the morning milking to the evening milking by 1 April.  Adverse weather conditions meant that 24-h access to grazing was not possible until 30 April, during the second grazing cycle.  The amount of concentrate in the complete diet was reduced to 7.0 kg cow-1 d-1 on 29 March, and to 4.0 kg cow-1 d-1 on 19 April (end of first grazing cycle), with the complete diet removed on 30 April.  On 29 March 3.0 kg cow-1 d-1 of the concentrate used whilst grazing was offered in the parlour during milking, split between two equal meals per day.  This amount was maintained until 31 May (start of fourth grazing cycle), when the amount was increased to 4.0 kg d-1 due to a shortage of herbage, remaining at this amount until the end of the experiment.  The composition of the ingredients of this concentrate was as follows: barley, 165 kg t-1; maize, 165 kg t-1; sugar beet pulp, 335 kg t-1; soya-bean meal, 260 kg t-1; molasses, 20 kg t-1; minerals and vitamins 55 kg t-1.  Four additional paddocks were incorporated into each system at the end of the fifth grazing cycle (11 July) while an additional three paddocks were incorporated at the end of the sixth grazing cycle (9 August).  All paddocks were topped to a height of approximately 7.0 cm during the fifth grazing cycle.  Cows remained on the study for 179 days, having completed seven grazing cycles and the first 21 days of the eighth grazing cycle.  The experiment finished on 1 October 2005.
Buffer feeding
During the fifth grazing cycle (25 June – 18 July) in Experiment 1, and the sixth grazing cycle (26 July – 9 August) in Experiment 2, drought conditions resulted in shortage of herbage, necessitating buffer feeding of grass silage for 2-4 h d-1 prior to the afternoon milking.  During buffer feeding the two treatment groups were penned separately and offered equal quantities of silage along an easy-feed barrier, with silage being restricted to an amount that cows were able to completely consume within the time available.  The weight of buffer feeding consumed and its dry matter (DM) content, were measured on a daily basis, with mean daily DM intakes during the buffer-feeding period of 4.6 (s.d., 0.33) and 4.0 (s.d., 0.13) kg, in Experiments 1 and 2 respectively.
Maintaining balanced group sizes

Within each experiment, paddock size and the length of each grazing cycle were the same between treatments, thus allowing the experimental treatments to be compared at the same stocking rates at all times.  For health reasons unconnected to the experimental regimes, two cows were removed from Experiment 1 (Infrequent treatment) and four cows were removed from Experiment 2 (two from each treatment).  These cows were replaced by non-experimental cows with similar milk yields in order to maintain an equal number of cows within each grazing group.
From late July onwards, cows were removed from their experimental treatment groups eight weeks prior to their expected calving date.  On completion of each of Experiments 1 and 2, a total of 18 and 14 cows respectively, remained.  Throughout this latter period, equal numbers of cows were maintained within each grazing group at all times, with non-experimental cows occasionally being added to groups for short periods, in order to maintain the same group sizes, and as such, the same grazing pressure. 

Measurements

Sward and feed measurements
In each of Experiments 1 and 2, pre- and post-grazing sward heights were measured daily within each treatment using a rising plate meter (Ashgrove Pasture Meter, Hamilton, New Zealand), based on 40 measurements per treatment.  Mean daily herbage DM intakes were calculated weekly for each cow from performance data of the cows using the methodology described by Ferris et al. (2008), and the mean intake over the experimental period subsequently calculated.  Pre-grazing herbage mass (> 4.0 cm) within each of the two treatment areas was determined weekly by harvesting strips of herbage and herbage samples were bulked for each four-week period, as described by Ferris et al. (2008).  Concentrates offered were sampled weekly and the samples bulked for each four-week period.  Herbage and concentrate samples were subsequently analysed for DM content and N, acid-detergent fibre (ADF), neutral-detergent fibre (NDF) and ash concentrations, using the analytical techniques described by Cushnahan and Gordon (1995).  In addition, in Experiment 1, pre-grazing ‘pluck samples’ of herbage were taken 3, 7, 10, 14, 18 and 21 days after fertilizer was sown with the Infrequent treatment, with these samples subsequently dried and analysed for N and nitrate concentrations.  Pluck samples were taken during grazing cycles 2, 3, 4, 5, 6 and 7.
Measurements on dairy cows

Throughout Experiments 1 and 2, cows were milked twice daily, between 06:30 and 08:30 h, and between 16:00 and 18:00 h, with milk yields recorded at each milking.  During two successive milkings in each week, a milk sample was taken from each cow and analysed for fat, protein and lactose concentrations using a Milkoscan Model 605 (Foss Electric, Hillerød, Denmark), and a weighted milk composition for the 24-h sampling period calculated.  In addition, in Experiment 1, milk samples and blood samples were taken from a sub-group of cows (ten per treatment) 7, 14 and 21 days after fertilizer was applied across all paddocks in the Infrequent treatment.  Milk and blood sampling was restricted to grazing cycles 2, 3, 4, 6, and 7, representing cycles when cows were grazing for 24 h, and excluding cycles when buffer feeding was adopted, and cycles when fertilizer was not applied.  Milk samples were collected during two successive milkings, bulked in proportion to yield, and subsequently analysed for urea concentration, as described by Bergmeyer and Butler (1985).  Blood samples were taken from the tail of each cow within each sub-group, immediately following the morning milking, with plasma samples subsequently analysed for urea, as described by Keady et al. (1998).  Live weights and body condition scores were recorded prior to the start of each experiment and when cows were removed from each experiment.

Labour measurements
Labour inputs associated with applying fertilizer were measured on a number of occasions during each of Experiments 1 and 2 using a digital stopwatch.  Five main components were identified: attaching the fertilizer distributor to the tractor, travelling from the farmyard to the grazing area, applying fertilizer, returning to the farmyard, and disconnecting the distributor (number of observations, 12, 40, 40, 40 and 12 respectively).  The time taken to load the fertilizer distributor was not recorded, experimental requirements necessitating that fertilizer was weighed into the distributor.  The elapsed times (minutes and seconds) for each component were expressed as units per second, or second per unit, prior to calculating means.  Total times for fertilizer application for each of the two treatments were subsequently calculated for a 100-cow dairy herd, based on the following assumptions; stocking rates (mean, 5.1 cows ha-1), number (n = 8) and length of grazing cycles, and application rates of fertilizer (248 kg N ha-1), as in Experiment 2; mean distance from the farmyard to the grazing area, 300 m; capacity of fertilizer distributor, 1.0 t; pre-turnout fertilizer applied on a single date across all paddocks in both treatments; no fertilizer sown during the final grazing cycle in either treatment; fertilizer applied on one occasion per grazing cycle with the Infrequent treatment, and on three occasions each week with the Frequent treatment; with the Infrequent treatment, the capacity of the fertilizer distributor necessitated that the distributor was loaded twice on five application dates, three times on one application date, and four times on two application dates; time taken to load the distributor assumed to be 4.0 min; the distributor was connected to, and disconnected from the tractor, each day that a fertilizer application took place.

Statistical analysis

Sward height and herbage mass data were not analysed statistically as these measurements were not true replicated.  The layout of the experimental grazing areas, in terms of accessibility to roadways, together with the logistical problems associated with managing small groups of cows, meant that ‘replication’ of each system within each experiment was not possible.  Consequently, individual cows were used as the experimental units.  Data on calculated herbage intakes, milk production and milk composition, and live weight and body condition score at end of experiment, from each of Experiments 1 and 2 were analysed by analysis of variance (Genstat for Windows, Release 6.1;  Lawes Agricultural Trust, Rothamsted Experimental Station, Rothamsted, UK), with Experiment 1 involving an unequal number of replicates.  A mean daily herbage intake was calculated for each cow over the entire experimental period, and analysed without the use of a covariate.  The total volume of milk produced by each cow over the experimental period (total milk output) was analysed using pre-experimental milk yields and days on the experiment, as covariates.  Mean daily milk yields over the experimental period, and weighted milk composition data of fat, protein and lactose for the entire experimental period were analysed using pre-experimental milk yield, and pre-experimental fat, protein and lactose concentrations, as appropriate, as covariates.  Similarly, pre-experimental live weights and body condition scores were used as covariates when analysing data of end-of-experiment live weights and body condition scores.  Plasma and milk urea concentrations in Experiment 1, as measured on a sub-group of cows on days 7, 14 and 21 of each grazing cycle, were analysed by repeated measures ANOVA as a 2 (fertilizer treatments) x 3 (day 7, 14 and 21) factorial design.  Standard deviations of the mean times were calculated for each labour component measured, no other statistical analysis being possible.
Results

Sward and herbage measurements
The chemical composition of herbage offered within each experiment, based on monthly bulked herbage samples, differed little between fertilizer treatments (Table 1).  While a statistical analysis was not possible, the crude protein and nitrate concentrations in herbage in Experiment 1 were higher on the Infrequent treatment (Figures 1a and 1b, respectively).  Within each experiment, fertilizer treatment had little effect on pre- and post-grazing sward heights (Table 1).  The mean pre-grazing herbage mass, measured above 4.0 cm, was 2.57 and 2.36 t DM ha-1 (Experiment 1), and 2.16 and 2.29 t DM ha-1 (Experiment 2) on the Infrequent and Frequent treatments respectively. 

Performance of dairy cows
Mean calculated daily DM intakes of herbage were 13.2 and 13.1 kg on the Frequent and Infrequent treatments in Experiment 1, and 13.7 and 13.3 kg on the Frequent and Infrequent treatments in Experiment 2, respectively (P > 0.05) (Table 2).  Treatment had no significant effect on total milk output, average daily milk yield, and milk fat and protein concentrations, in either of Experiments 1 or 2 (P > 0.05).  Similarly, end-of-experiment live weights and body condition scores did not differ significantly between treatments in either experiment (P > 0.05).  Treatment had no significant effect on either plasma urea (s.e. mean, 0.21) or milk urea (s.e. mean, 4.8) concentrations (Figures 1c and 1d, respectively) in Experiment 1 (P > 0.05), although values of both variables decreased from day 7 to day 21 of the grazing cycle (P ≤ 0.01).  There was no significant interaction between treatment and day post-application of fertilizer N for either parameter (P > 0.05).

Labour use
The mean times taken to connect and disconnect the fertilizer distributor to and from the tractor were 112 (s.d., 17.7) and 87 (s.d., 23.0) s, respectively, while the mean travel speeds to and from the grazing area, measured over a mean distance of 552 (s.d., 168.9) m, were 3.6 (s.d., 0.65) and 3.6 (s.d., 0.63) m s-1 respectively.  The mean fertilizer application rate was 670 (s.d., 11.9) s ha-1.  Based on these measurements, and the assumptions highlighted in the materials and methods section, the time taken to apply fertilizer on each of the two treatments was calculated for a 100-cow dairy herd (Table 3).  For connecting and disconnecting the distributor, loading the fertilizer distributor, and travel time to and from the grazing area, weekly time requirements were proportionally 0.88, 0.70 and 0.70 lower, respectively, with the Infrequent treatment compared to the Frequent treatment.  However, the calculated time taken to apply fertilizer did not differ between the two treatments.  For a 100-cow dairy herd, the total times required per week for the entire process of fertilizer application were 107 and 83 min for the Frequent and Infrequent treatments, respectively.

Discussion

Two experiments were conducted in successive years to examine the effect of reducing the frequency of application of N fertilizer on the performance of rotationally grazed dairy cows.  In view of the impact of climatic variations between years on herbage growth and grazing conditions, repeating studies involving grassland-based systems is desirable.  In addition, Experiment 2 involved a reduced application of N fertilizer.

Sward

With the Frequent treatment, N fertilizer was applied within a few days of swards having been grazed, while in the Infrequent treatment, N fertilizer was applied to paddocks which had been grazed between one and 27 d previously.  Thus with the latter, fertilizer was applied on swards at a range of regrowth stages and, as such, may not always have been applied at the ‘optimum time’ to supply the N requirements of swards, with possible detrimental effects on subsequent regrowth.  For example, in a plot experiment which involved herbage being harvested at 28-d intervals throughout the growing season, the total yield of herbage produced was reduced by proportionally 0.06, 0.16 and 0.15, when N fertilizer was applied 8, 15 and 22 d after each harvest, compared to being applied on the day following harvest (Brockman, 1974).  Brockman (1974) concluded that within a 28-d harvest cycle, there was a period of up to one week following harvest in which N can be applied without a major loss of yield.  Earlier studies by Sullivan and Sprague (1953) and McKee et al. (1967) also support the commonly held belief that a delay between harvest and the application of N fertilizer will reduce subsequent herbage yield.  More recently, McNamara et al. (2006) observed that reducing the frequency of applying N fertilizer from immediately post-harvest, to either twice per month or monthly, resulted in a small, but significant, reduction in herbage yield in one year (proportionately 0.04), while having no effect on herbage yield in a second year.  While the current experiments involved no direct measures of herbage production, the similar pre-grazing sward heights and herbage masses observed with each of the regimes of fertilizer application, suggest that herbage production was also similar.  The response in herbage production to frequency of application of N fertilizer, however, may be influenced by a range of factors, including soil type, rainfall intensity and temperature, the latter influencing both herbage growth and soil microbial processes.  For example, with a free-draining soil and a high rainfall, higher N losses might be expected with infrequent than frequent application with possible negative effects on herbage growth.

Timing of grazing, in relation to timing of application of N fertilizer, may also affect the chemical composition of herbage, with the composition of N in herbage changing with time after application of N fertilizer.  For example, at an application rate of N fertilizer of 140 kg ha-1, Wilman and Wright (1978) observed that the N concentration in the DM of herbage increased from day 3 until approximately days 12-15 after application of N fertilizer, while nitrate concentrations in herbage peaked approximately 18 d after application of N fertilizer.  In a separate experiment, involving lower application rates of N fertilizer, concentrations of N and nitrate in herbage peaked two weeks after applying N fertilizer (Wilman, 1975).  The importance of this lies in the fact that cows on the frequent application treatment grazed paddocks approximately 21 to 27 d after fertilizer was applied, depending on the length of grazing cycle, while with the infrequent application treatment, cows grazed paddocks on which fertilizer had been applied between 1 and 27 d earlier.  Similar trends to those observed by Wilman and Wright (1978) and Wilman (1975) were observed in Experiment 1 in the Infrequent treatment, where peak N and nitrate concentrations in herbage were observed on paddocks grazed approximately 10 d after fertilizer was applied.  Within the current experiments, however, the paddocks grazed in the period immediately after fertilizer was applied on the Infrequent treatment had a high cover of grass herbage at the time when fertilizer was applied.  Nevertheless, there is evidence that high rates of N uptake can occur when N fertilizer is applied to grass swards after a period of regrowth.  For example, Sullivan and Sprague (1953) harvested plots at 35-d intervals, and observed the N concentration of herbage at harvest to be maximum in plants when N was applied 14 d post-harvest rather than at the time of harvest.  In addition, Watson (1986) observed that, when N fertilizer was applied to swards during the week prior to harvest for silage, N was rapidly taken up and translocated to the plant shoots, resulting in elevated concentrations of total N and nitrate in herbage.  This rapid uptake of N, observed when N is applied to swards after a period of regrowth, explains the higher N and nitrate concentrations in herbage observed on the Infrequent treatment during the first 10 d after application of fertilizer in Experiment 1.

Performance of dairy cows

Within the experiments differences in the performance of dairy cows between treatments might be expected to arise due to differences in the yield of herbage produced, and differences in the chemical composition of herbage, either through direct nutritional effects or indirect effects on intake and diet selection.  With regards to the former, higher herbage yields will normally be translated into higher herbage allowances, resulting in increased herbage intakes and milk yields (Peyraud et al., 1996; Maher et al., 2003).  In addition, there is some evidence that herbage intake is increased when the crude protein concentration of herbage is reduced, perhaps as a consequence of higher concentrations of water-soluble carbohydrates in herbage (Peyraud and Astigarraga, 1998).  In the current experiments, milk output did not differ between treatments suggesting that neither herbage production nor intake was significantly affected by treatment. It is worth noting that should a small reduction in herbage production arise due to infrequent fertilizer applications, under grazing conditions, where the efficiency of herbage utilization can be low (Dale et al., 2005), this may be reflected in an increase in the efficiency of utilisation of herbage rather than in a reduction in the performance of dairy cows.
While higher nitrate concentrations in herbage were observed with the Infrequent treatment in Experiment 1, mean concentrations were less than 20 g kg DM-1, with the exception of the period 10 d after N fertilizer was applied.  It was demonstrated by Phipps (1975) that dairy cows can graze herbage with nitrate concentrations greater than 20 g kg DM-1 without ill effect.  Cows grazed swards, in which the nitrate concentrations of herbage were up to 33.6 g kg-1 DM, in the 14-17 d after high amounts of N fertilizer were applied in this study with no detrimental effects on either their health or production. 
Labour inputs

With the Infrequent treatment, the calculated weekly time for the application of fertilizer for a 100-cow dairy herd was proportionally 0.78 of that for the Frequent treatment, a saving equivalent to 24.1 min week-1.  This relatively small difference in total time between the two treatments can be attributed to the most time-consuming component of the entire process, namely applying the fertilizer, being common to both treatments.  On the other hand, the components where time savings are made on the Infrequent treatment, i.e. connecting and disconnecting the distributor, loading fertilizer into the distributor, and travelling to and from the paddocks, represent a much smaller part of the total time requirement.  When viewed within the context of a 40-h working week, a saving of 24.1 min week-1 is relatively small.  An alternative way to view this is that with the Frequent treatment, 35.8 min is required on three occasions each week to apply fertilizer, while with the Infrequent treatment, on average, 278.3 min is required on a single occasion once every three to four weeks.  From the point of view of utilization of time, the latter option allows for easier planning.  Perhaps more importantly, however, the adoption of the infrequent fertilizer application, or ‘blanket spreading’, creates the possibility of having fertilizer sown by non-farm labour, with this having major implications for on-farm labour requirements.

While the assumptions adopted allow an estimate to be made of times of fertilizer application under a specific set of circumstances, many factors will influence these times.  For example, time to load the distributor will be affected by its size and loading method.  Similarly, while it was assumed that the distributor was disconnected from the tractor each day after application was complete, many farms have a dedicated ‘fertilizer tractor’ during the summer months from which the distributor is rarely disconnected.  In addition, travel times will be affected by the type of tractor, distance between the grazing area and the farmyard, the quality of road surface being travelled on, and whether travelling involves private or public roads.  In addition, where travel distances and grazing areas are particularly large, time savings could be made by transporting fertilizer to the grazing area in ‘bulk’.

Conclusions
These experiments were designed to examine the effect of reducing the frequency of application of N fertilizer on rotationally grazed paddocks on the performance of dairy cows and inputs of labour. When the frequency of applying N fertilizer was reduced from three times per week to a single occasion during each grazing cycle, herbage production was unaffected although nitrate concentrations in herbage in Experiment 1 were increased.  Calculated herbage intake, milk output and milk composition, and live weight and body condition score at the end of the experiments, were not significantly affected by frequency of application of N fertilizer.  Similarly, frequency of application of N fertilizer had no significant effect on either plasma urea or milk urea concentrations in Experiment 1.  While the calculated time-saving associated with applying fertilizer less frequently was relatively small, this practice would allow fertilizer to be sown by non-farm labour.
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Table 1  Chemical composition of herbage and concentrate (g kg DM-1, unless stated otherwise), and sward height and pre-grazing herbage mass, in two experiments with the same treatments (Infreq., ‘Infrequent’, fertilizer was applied to all paddocks on a single occasion at the start of each grazing cycle: and Freq., ‘Frequent’, fertilizer was applied on three occasions each week, within two or three days of each paddock having been grazed). 

	Composition 
	Experiment 1
	
	Experiment 2

	
	Herbage
	Concentrate
	
	Herbage
	Concentrate

	
	Infreq.
	s.d.
	Freq.
	s.d.
	
	s.d.
	
	Infreq.
	s.d.
	Freq.
	s.d.
	
	s.d.

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Dry matter content (g kg-1)
	167
	30.7
	168
	33.1
	873
	6.2
	
	169
	22.1
	171
	23.9
	880
	5.3

	Concentration of :
	
	
	
	
	
	
	
	
	
	
	
	
	

	Crude Protein
	230
	13.6
	234
	16.9
	193
	3.4
	
	211
	12.1
	212
	21.1
	203
	9.8

	Acid-detergent fibre
	220
	16.3
	218
	17.9
	88
	10.4
	
	230
	24.9
	219
	15.7
	125
	26.2

	Neutral-detergent fibre
	505
	23.9
	488
	14.2
	190
	19.8
	
	490
	43.4
	466
	32.4
	228
	18.2

	Ash
	98
	7.5
	99
	11.2
	101
	6.3
	
	107
	18.5
	110
	19.6
	93
	13.78

	Gross energy (MJ kg-1 DM)
	18.9
	0.25
	18.8
	0.32
	17.3
	0.07
	
	18.4
	0.64
	18.6
	0.62
	17.4
	0.44

	Water-soluble carbohydrates
	110
	15.3
	118
	26.0
	-
	-
	
	104
	17.8
	104
	17.9
	-
	-

	Sward height (cm)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Pre-grazing
	11.2
	1.43
	10.5
	1.53
	-
	-
	
	10.5
	1.64
	10.6
	1.67
	-
	-

	Post-grazing
	4.9
	0.66
	4.9
	0.59
	-
	-
	
	4.9
	0.68
	5.0
	0.66
	-
	-

	Herbage mass above 4.0 cm (t DM ha-1)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Pre-grazing 
	2.57
	0.808
	2.36
	0.762
	-
	-
	
	2.16
	0.603
	2.29
	0.719
	-
	-


Table 2  Effect of Infrequent (single occasion at the start of each grazing cycle) and Frequent (within 2-3 days of each paddock having been grazed) application rates of nitrogen fertilizer on the performance of dairy cows in two experiments with the same treatments.

	
	Experiment 1
	
	Experiment 2

	
	Infrequent
	Frequent
	s.e. of mean
	Level of significance
	
	Infrequent
	Frequent
	s.e. of mean
	Level of significance

	Dry matter intake (kg day-1)†
	
	
	
	
	
	
	
	
	

	Concentrate 
	3.6
	3.6
	
	
	
	3.3
	3.3
	
	

	Herbage 
	13.1
	13.2
	0.26
	NS
	
	13.3
	13.7
	0.26
	NS

	Total milk output (kg)‡
	4339
	4298
	103.9
	NS
	
	4588
	4495
	91.0
	NS

	Daily milk yield (kg)
	25.5
	25.1
	0.42
	NS
	
	25.5
	25.1
	0.49
	NS

	Milk composition (g kg-1)
	
	
	
	
	
	
	
	
	

	Fat
	40.2
	40.6
	0.72
	NS
	
	38.7
	39.7
	0.81
	NS

	Protein
	34.4
	34.5
	0.29
	NS
	
	33.2
	33.3
	0.35
	NS

	Lactose
	48.1
	47.5
	0.26
	NS
	
	46.1
	46.2
	0.25
	NS

	Fat + Protein yield (kg day-1)
	1.89
	1.87
	0.026
	NS
	
	1.83
	1.82
	0.042
	NS

	Body condition score at end of experiment
	2.5
	2.5
	0.04
	NS
	
	2.3
	2.3
	0.07
	NS

	Live weight at end of experiment (kg)
	605
	608
	6.1
	NS
	
	625
	616
	10.6
	NS


†  Excludes periods of part turnout and buffer feeding; calculated from data on the performance of the dairy cows 

‡  169 days and 179 days in Experiments 1 and 2 respectively

NS, non significant

Table 3  Calculated times (min week-1) of inputs of labour for Infrequent (single occasion at the start of each grazing cycle) and Frequent (within 2-3 days of each paddock having been grazed) application rates of nitrogen fertilizer for a 100-cow dairy herd
	
	Fertilizer treatment

	
	Infrequent
	Frequent

	Connecting and disconnecting fertilizer distributor
	1.2
	10.4

	Loading the fertilizer distributor
	3.7 
	12.5

	Travel time to and from paddocks
	2.6 
	8.7

	Applying fertilizer
	75.8
	75.8

	Total time (min week-1)
	83.2
	107.4


Figure 1  Effect of fertilizer application frequency (Frequent (:  Infrequent () on (a) concentration of crude protein in herbage, (b) concentration of nitrate in herbage, (c) concentration of plasma urea in dairy cows, and (d) concentration of urea in milk of dairy cows for days in a grazing cycle (mean of five cycles) in Experiment 1 (day 0 represents the day that fertilizer was applied on the Infrequent treatment).
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		2166.6666666667		2166.6666666667		2166.6666666667		2166.6666666667

		177.7777777778		177.7777777778		177.7777777778		177.7777777778

		912.1951219512		912.1951219512		912.1951219512		912.1951219512

		1390.101010101		1390.101010101		1390.101010101		1390.101010101

		2253.9896373057		2253.9896373057		2253.9896373057		2253.9896373057

		3132.9787234043		3132.9787234043		3132.9787234043		3132.9787234043

		1901.0989010989		1901.0989010989		1901.0989010989		1901.0989010989

		1800		1800		1800		1800

		2308.0924855491		2308.0924855491		2308.0924855491		2308.0924855491

		1129.4117647059		1129.4117647059		1129.4117647059		1129.4117647059

		2703.1908488862		2703.1908488862		2703.1908488862		2703.1908488862

		2179.3548387097		2179.3548387097		2179.3548387097		2179.3548387097

		1700		1700		1700		1700

		2040.8163265306		2040.8163265306		2040.8163265306		2040.8163265306

		1705.4794520548		1705.4794520548		1705.4794520548		1705.4794520548

		1096.0283687943		1096.0283687943		1096.0283687943		1096.0283687943

		1287.9432624113		1287.9432624113		1287.9432624113		1287.9432624113

		464.2857142857		464.2857142857		464.2857142857		464.2857142857

		3228.5714285714		3228.5714285714		3228.5714285714		3228.5714285714

		2237.4100719425		2237.4100719425		2237.4100719425		2237.4100719425

		2445.2554744526		2445.2554744526		2445.2554744526		2445.2554744526

		1307.5780089153		1307.5780089153		1307.5780089153		1307.5780089153

		1585.8646616541		1585.8646616541		1585.8646616541		1585.8646616541

		1433.8461538461		1433.8461538461		1433.8461538461		1433.8461538461

		2328.125		2328.125		2328.125		2328.125

		1531.25		1531.25		1531.25		1531.25

		1424		1424		1424		1424

		950.4132231405		950.4132231405		950.4132231405		950.4132231405

		1892.5619834711		1892.5619834711		1892.5619834711		1892.5619834711

		2133.3333333333		2133.3333333333		2133.3333333333		2133.3333333333

		1243.6974789916		1243.6974789916		1243.6974789916		1243.6974789916

		1584.537815126		1584.537815126		1584.537815126		1584.537815126

		2204.3103448276		2204.3103448276		2204.3103448276		2204.3103448276

		1508.6206896552		1508.6206896552		1508.6206896552		1508.6206896552

		1478.2608695652		1478.2608695652		1478.2608695652		1478.2608695652

		2605.2631578947		2605.2631578947		2605.2631578947		2605.2631578947

		2714.0350877193		2714.0350877193		2714.0350877193		2714.0350877193

		1828.947368421		1828.947368421		1828.947368421		1828.947368421

		1750.8771929825		1750.8771929825		1750.8771929825		1750.8771929825

		1978.7985865724		1978.7985865724		1978.7985865724		1978.7985865724

		1983.982300885		1983.982300885		1983.982300885		1983.982300885

		1455.3571428571		1455.3571428571		1455.3571428571		1455.3571428571

		1836.3636363636		1836.3636363636		1836.3636363636		1836.3636363636

		1769.5692025665		1769.5692025665		1769.5692025665		1769.5692025665

		2195.3703703704		2195.3703703704		2195.3703703704		2195.3703703704

		1952.380952381		1952.380952381		1952.380952381		1952.380952381

		1689.3203883495		1689.3203883495		1689.3203883495		1689.3203883495

		2546.862745098		2546.862745098		2546.862745098		2546.862745098

		2643.8492063492		2643.8492063492		2643.8492063492		2643.8492063492

		1570		1570		1570		1570

		2380.9183673469		2380.9183673469		2380.9183673469		2380.9183673469

		2163.2653061225		2163.2653061225		2163.2653061225		2163.2653061225

		1520.8333333333		1520.8333333333		1520.8333333333		1520.8333333333

		2121.4659685864		2121.4659685864		2121.4659685864		2121.4659685864

		1314.7368421053		1314.7368421053		1314.7368421053		1314.7368421053

		1077.8947368421		1077.8947368421		1077.8947368421		1077.8947368421

		1320.5319148936		1320.5319148936		1320.5319148936		1320.5319148936

		1377.1739130435		1377.1739130435		1377.1739130435		1377.1739130435

		1464.6799116998		1464.6799116998		1464.6799116998		1464.6799116998

		2888.8888888889		2888.8888888889		2888.8888888889		2888.8888888889

		1459.7777777778		1459.7777777778		1459.7777777778		1459.7777777778

		1533.3333333333		1533.3333333333		1533.3333333333		1533.3333333333

		1718.8764044944		1718.8764044944		1718.8764044944		1718.8764044944

		1394.2696629213		1394.2696629213		1394.2696629213		1394.2696629213

		1694.0909090909		1694.0909090909		1694.0909090909		1694.0909090909

		2013.7299771167		2013.7299771167		2013.7299771167		2013.7299771167

		2206.8965517241		2206.8965517241		2206.8965517241		2206.8965517241

		2823.5294117647		2823.5294117647		2823.5294117647		2823.5294117647

		2268.2352941177		2268.2352941177		2268.2352941177		2268.2352941177

		1576.4705882353		1576.4705882353		1576.4705882353		1576.4705882353

		2774.8235294118		2774.8235294118		2774.8235294118		2774.8235294118

		1612.5609756098		1612.5609756098		1612.5609756098		1612.5609756098

		1155.2795031056		1155.2795031056		1155.2795031056		1155.2795031056

		1641.3449564135		1641.3449564135		1641.3449564135		1641.3449564135

		2199		2199		2199		2199

		1741.2658227848		1741.2658227848		1741.2658227848		1741.2658227848

		1642.9773462783		1642.9773462783		1642.9773462783		1642.9773462783

		1527.8858625162		1527.8858625162		1527.8858625162		1527.8858625162

		1912.987012987		1912.987012987		1912.987012987		1912.987012987

		1369.7368421053		1369.7368421053		1369.7368421053		1369.7368421053

		1825.2631578947		1825.2631578947		1825.2631578947		1825.2631578947

		1071.052631579		1071.052631579		1071.052631579		1071.052631579

		1333.3333333333		1333.3333333333		1333.3333333333		1333.3333333333

		1120		1120		1120		1120

		1612		1612		1612		1612

		1445.9459459459		1445.9459459459		1445.9459459459		1445.9459459459

		1659.7510373444		1659.7510373444		1659.7510373444		1659.7510373444

		2990.2777777778		2990.2777777778		2990.2777777778		2990.2777777778

		913.9664804469		913.9664804469		913.9664804469		913.9664804469

		2000		2000		2000		2000

		1428.5714285714		1428.5714285714		1428.5714285714		1428.5714285714

		1678.5714285714		1678.5714285714		1678.5714285714		1678.5714285714

		2208.9552238806		2208.9552238806		2208.9552238806		2208.9552238806

		1061.5384615385		1061.5384615385		1061.5384615385		1061.5384615385

		1732.6153846154		1732.6153846154		1732.6153846154		1732.6153846154

		2174.6153846154		2174.6153846154		2174.6153846154		2174.6153846154

		2840		2840		2840		2840

		2061.5384615385		2061.5384615385		2061.5384615385		2061.5384615385

		1644.3076923077		1644.3076923077		1644.3076923077		1644.3076923077

		2390.625		2390.625		2390.625		2390.625

		1872.5490196078		1872.5490196078		1872.5490196078		1872.5490196078

		2196.7213114754		2196.7213114754		2196.7213114754		2196.7213114754

		1770.4918032787		1770.4918032787		1770.4918032787		1770.4918032787

		1434.7107438017		1434.7107438017		1434.7107438017		1434.7107438017

		2124		2124		2124		2124

		1735.6666666667		1735.6666666667		1735.6666666667		1735.6666666667

		1700		1700		1700		1700

		1466.6666666667		1466.6666666667		1466.6666666667		1466.6666666667

		1512.6050420168		1512.6050420168		1512.6050420168		1512.6050420168

		1949.1525423729		1949.1525423729		1949.1525423729		1949.1525423729

		1725.2542372881		1725.2542372881		1725.2542372881		1725.2542372881

		2813.7931034483		2813.7931034483		2813.7931034483		2813.7931034483

		1137.9310344828		1137.9310344828		1137.9310344828		1137.9310344828

		1180		1180		1180		1180

		1144.3064544341		1144.3064544341		1144.3064544341		1144.3064544341

		1322.8070175439		1322.8070175439		1322.8070175439		1322.8070175439

		2813.3333333333		2813.3333333333		2813.3333333333		2813.3333333333

		2813.3333333333		2813.3333333333		2813.3333333333		2813.3333333333

		2023.8596491228		2023.8596491228		2023.8596491228		2023.8596491228

		1710		1710		1710		1710

		930.5660377358		930.5660377358		930.5660377358		930.5660377358

		1623.1060606061		1623.1060606061		1623.1060606061		1623.1060606061

		1134.6153846154		1134.6153846154		1134.6153846154		1134.6153846154

		2346.1538461538		2346.1538461538		2346.1538461538		2346.1538461538

		1940.3846153846		1940.3846153846		1940.3846153846		1940.3846153846

		2666.6666666667		2666.6666666667		2666.6666666667		2666.6666666667

		1052.6		1052.6		1052.6		1052.6

		558.8		558.8		558.8		558.8

		2275.1020408163		2275.1020408163		2275.1020408163		2275.1020408163

		1987.5		1987.5		1987.5		1987.5

		982.9787234043		982.9787234043		982.9787234043		982.9787234043

		1736.170212766		1736.170212766		1736.170212766		1736.170212766

		765.9574468085		765.9574468085		765.9574468085		765.9574468085

		1763.9484978541		1763.9484978541		1763.9484978541		1763.9484978541

		1956.5217391304		1956.5217391304		1956.5217391304		1956.5217391304

		991.7391304348		991.7391304348		991.7391304348		991.7391304348

		1466.6666666667		1466.6666666667		1466.6666666667		1466.6666666667

		1502.2727272727		1502.2727272727		1502.2727272727		1502.2727272727

		1681.8181818182		1681.8181818182		1681.8181818182		1681.8181818182

		1310.3448275862		1310.3448275862		1310.3448275862		1310.3448275862

		1154.7619047619		1154.7619047619		1154.7619047619		1154.7619047619

		1809.5238095238		1809.5238095238		1809.5238095238		1809.5238095238

		1132.2891566265		1132.2891566265		1132.2891566265		1132.2891566265

		1714.6341463415		1714.6341463415		1714.6341463415		1714.6341463415

		938.2716049383		938.2716049383		938.2716049383		938.2716049383

		1610.0628930818		1610.0628930818		1610.0628930818		1610.0628930818

		769.2307692308		769.2307692308		769.2307692308		769.2307692308

		2036.7567567568		2036.7567567568		2036.7567567568		2036.7567567568

		1594.5945945946		1594.5945945946		1594.5945945946		1594.5945945946

		988.8888888889		988.8888888889		988.8888888889		988.8888888889

		1642.8571428571		1642.8571428571		1642.8571428571		1642.8571428571

		1061.7647058823		1061.7647058823		1061.7647058823		1061.7647058823

		2296.9696969697		2296.9696969697		2296.9696969697		2296.9696969697

		1230.7692307692		1230.7692307692		1230.7692307692		1230.7692307692

		1539		1539		1539		1539

		903.4482758621		903.4482758621		903.4482758621		903.4482758621

		2541.9047619048		2541.9047619048		2541.9047619048		2541.9047619048



Scenario 1

Scenario 4

Scenario 3

Scenario 2

P balance/ha

P balance/ha (zero P fertiliser)

P balance/ha (reduced P concentrate: 4.4 g/kg fresh)

P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)

Concentrate input (kg/cow/year)

P balance (kg P/ha/annum)

32.9158790698

17.9158790698

25.5899348837

10.5899348837

11.5655042882

-3.4344957118

10.1828336192

-4.8171663808

17.2928825806

2.2928825806

14.9123187097

-0.0876812903

20.428657876

5.428657876

16.6348716899

1.6348716899

27.3095080304

12.3095080304

21.0725308538

6.0725308538

35.660659322

20.660659322

27.315579661

12.315579661

26.0974241379

11.0974241379

20.9866862069

5.9866862069

27.6023185841

12.6023185841

21.8366902655

6.8366902655

33.0617797952

18.0617797952

25.6504085295

10.6504085295

18.5771854456

3.5771854456

16.0809932956

1.0809932956

30.4501551977

15.4501551977

24.6062781845

9.6062781845

27.4062757009

12.4062757009

20.7655023364

5.7655023364

24.2058950617

9.2058950617

18.9083641975

3.9083641975

26.3133134583

11.3133134583

20.8306345826

5.8306345826

24.6433398058

9.6433398058

19.7192038835

4.7192038835

18.9845210526

3.9845210526

15.0716289474

0.0716289474

19.1276792929

4.1276792929

14.7960808081

-0.2039191919

13.4495224806

-1.5504775194

12.2643736434

-2.7356263566

36.2697010309

21.2697010309

28.0986907216

13.0986907216

25.8063294118

10.8063294118

20.3606432702

5.3606432702

25.2977353649

10.2977353649

20.9209206095

5.9209206095

19.7707688889

4.7707688889

16.9424671605

1.9424671605

21.3751032864

6.3751032864

16.5857793427

1.5857793427

20.5651701863

5.5651701863

16.6885664596

1.6885664596

26.7205872156

11.7205872156

21.1810790899

6.1810790899

21.6025113835

6.6025113835

18.0860017513

3.0860017513

19.9674028392

4.9674028392

16.2087246916

1.2087246916

16.0014166667

1.0014166667

13.5082604167

-1.4917395833

24.7588731563

9.7588731563

19.0540235988

4.0540235988

27.3023488372

12.3023488372

21.8379186047

6.8379186047

18.5979333333

3.5979333333

15.8114666667

0.8114666667

23.5411215971

8.5411215971

17.7840181488

2.7840181488

28.6465122302

13.6465122302

22.5507453237

7.5507453237

20.6038081395

5.6038081395

16.2332267442

1.2332267442

27.3863416621

12.3863416621

22.1859532863

7.1859532863

29.3534117647

14.3534117647

23.0637176471

8.0637176471

37.9479655242

22.9479655242

27.8160954099

12.8160954099

25.5215880466

10.5215880466

19.8424682216

4.8424682216

25.4346537998

10.4346537998

20.448509047

5.448509047

25.6909680233

10.6909680233

20.2705784884

5.2705784884

35.7939870968

20.7939870968

28.1400995392

13.1400995392

21.20212

6.20212

18.05686

3.05686

24.3408510638

9.3408510638

20.1015957447

5.1015957447

22.1277681159

7.1277681159

18.8760289855

3.8760289855

22.6346199794

7.6346199794

18.3294006179

3.3294006179

25.7627197347

10.7627197347

20.1881426202

5.1881426202

23.8123577778

8.8123577778

19.8089177778

4.8089177778

33.1471733333

18.1471733333

25.8357033333

10.8357033333

32.1845434783

17.1845434783

23.494326087

8.494326087

22.4610506329

7.4610506329

18.7950886076

3.7950886076

26.8969946667

11.8969946667

21.1439306667

6.1439306667

26.6604314013

11.6604314013

21.2282787968

6.2282787968

21.740025

6.740025

17.9556583333

2.9556583333

24.5128413697

9.5128413697

19.4736044724

4.4736044724

22.9205388471

7.9205388471

19.2166290727

4.2166290727

18.7494422188

3.7494422188

15.6568628659

0.6568628659

20.7456795187

5.7456795187

17.5036368608

2.5036368608

21.0852068966

6.0852068966

17.1499310345

2.1499310345

23.4933245714

8.4933245714

19.5893594286

4.5893594286

29.9682821229

14.9682821229

23.6322486034

8.6322486034

25.1422691131

10.1422691131

20.6980764526

5.6980764526

19.2208227848

4.2208227848

15.5747957422

0.5747957422

25.9961073566

10.9961073566

21.0490673875

6.0490673875

23.6593245033

8.6593245033

18.8196291391

3.8196291391

24.8522022059

9.8522022059

19.8755772059

4.8755772059

24.4655147059

9.4655147059

19.7406029412

4.7406029412

27.1423902439

12.1423902439

21.4243414634

6.4243414634

35.4230738721

20.4230738721

26.435805652

11.435805652

24.9481348006

9.9481348006

20.3834552957

5.3834552957

22.3424220104

7.3424220104

17.1467417678

2.1467417678

33.1011291667

18.1011291667

24.7888666667

9.7888666667

21.4871535948

6.4871535948

17.580496732

2.580496732

19.2307275986

4.2307275986

15.8408566308

0.8408566308

24.1994762887

9.1994762887

19.4275216495

4.4275216495

27.4981061947

12.4981061947

22.2079646018

7.2079646018

23.6886925373

8.6886925373

18.7082865672

3.7082865672

22.4318820344

7.4318820344

17.0550704026

2.0550704026

19.9294574315

4.9294574315

16.8560634921

1.8560634921

23.6599847328

8.6599847328

19.5091755725

4.5091755725

22.1930218182

7.1930218182

18.3006472727

3.3006472727

21.1496962457

6.1496962457

17.2077576792

2.2077576792

17.1379224556

2.1379224556

14.7334442649

-0.2665557351

19.5221913043

4.5221913043

16.5813565217

1.5813565217

23.3955221889

8.3955221889

19.6153620287

4.6153620287

24.3693816327

9.3693816327

21.0442979592

6.0442979592

23.9054682927

8.9054682927

18.810795122

3.810795122

24.4876843911

9.4876843911

19.4998333742

4.4998333742

33.9324819277

18.9324819277

26.7061204819

11.7061204819

16.3574852621

1.3574852621

14.0831778437

-0.9168221563

24.9083688889

9.9083688889

19.8496622222

4.8496622222

19.4755753647

4.4755753647

16.6833387358

1.6833387358

26.7463833333

11.7463833333

21.5891083333

6.5891083333

27.2054486486

12.2054486486

20.2935621622

5.2935621622

17.6400981387

2.6400981387

15.1455905245

0.1455905245

20.2251071429

5.2251071429

17.0386696429

2.0386696429

26.572030303

11.572030303

22.3467575758

7.3467575758

30.8538

15.8538

24.3954

9.3954

25.6321914894

10.6321914894

20.2720212766

5.2720212766

21.5391863636

6.5391863636

17.3023545455

2.3023545455

26.7182478386

11.7182478386

20.0860691643

5.0860691643

22.8216326531

7.8216326531

18.7937959184

3.7937959184

24.2769458333

9.2769458333

19.7976708333

4.7976708333

21.1818384615

6.1818384615

17.6624576923

2.6624576923

17.2485524126

2.2485524126

14.2877371048

-0.7122628952

25.0065376

10.0065376

20.8479328

5.8479328

18.8904022222

3.8904022222

16.6878955556

1.6878955556

22.8979166667

7.8979166667

17.9405833333

2.9405833333

22.6033300493

7.6033300493

18.3172315271

3.3172315271

22.1933415147

7.1933415147

18.9783765778

3.9783765778

26.3973495277

11.3973495277

20.6418191633

5.6418191633

22.9337136842

7.9337136842

18.7543410526

3.7543410526

26.5834392857

11.5834392857

21.7800321429

6.7800321429

13.7048666667

-1.2951333333

10.4048666667

-4.5951333333

17.2505

2.2505

14.2136933962

-0.7863066038

18.0656645525

3.0656645525

15.3462889359

0.3462889359

23.2867023256

8.2867023256

19.6793627907

4.6793627907

36.7284945055

21.7284945055

28.7910879121

13.7910879121

36.7284945055

21.7284945055

28.7910879121

13.7910879121

25.1948561086

10.1948561086

21.3254914027

6.3254914027

23.1161957696

8.1161957696

20.0344449591

5.0344449591

16.0063404255

1.0063404255

13.6663085106

-1.3336914894

23.3488572464

8.3488572464

17.6233289855

2.6233289855

16.6000596078

1.6000596078

14.4129043137

-0.5870956863

22.1279038462

7.1279038462

17.8129230769

2.8129230769

27.7991388889

12.7991388889

21.8587013889

6.8587013889

29.9415705882

14.9415705882

23.7168882353

8.7168882353

16.5208118864

1.5208118864

13.8012788538

-1.1987211462

12.354688

-2.645312

10.270864

-4.729136

24.8028470588

9.8028470588

20.7001882353

5.7001882353

24.6373846154

9.6373846154

21.0897115385

6.0897115385

17.191136

2.191136

15.308588

0.308588

18.7908538462

3.7908538462

15.7391961538

0.7391961538

14.6052087912

-0.3947912088

13.0692252747

-1.9307747253

25.8033381818

10.8033381818

20.5326327273

5.5326327273

26.7522580645

11.7522580645

21.7813548387

6.7813548387

17.8212503888

2.8212503888

14.9799564541

-0.0200435459

20.4222915254

5.4222915254

16.4621288136

1.4621288136

21.1567

6.1567

17.6288857143

2.6288857143

23.104795

8.104795

19.470385

4.470385

24.4287599457

9.4287599457

20.916437027

5.916437027

17.2947118644

2.2947118644

14.181220339

-0.818779661

23.8286848485

8.8286848485

19.544630303

4.544630303

18.4765101577

3.4765101577

15.2557355205

0.2557355205

22.2048630952

7.2048630952

18.1759880952

3.1759880952

18.2869715909

3.2869715909

15.9985

0.9985

21.633755814

6.633755814

18.4544360465

3.4544360465

14.96033125

-0.03966875

13.19599375

-1.80400625

26.1948785714

11.1948785714

21.5211357143

6.5211357143

20.1694926829

5.1694926829

17.6072585366

2.6072585366

20.2118949909

5.2118949909

17.7169161135

2.7169161135

25.4375076923

10.4375076923

20.2962153846

5.2962153846

18.6258371845

3.6258371845

15.9314041948

0.9314041948

22.470912892

7.470912892

18.0434355401

3.0434355401

15.9840065789

0.9840065789

13.5077434211

-1.4922565789

22.7783778127

7.7783778127

18.687985348

3.687985348

18.0206951049

3.0206951049

15.9476447552

0.9476447552

20.3468756531

5.3468756531

18.4202507837

3.4202507837



CALCULATION OF P BALANCES

																																																Scenario 1		Scenario 2		Scenario 3		Scenario 4										Scenario 4

		Av cow nos		Cattle 0 - 1		Cattle 1 - 2		Cattle 2+		Total cattle             (0 - 2+)		No Calves sold		No calves transferred		Culls/breeding cows sold		Land owned Ha's		Land taken Ha's		Total Ha		Stocking rate		Meal/cow		Milk/cow		P inputs in fert (kg)		P inputs in meal to milking cows (kg)		P inputs in meal to heifers  (kg)		Total P inputs		P out in milk		P out in culls		P out in calves		Total P output		Whole farm P balance		P balance/ha		P balance/ha (zero P fertiliser)		P balance/ha (reduced P concentrate: 4.4 g/kg fresh)		P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)										P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)

		420		180		150		0		330		200		180		60		134		81		215		2.71		2167		5937		3225		5733		902		9860		2493		240		50		2783		7077		33		18		26		11										13.7910879121		1

		225		77		82		0		159		110		82		52		86.6		30		116.6		2.62		178		3785		1749		252		435		2436		852		208		28		1087		1349		12		-3		10		-5										13.7910879121		2

		205		68		64		7		139		30		68		53		71		84		155		1.78		912		4796		2325		1178		380		3883		983		212		8		1203		2680		17		2		15		-0										13.1400995392		3

		198		70.67		26.67		22.89		120.23		153		66		38		66		63		129		2.02		1390		5920		1935		1734		329		3998		1172		152		38		1362		2635		20		5		17		2										13.0986907216		4

		193		64		52		18		134		112		69		48		106.3		12		118.3		2.23		2254		7413		1775		2741		366		4882		1431		192		28		1651		3231		27		12		21		6										12.8160954099		5

		188		68		84		7		159		98		74		56		66		52		118		2.32		3133		7761		1770		3711		435		5915		1459		224		25		1707		4208		36		21		27		12										12.315579661		6

		182		56		52		8		116		28		126		37		88		28		116		2.09		1901		5795		1740		2180		317		4237		1055		148		7		1210		3027		26		11		21		6										11.7061204819		7

		180		150		80		30		260		48		140		58		64		49		113		2.70		1800		6022		1695		2041		711		4447		1084		232		12		1328		3119		28		13		22		7										11.435805652		8

		173		53		56		53		162		73		81		37		60		34.73		94.73		3.09		2308		6250		1421		2516		443		4379		1081		148		18		1248		3132		33		18		26		11										10.8357033333		9

		170		55		60		35		150		110		55		70		101		52.63		153.63		1.67		1129		4486		2304		1210		410		3924		763		280		28		1070		2854		19		4		16		1										10.6504085295		10

		166.1		85		69		42		196		80		93		23		131		5.6		136.6		2.01		2703		6876		2049		2829		536		5414		1142		92		20		1254		4159		30		15		25		10										10.5899348837		11

		155		50		45		2		97		110		50		43		59.4		26.2		85.6		2.38		2179		7302		1284		2128		265		3677		1132		172		28		1331		2346		27		12		21		6										9.7888666667		12

		152		100		100		0		200		34		106		26		48.6		48.6		97.2		2.59		1700		7681		1458		1628		547		3633		1167		104		9		1280		2353		24		9		19		4										9.6062781845		13

		147		45		45		12		102		110		50		25		48.58		45.34		93.92		2.15		2041		6659		1409		1890		279		3578		979		100		28		1106		2471		26		11		21		6										9.3954		14

		146		80		100		30		210		60		80		45		42		61		103		2.54		1705		6538		1545		1569		574		3688		955		180		15		1150		2538		25		10		20		5										8.7168882353		15

		141		50		43		10		103		66		52		33		59		17		76		2.56		1096		5701		1140		974		282		2395		804		132		17		952		1443		19		4		15		0										8.6322486034		16

		141		60		39		12		111		88		51		37		67.2		12		79.2		2.50		1288		6742		1188		1144		303		2636		951		148		22		1121		1515		19		4		15		-0										8.494326087		17

		140		44		40		3		87		26		82		43		49		80		129		1.43		464		4778		1935		410		238		2582		669		172		7		847		1735		13		-2		12		-3										8.0637176471		18

		140		80		80		20		180		0		130		40		56		41		97		2.43		3229		7976		1455		2848		492		4795		1117		160		0		1277		3518		36		21		28		13										7.5507453237		19

		139		71		48		6.2		125.2		60		46		48		52.4		47.9		100.3		2.01		2237		7272		1505		1959		342		3806		1011		192		15		1218		2588		26		11		20		5										7.3467575758		20

		137		30		35		3		68		87		35		20		124.7		0		124.7		1.38		2445		6646		1871		2111		186		4167		911		80		22		1012		3155		25		10		21		6										7.2079646018		21

		134.6		54.5		31.9		38.7		125.1		77		40		21		119.1		2.4		121.5		1.70		1308		5705		1823		1109		342		3273		768		84		19		871		2402		20		5		17		2										7.1859532863		22

		133		70		74		0		144		73		66		54		50.2		35		85.2		2.41		1586		7106		1278		1329		394		3001		945		216		18		1179		1821		21		6		17		2										6.8587013889		23

		130		20		15		16		51		73		17		16		57.5		23		80.5		1.99		1434		6027		1208		1174		139		2521		784		64		18		866		1655		21		6		17		2										6.8379186047		24

		128		42		59		0		101		66		42		64		71.9		20.4		92.3		2.05		2328		6244		1385		1877		276		3538		799		256		17		1072		2466		27		12		21		6										6.8366902655		25

		128		63		67		39		169		0		60		55		86.2		28		114.2		1.97		1531		5647		1713		1235		462		3410		723		220		0		943		2467		22		7		18		3										6.7813548387		26

		125		40		40		8		88		71		29		30		72.99		12.95		85.94		1.99		1424		6379		1289		1121		241		2651		797		120		18		935		1716		20		5		16		1										6.7800321429		27

		121		41		48		16		105		88		41		54		96		0		96		1.86		950		5599		1440		725		287		2452		677		216		22		915		1536		16		1		14		-1										6.5891083333		28

		121		31		37		0		68		58		48		34		60.9		6.9		67.8		2.29		1893		6748		1017		1443		186		2646		816		136		15		967		1679		25		10		19		4										6.5211357143		29

		120		65		60		10		135		53		65		53		71		15		86		2.21		2133		5822		1290		1613		369		3272		699		212		13		924		2348		27		12		22		7										6.4243414634		30

		119		47		36		41		124		57		47		28		100		8		108		1.78		1244		6358		1620		932		339		2891		757		112		14		883		2009		19		4		16		1										6.3254914027		31

		119		35		15		4		54		83		35		13		26.3		28.8		55.1		2.64		1585		6657		827		1188		148		2162		792		52		21		865		1297		24		9		18		3										6.2282787968		32

		116		39		16		8		63		72		41		22		62		7.5		69.5		2.12		2204		6282		1043		1611		172		2826		729		88		18		835		1991		29		14		23		8										6.1810790899		33

		116		30		30		0		60		80		30		30		36.4		32.4		68.8		2.12		1509		6388		1032		1103		164		2299		741		120		20		881		1418		21		6		16		1										6.1439306667		34

		115		108		91		2		201		0		110		19		70.41		3.23		73.64		2.91		1478		5500		1105		1071		550		2725		632		76		0		708		2017		27		12		22		7										6.0897115385		35

		114		70		70		0		140		40		70		47		55		30		85		2.16		2605		7332		1275		1871		383		3529		836		188		10		1034		2495		29		14		23		8										6.0725308538		36

		114		30		34		1		65		75		30		25		34.83		15.06		49.89		2.95		2714		7573		748		1949		178		2875		863		100		19		982		1893		38		23		28		13										6.0490673875		37

		114		47.8		43.4		29.5		120.7		28		77		55		44.6		24		68.6		2.59		1829		6095		1029		1314		330		2673		695		220		7		922		1751		26		11		20		5										6.0442979592		38

		114		108		46		25		179		0		108		31		40.4		42.5		82.9		2.47		1751		6648		1244		1257		489		2990		758		124		0		882		2109		25		10		20		5										5.9866862069		39

		113.2		28		29		1		58		87		28		24		68.8		0		68.8		2.07		1979		6329		1032		1411		159		2602		716		96		22		834		1768		26		11		20		5										5.9209206095		40

		113		88		35		1		124		20		27		18		48.58		5.67		54.25		3.13		1984		4835		814		1412		339		2565		546		72		5		623		1942		36		21		28		13										5.916437027		41

		112		60		50		0		110		78		40		28		100		0		100		1.66		1455		5142		1500		1027		301		2828		576		112		20		707		2120		21		6		18		3										5.8479328		42

		110		35		95		20		150		0		105		30		32		62		94		2.10		1836		6224		1410		1273		410		3093		685		120		0		805		2288		24		9		20		5										5.8306345826		43

		109.1		91		114		45		250		0		98		18		109		29		138		1.81		1770		7738		2070		1216		684		3970		844		72		0		916		3054		22		7		19		4										5.7655023364		44

		108		44		44		10		98		57		50		35		64.8		32.3		97.1		2.02		2195		8020		1457		1494		268		3218		866		140		14		1020		2198		23		8		18		3										5.7001882353		45

		105		25		20		0		45		82		15		16		51.4		8.9		60.3		2.11		1952		6486		905		1292		123		2319		681		64		21		766		1553		26		11		20		5										5.6980764526		46

		103		78		78		0		156		35		78		22		68		22		90		2.01		1689		6144		1350		1096		427		2873		633		88		9		730		2143		24		9		20		5										5.6418191633		47

		102		41		32		4		77		53		41		6		20		40		60		2.35		2547		7069		900		1637		211		2747		721		24		13		758		1989		33		18		26		11										5.5326327273		48

		100.8		0		0		0		0		77		33		12		29.08		16.92		46		2.19		2644		8147		690		1679		0		2369		821		48		19		888		1480		32		17		23		8										5.448509047		49

		100		39		34		12		85		10		70		19		59		20		79		1.84		1570		5536		1185		989		232		2407		554		76		3		632		1774		22		7		19		4										5.3834552957		50

		98		55		67		6		128		70		55		21		59		16		75		2.20		2381		8430		1125		1470		350		2945		826		84		18		928		2017		27		12		21		6										5.3606432702		51

		98		40		42		0		82		57		42		26		57.63		10.52		68.15		2.04		2163		6601		1022		1336		224		2582		647		104		14		765		1817		27		12		21		6										5.2962153846		52

		96		30		54		0		84		70		30		26		24		48		72		1.95		1521		5653		1080		920		230		2229		543		104		18		664		1565		22		7		18		3										5.2935621622		53

		95.5		40		43		6		89		31		40		30		57.86		13.69		71.55		1.99		2121		7448		1073		1276		243		2593		711		120		8		839		1754		25		10		19		4										5.2720212766		54

		95		70		70		30		170		20		70		32		57.8		22		79.8		2.37		1315		5122		1197		787		465		2449		487		128		5		620		1829		23		8		19		4										5.2705784884		55

		95		25		44		5		74		30		35		15		34.8		30.1		64.9		2.09		1078		5649		974		645		202		1821		537		60		8		604		1217		19		4		16		1										5.1881426202		56

		94		44		34		2		80		6		82		11		22.26		50.88		73.14		1.83		1321		5692		1097		782		219		2098		535		44		2		581		1517		21		6		18		3										5.1015957447		57

		92		40		20		0		60		47		45		25		42		16		58		2.07		1377		5408		870		798		164		1832		498		100		12		609		1223		21		6		17		2										5.0860691643		58

		90.6		56		50		10.6		116.6		15		57		23		64		6		70		2.16		1465		5127		1050		836		319		2205		465		92		4		560		1645		23		8		20		5										5.0344449591		59

		90		40		32		28		100		23		60		36		38		33.6		71.6		2.06		2889		7666		1074		1638		273		2985		690		144		6		840		2146		30		15		24		9										4.8755772059		60

		90		85		60		2		147		0		90		7		50		15.4		65.4		2.47		1460		5981		981		828		402		2211		538		28		0		566		1644		25		10		21		6										4.8496622222		61

		90		41		32		0		73		64		41		43		69.52		0		69.52		1.81		1533		6529		1043		869		200		2112		588		172		16		776		1336		19		4		16		1										4.8424682216		62

		89		17		18		7		42		68		17		8		35.61		16.18		51.79		2.45		1719		5170		777		964		115		1855		460		32		17		509		1346		26		11		21		6										4.8089177778		63

		89		17		25		10		52		59		17		12		38.5		6.8		45.3		2.62		1394		5269		680		782		142		1603		469		48		15		532		1072		24		9		19		4										4.7976708333		64

		88		40		30		4		74		0		75		29		16		38.4		54.4		2.30		1694		5563		816		939		202		1958		490		116		0		606		1352		25		10		20		5										4.7406029412		65

		87.4		28		40		22		90		52		32		15		68		0		68		2.06		2014		7302		1020		1109		246		2375		638		60		13		711		1664		24		9		20		5										4.7192038835		66

		87		60		40		0		100		66		36		20		25.5		36		61.5		2.20		2207		7354		923		1210		273		2406		640		80		17		736		1669		27		12		21		6										4.6793627907		67

		85		0		4		0		4		100		0		20		12		28.34		40.34		2.17		2824		6989		605		1512		11		2128		594		80		25		699		1429		35		20		26		11										4.6153620287		68

		85		21		33		13		67		3		36		20		60.7		12		72.7		1.70		2268		6986		1091		1215		183		2488		594		80		1		675		1814		25		10		20		5										4.5893594286		69

		85		24		36		1		61		36		44		12		17.42		28.74		46.16		2.54		1576		7236		692		844		167		1703		615		48		9		672		1031		22		7		17		2										4.544630303		70

		85		36		33		2		71		48		45		28		29		19		48		2.52		2775		8085		720		1486		194		2400		687		112		12		811		1589		33		18		25		10										4.5091755725		71

		82		26		26		12		64		29		26		27		49.2		12		61.2		1.92		1613		6046		918		833		175		1926		496		108		7		611		1315		21		6		18		3										4.4998333742		72

		80.5		36.9		36.1		5		78		50		38		14		38		17.8		55.8		2.17		1155		6144		837		586		213		1636		495		56		13		563		1073		19		4		16		1										4.4736044724		73

		80.3		21		26		6		53		53		25		14		48.5		0		48.5		2.25		1641		5726		728		830		145		1703		460		56		13		529		1174		24		9		19		4										4.470385		74

		80		25		25		5		55		50		25		7		32.5		24		56.5		1.93		2199		6400		848		1108		150		2106		512		28		13		553		1554		27		12		22		7										4.4275216495		75

		79		31		35		3		69		42		23		13		30		20.25		50.25		2.28		1741		7040		754		867		189		1809		556		52		11		619		1190		24		9		19		4										4.2166290727		76

		77.25		31.4		27.25		1		59.65		32		31		26		34.4		8.07		42.47		2.52		1643		6926		637		800		163		1600		535		104		8		647		953		22		7		17		2										4.0540235988		77

		77.1		22		11		24		57		29		24		15		65.8		3.5		69.3		1.61		1528		6344		1040		742		156		1937		489		60		7		556		1381		20		5		17		2										3.9783765778		78

		77		40		40		0		80		0		80		22		36		29.5		65.5		1.79		1913		6383		983		928		219		2129		491		88		0		579		1550		24		9		20		5										3.9083641975		79

		76		49		42		0		91		24		42		14		33		22		55		2.20		1370		5882		825		656		249		1730		447		56		6		509		1221		22		7		18		3										3.8760289855		80

		76		14		16		6		36		50		16		16		50.6		8		58.6		1.64		1825		7046		879		874		98		1851		535		64		13		612		1239		21		6		17		2										3.8196291391		81

		76		21		19		2		42		27		44		16		61.9		0		61.9		1.57		1071		5586		929		513		115		1556		425		64		7		495		1061		17		2		15		-0										3.810795122		82

		75		15		15		0		30		60		20		16		51		6.5		57.5		1.76		1333		4973		863		630		82		1575		373		64		15		452		1123		20		5		17		2										3.7950886076		83

		75		86		70		2		158		0		70		22		31.6		28.34		59.94		2.55		1120		4933		899		529		432		1860		370		88		0		458		1402		23		8		20		5										3.7937959184		84

		75		85		83		59		227		0		85		9		58		40		98		2.10		1612		5708		1470		762		621		2852		428		36		0		464		2388		24		9		21		6										3.7543410526		85

		74		53		23		0		76		38		30		19		27		14		41		2.66		1446		5828		615		674		208		1497		431		76		10		517		980		24		9		19		4										3.7082865672		86

		72.3		19		18		0		37		53		19		15		31.5		9.31		40.81		2.22		1660		5487		612		756		101		1469		397		60		13		470		999		24		9		19		4										3.687985348		87

		72		33		22		3		58		43		19		9		34		15.8		49.8		2.02		2990		7297		747		1356		159		2262		525		36		11		572		1690		34		19		27		12										3.4544360465		88

		71.6		16		10		0.4		26.4		52		15		13		50.55		0		50.55		1.67		914		4900		758		412		72		1243		351		52		13		416		827		16		1		14		-1										3.4202507837		89

		71		8		15		0		23		63		8		28		40		5		45		1.85		2000		5406		675		895		63		1632		384		112		16		512		1121		25		10		20		5										3.3294006179		90

		70		20		15		0		35		50		20		8		43.4		18.3		61.7		1.41		1429		5786		926		630		96		1651		405		32		13		450		1202		19		4		17		2										3.3172315271		91

		70		60		40		12		112		20		45		16		32		16		48		2.66		1679		5909		720		740		306		1766		414		64		5		483		1284		27		12		22		7										3.3006472727		92

		67		23		24		6		53		36		23		14		37		0		37		2.58		2209		8369		555		932		145		1632		561		56		9		626		1007		27		12		20		5										3.1759880952		93

		65		29		40		0		69		17		29		11		45.3		13.8		59.1		1.80		1062		6447		887		435		189		1510		419		44		4		467		1043		18		3		15		0										3.0860017513		94

		65		33		30		8		71		24		45		15		54.3		12.9		67.2		1.53		1733		7485		1008		710		194		1912		487		60		6		553		1359		20		5		17		2										3.05686		95

		65		45		50		10		105		35		20		13		55		11		66		1.83		2175		5432		990		891		287		2168		353		52		9		414		1754		27		12		22		7										3.0434355401		96

		65		27		25		0		52		50		28		25		24		24		48		1.89		2840		6641		720		1163		142		2025		432		100		13		544		1481		31		16		24		9										2.9556583333		97

		65		35		30		15		80		25		35		16		47		0		47		2.32		2062		7584		705		844		219		1768		493		64		6		563		1205		26		11		20		5										2.9405833333		98

		65		17.5		16		7.5		41		32		29		16		30		14		44		1.99		1644		6550		660		673		112		1445		426		64		8		498		948		22		7		17		2										2.8129230769		99

		64		0		0		1		1		37		0		26		34.7		0		34.7		1.87		2391		6981		521		964		3		1487		447		104		9		560		927		27		12		20		5										2.7840181488		100

		61.2		15		25		0		40		53		10		11		28		21		49		1.68		1873		6386		735		722		109		1566		391		44		13		448		1118		23		8		19		4										2.7169161135		101

		61		8		11		3		22		47		8		16		38		10		48		1.86		2197		6284		720		844		60		1624		383		64		12		459		1165		24		9		20		5										2.6624576923		102

		61		17		14		2		33		37		28		8		50		2		52		1.80		1770		6687		780		680		90		1551		408		32		9		449		1101		21		6		18		3										2.6288857143		103

		60.5		40		30		5		75		28		32		53		40.1		20		60.1		1.64		1435		6575		902		547		205		1653		398		212		7		617		1037		17		2		14		-1										2.6233289855		104

		60		50		50		8		108		6		42		10		26.5		36		62.5		1.86		2124		7188		938		803		295		2036		431		40		2		473		1563		25		10		21		6										2.6072585366		105

		60		25		31		10		66		15		37		30		72		18		90		1.07		1736		6044		1350		656		180		2187		363		120		4		486		1700		19		4		17		2										2.580496732		106

		60		20		20		0		40		29		16		11		29.6		6.4		36		2.22		1700		6940		540		643		109		1292		416		44		7		468		824		23		8		18		3										2.5036368608		107

		60		30		30		6		66		38		15		16		30.6		10		40.6		2.33		1467		5878		609		554		180		1344		353		64		10		426		918		23		8		18		3										2.3023545455		108

		59.5		45		23		8		76		17		45		22		35.6		21.44		57.04		1.84		1513		4575		856		567		208		1630		272		88		4		364		1266		22		7		19		4										2.2077576792		109

		59		34		24		6		64		18		35		17		19.85		17.2		37.05		2.48		1949		6860		556		725		175		1455		405		68		5		477		978		26		11		21		6										2.1499310345		110

		59		31		30		11		72		37		23		10		38.7		8.8		47.5		2.07		1725		6984		713		641		197		1551		412		40		9		461		1089		23		8		19		4										2.1467417678		111

		58		21		17		0		38		13		41		16		34		22		56		1.37		2814		7175		840		1028		104		1972		416		64		3		483		1489		27		12		22		7										2.0550704026		112

		58		0		0		0		0		53		0		16		30		0		30		1.93		1138		6507		450		416		0		866		377		64		13		455		411		14		-1		10		-5										2.0386696429		113

		58		41		0		0		41		41		0		25		37.1		5.3		42.4		1.75		1180		5821		636		431		112		1179		338		100		10		448		731		17		2		14		-1										1.9424671605		114

		57.17		10.8		10.9		6		27.7		35		14		12		28.57		14		42.57		1.71		1144		5258		639		412		76		1126		301		48		9		357		769		18		3		15		0										1.8560634921		115

		57		33		27		6		66		17		33		4		43		0		43		2.12		1323		4893		645		475		180		1300		279		16		4		299		1001		23		8		20		5										1.6885664596		116

		57		40		26		10		76		18		40		13		17		19.4		36.4		2.65		2813		6503		546		1010		208		1764		371		52		5		427		1337		37		22		29		14										1.6878955556		117

		57		40		26		10		76		18		40		13		17		19.4		36.4		2.65		2813		6503		546		1010		208		1764		371		52		5		427		1337		37		22		29		14										1.6833387358		118

		57		33		31		0		64		2		56		5		45.25		10		55.25		1.61		2024		5579		829		727		175		1731		318		20		1		338		1392		25		10		21		6										1.6348716899		119

		53		40		45		15		100		0		48		2		48.58		16.19		64.77		1.87		1710		5862		972		571		273		1816		311		8		0		319		1497		23		8		20		5										1.5857793427		120

		53		10		7		5		22		44		8		7		31.6		6		37.6		1.73		931		5548		564		311		60		935		294		28		11		333		602		16		1		14		-1										1.5813565217		121

		52.8		30.6		8.9		6.8		46.3		14		35		9		27.6		0		27.6		2.75		1623		7511		414		540		127		1081		397		36		4		436		644		23		8		18		3										1.4621288136		122

		52		15		16		5.2		36.2		35		16		36		32		19		51		1.41		1135		4545		765		372		99		1236		236		144		9		389		847		17		2		14		-1										1.2332267442		123

		52		33		32		0		65		40		40		36		44.8		7.2		52		1.62		2346		8109		780		769		178		1726		422		144		10		576		1151		22		7		18		3										1.2087246916		124

		52		24		7		0		31		24		12		4		26.8		2		28.8		2.28		1940		6343		432		636		85		1152		330		16		6		352		801		28		13		22		7										1.0809932956		125

		51		8		4		0		12		10		25		15		34		0		34		1.66		2667		6257		510		857		33		1400		319		60		3		382		1018		30		15		24		9										0.9985		126

		50		20		15		2		37		25		20		14		27.46		10.23		37.69		1.82		1053		6263		565		332		101		998		313		56		6		375		623		17		2		14		-1										0.9476447552		127

		50		4		11		1		16		43		4		9		21		4		25		2.36		559		4783		375		176		44		595		239		36		11		286		309		12		-3		10		-5										0.9314041948		128

		49		28		28		10		66		16		22		11		51		0		51		1.67		2275		6833		765		702		180		1648		335		44		4		383		1265		25		10		21		6										0.8408566308		129

		48		29		29		7		65		6		50		8		38		14		52		1.59		1988		5085		780		601		178		1559		244		32		2		278		1281		25		10		21		6										0.8114666667		130

		47		23		16		0		39		10		17		12		50		0		50		1.32		983		5056		750		291		107		1148		238		48		3		288		860		17		2		15		0										0.7391961538		131

		47		20		22		15		57		29		35		31		52		0		52		1.54		1736		7267		780		514		156		1450		342		124		7		473		977		19		4		16		1										0.6568628659		132

		47		0		3		0		3		46		0		5		16		20.4		36.4		1.36		766		4636		546		227		8		781		218		20		12		249		532		15		-0		13		-2										0.5747957422		133

		46.6		17		15		2		34		3		51		5		27.5		0		27.5		2.33		1764		6287		413		518		93		1023		293		20		1		314		710		26		11		21		6										0.3462889359		134

		46		14		16		0		30		26		14		10		31		0		31		1.97		1957		5178		465		567		82		1114		238		40		7		285		829		27		12		22		7										0.308588		135

		46		17		15		4		36		30		12		7		23.25		8.9		32.15		2.02		992		5644		482		287		98		868		260		28		8		295		573		18		3		15		-0										0.2557355205		136

		45		15		13		0		28		30		13		12		28.3		1.2		29.5		1.99		1467		6153		443		416		77		935		277		48		8		332		602		20		5		16		1										0.1455905245		137

		44		46		27		4		77		0		41		18		40		2		42		1.95		1502		6736		630		416		211		1257		296		72		0		368		889		21		6		18		3										0.0716289474		138

		44		22		24		8		54		22		22		4		40		0		40		1.84		1682		6094		600		466		148		1214		268		16		6		290		924		23		8		19		4										-0.0200435459		139

		43.5		70		70		10		150		0		51		5		48.5		3.03		51.53		2.36		1310		6054		773		359		410		1542		263		20		0		283		1259		24		9		21		6										-0.0876812903		140

		42		15		15		0		30		23		9		13		27.5		2		29.5		1.93		1155		6241		443		306		82		830		262		52		6		320		510		17		2		14		-1										-0.2039191919		141

		42		23		20		0		43		20		23		18		28		5		33		1.92		1810		5429		495		479		118		1091		228		72		5		305		786		24		9		20		5										-0.2665557351		142

		41.5		35.5		6.08		8.08		49.66		0		43		9		26.4		5.3		31.7		2.08		1132		6882		476		296		136		907		286		36		0		322		586		18		3		15		0										-0.5870956863		143

		41		22		14		11		47		19		27		14		32		1.6		33.6		1.99		1715		6550		504		443		129		1075		269		56		5		329		746		22		7		18		3										-0.7122628952		144

		40.5		18		16		3		37		22		18		6		33.8		1.4		35.2		1.70		938		4824		528		239		101		869		195		24		6		225		644		18		3		16		1										-0.7863066038		145

		39.75		10		8		3		21		16		14		3		28.4		6		34.4		1.48		1610		5444		516		403		57		977		216		12		4		232		744		22		7		18		3										-0.818779661		146

		39		14		4		0		18		26		14		5		32		0		32		1.47		769		5461		480		189		49		718		213		20		7		239		479		15		-0		13		-2										-0.9168221563		147

		37		11		9		8		28		25		12		7		23		5		28		1.90		2037		5503		420		475		77		971		204		28		6		238		733		26		11		22		7										-1.1987211462		148

		37		10		10		6		26		25		8		8		41		0		41		1.26		1595		5205		615		372		71		1058		193		32		6		231		827		20		5		18		3										-1.3336914894		149

		36		16		20		10		46		4		26		6		29.1		4.04		33.14		1.88		989		4231		497		224		126		847		152		24		1		177		670		20		5		18		3										-1.4917395833		150

		35		10		12		0		22		25		10		1		5		14.5		19.5		3.34		1643		5961		293		362		60		715		209		4		6		219		496		25		10		20		5										-1.4922565789		151

		34		18		16		0		34		10		22		5		24.09		4.04		28.13		1.81		1062		5762		422		227		93		742		196		20		3		218		524		19		4		16		1										-1.80400625		152

		33		9		10		2		21		17		14		9		22.3		6.4		28.7		1.54		2297		8494		431		478		57		965		280		36		4		321		645		22		7		18		3										-1.9307747253		153

		32.5		9		6		9		24		13		19		8		30.4		0		30.4		1.54		1231		7768		456		252		66		774		252		32		3		288		486		16		1		14		-1										-2.7356263566		154

		30		14		0		0		14		15		14		1		19.11		0		19.11		1.86		1539		5759		287		291		38		616		173		4		4		181		435		23		8		19		4										-4.5951333333		155

		29		17.3		11.9		2.2		31.4		8		12		4		25.8		2.8		28.6		1.76		903		5052		429		165		86		680		147		16		2		165		515		18		3		16		1										-4.729136		156

		21		30		18		0		48		18		4		6		57.42		0		57.42		0.76		2542		6287		861		336		131		1329		132		24		5		161		1168		20		5		18		3										-4.8171663808		157

																																																23		8		19		4										4.0318049249





DATA FOR FIGURES

										Scenario 1		Scenario 2		Scenario 3		Scenario 4						Scenario 1						Scenario 1						Scenario 1						Scenario 1		Scenario 2		Scenario 3		Scenario 4

		Av cow nos		Stocking rate		Meal/cow		Milk/cow		P balance/ha		P balance/ha (zero P fertiliser)		P balance/ha (reduced P concentrate: 4.4 g/kg fresh)		P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)				Stocking rate		P balance/ha				Milk/cow		P balance/ha				Meal/cow		P balance/ha				Meal/cow		P balance/ha		P balance/ha (zero P fertiliser)		P balance/ha (reduced P concentrate: 4.4 g/kg fresh)		P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)

		420.0		2.7		2166.7		5936.6		32.9		17.9		25.6		10.6				2.7		32.9				5936.6		32.9				2166.7		32.9				2166.7		32.9		17.9		25.6		10.6

		225.0		2.6		177.8		3785.3		11.6		-3.4		10.2		-4.8				2.6		11.6				3785.3		11.6				177.8		11.6				177.8		11.6		-3.4		10.2		-4.8

		205.0		1.8		912.2		4796.4		17.3		2.3		14.9		-0.1				1.8		17.3				4796.4		17.3				912.2		17.3				912.2		17.3		2.3		14.9		-0.1

		198.0		2.0		1390.1		5920.2		20.4		5.4		16.6		1.6				2.0		20.4				5920.2		20.4				1390.1		20.4				1390.1		20.4		5.4		16.6		1.6

		193.0		2.2		2254.0		7413.4		27.3		12.3		21.1		6.1				2.2		27.3				7413.4		27.3				2254.0		27.3				2254.0		27.3		12.3		21.1		6.1

		188.0		2.3		3133.0		7760.5		35.7		20.7		27.3		12.3				2.3		35.7				7760.5		35.7				3133.0		35.7				3133.0		35.7		20.7		27.3		12.3

		182.0		2.1		1901.1		5794.9		26.1		11.1		21.0		6.0				2.1		26.1				5794.9		26.1				1901.1		26.1				1901.1		26.1		11.1		21.0		6.0

		180.0		2.7		1800.0		6022.4		27.6		12.6		21.8		6.8				2.7		27.6				6022.4		27.6				1800.0		27.6				1800.0		27.6		12.6		21.8		6.8

		173.0		3.1		2308.1		6250.2		33.1		18.1		25.7		10.7				3.1		33.1				6250.2		33.1				2308.1		33.1				2308.1		33.1		18.1		25.7		10.7

		170.0		1.7		1129.4		4486.3		18.6		3.6		16.1		1.1				1.7		18.6				4486.3		18.6				1129.4		18.6				1129.4		18.6		3.6		16.1		1.1

		166.1		2.0		2703.2		6876.1		30.5		15.5		24.6		9.6				2.0		30.5				6876.1		30.5				2703.2		30.5				2703.2		30.5		15.5		24.6		9.6

		155.0		2.4		2179.4		7302.5		27.4		12.4		20.8		5.8				2.4		27.4				7302.5		27.4				2179.4		27.4				2179.4		27.4		12.4		20.8		5.8

		152.0		2.6		1700.0		7680.6		24.2		9.2		18.9		3.9				2.6		24.2				7680.6		24.2				1700.0		24.2				1700.0		24.2		9.2		18.9		3.9

		147.0		2.1		2040.8		6658.8		26.3		11.3		20.8		5.8				2.1		26.3				6658.8		26.3				2040.8		26.3				2040.8		26.3		11.3		20.8		5.8

		146.0		2.5		1705.5		6538.5		24.6		9.6		19.7		4.7				2.5		24.6				6538.5		24.6				1705.5		24.6				1705.5		24.6		9.6		19.7		4.7

		141.0		2.6		1096.0		5701.4		19.0		4.0		15.1		0.1				2.6		19.0				5701.4		19.0				1096.0		19.0				1096.0		19.0		4.0		15.1		0.1

		141.0		2.5		1287.9		6742.3		19.1		4.1		14.8		-0.2				2.5		19.1				6742.3		19.1				1287.9		19.1				1287.9		19.1		4.1		14.8		-0.2

		140.0		1.4		464.3		4777.8		13.4		-1.6		12.3		-2.7				1.4		13.4				4777.8		13.4				464.3		13.4				464.3		13.4		-1.6		12.3		-2.7

		140.0		2.4		3228.6		7975.7		36.3		21.3		28.1		13.1				2.4		36.3				7975.7		36.3				3228.6		36.3				3228.6		36.3		21.3		28.1		13.1

		139.0		2.0		2237.4		7271.6		25.8		10.8		20.4		5.4				2.0		25.8				7271.6		25.8				2237.4		25.8				2237.4		25.8		10.8		20.4		5.4

		137.0		1.4		2445.3		6646.3		25.3		10.3		20.9		5.9				1.4		25.3				6646.3		25.3				2445.3		25.3				2445.3		25.3		10.3		20.9		5.9

		134.6		1.7		1307.6		5705.4		19.8		4.8		16.9		1.9				1.7		19.8				5705.4		19.8				1307.6		19.8				1307.6		19.8		4.8		16.9		1.9

		133.0		2.4		1585.9		7106.1		21.4		6.4		16.6		1.6				2.4		21.4				7106.1		21.4				1585.9		21.4				1585.9		21.4		6.4		16.6		1.6

		130.0		2.0		1433.8		6027.1		20.6		5.6		16.7		1.7				2.0		20.6				6027.1		20.6				1433.8		20.6				1433.8		20.6		5.6		16.7		1.7

		128.0		2.1		2328.1		6244.1		26.7		11.7		21.2		6.2				2.1		26.7				6244.1		26.7				2328.1		26.7				2328.1		26.7		11.7		21.2		6.2

		128.0		2.0		1531.3		5647.4		21.6		6.6		18.1		3.1				2.0		21.6				5647.4		21.6				1531.3		21.6				1531.3		21.6		6.6		18.1		3.1

		125.0		2.0		1424.0		6378.9		20.0		5.0		16.2		1.2				2.0		20.0				6378.9		20.0				1424.0		20.0				1424.0		20.0		5.0		16.2		1.2

		121.0		1.9		950.4		5598.8		16.0		1.0		13.5		-1.5				1.9		16.0				5598.8		16.0				950.4		16.0				950.4		16.0		1.0		13.5		-1.5

		121.0		2.3		1892.6		6747.7		24.8		9.8		19.1		4.1				2.3		24.8				6747.7		24.8				1892.6		24.8				1892.6		24.8		9.8		19.1		4.1

		120.0		2.2		2133.3		5822.2		27.3		12.3		21.8		6.8				2.2		27.3				5822.2		27.3				2133.3		27.3				2133.3		27.3		12.3		21.8		6.8

		119.0		1.8		1243.7		6358.1		18.6		3.6		15.8		0.8				1.8		18.6				6358.1		18.6				1243.7		18.6				1243.7		18.6		3.6		15.8		0.8

		119.0		2.6		1584.5		6657.2		23.5		8.5		17.8		2.8				2.6		23.5				6657.2		23.5				1584.5		23.5				1584.5		23.5		8.5		17.8		2.8

		116.0		2.1		2204.3		6282.2		28.6		13.6		22.6		7.6				2.1		28.6				6282.2		28.6				2204.3		28.6				2204.3		28.6		13.6		22.6		7.6

		116.0		2.1		1508.6		6388.0		20.6		5.6		16.2		1.2				2.1		20.6				6388.0		20.6				1508.6		20.6				1508.6		20.6		5.6		16.2		1.2

		115.0		2.9		1478.3		5499.5		27.4		12.4		22.2		7.2				2.9		27.4				5499.5		27.4				1478.3		27.4				1478.3		27.4		12.4		22.2		7.2

		114.0		2.2		2605.3		7332.0		29.4		14.4		23.1		8.1				2.2		29.4				7332.0		29.4				2605.3		29.4				2605.3		29.4		14.4		23.1		8.1

		114.0		3.0		2714.0		7573.0		37.9		22.9		27.8		12.8				3.0		37.9				7573.0		37.9				2714.0		37.9				2714.0		37.9		22.9		27.8		12.8

		114.0		2.6		1828.9		6094.6		25.5		10.5		19.8		4.8				2.6		25.5				6094.6		25.5				1828.9		25.5				1828.9		25.5		10.5		19.8		4.8

		114.0		2.5		1750.9		6648.0		25.4		10.4		20.4		5.4				2.5		25.4				6648.0		25.4				1750.9		25.4				1750.9		25.4		10.4		20.4		5.4

		113.2		2.1		1978.8		6329.5		25.7		10.7		20.3		5.3				2.1		25.7				6329.5		25.7				1978.8		25.7				1978.8		25.7		10.7		20.3		5.3

		113.0		3.1		1984.0		4835.1		35.8		20.8		28.1		13.1				3.1		35.8				4835.1		35.8				1984.0		35.8				1984.0		35.8		20.8		28.1		13.1

		112.0		1.7		1455.4		5142.4		21.2		6.2		18.1		3.1				1.7		21.2				5142.4		21.2				1455.4		21.2				1455.4		21.2		6.2		18.1		3.1

		110.0		2.1		1836.4		6224.5		24.3		9.3		20.1		5.1				2.1		24.3				6224.5		24.3				1836.4		24.3				1836.4		24.3		9.3		20.1		5.1

		109.1		1.8		1769.6		7737.8		22.1		7.1		18.9		3.9				1.8		22.1				7737.8		22.1				1769.6		22.1				1769.6		22.1		7.1		18.9		3.9

		108.0		2.0		2195.4		8019.5		22.6		7.6		18.3		3.3				2.0		22.6				8019.5		22.6				2195.4		22.6				2195.4		22.6		7.6		18.3		3.3

		105.0		2.1		1952.4		6486.2		25.8		10.8		20.2		5.2				2.1		25.8				6486.2		25.8				1952.4		25.8				1952.4		25.8		10.8		20.2		5.2

		103.0		2.0		1689.3		6144.4		23.8		8.8		19.8		4.8				2.0		23.8				6144.4		23.8				1689.3		23.8				1689.3		23.8		8.8		19.8		4.8

		102.0		2.3		2546.9		7069.3		33.1		18.1		25.8		10.8				2.3		33.1				7069.3		33.1				2546.9		33.1				2546.9		33.1		18.1		25.8		10.8

		100.8		2.2		2643.8		8146.9		32.2		17.2		23.5		8.5				2.2		32.2				8146.9		32.2				2643.8		32.2				2643.8		32.2		17.2		23.5		8.5

		100.0		1.8		1570.0		5535.8		22.5		7.5		18.8		3.8				1.8		22.5				5535.8		22.5				1570.0		22.5				1570.0		22.5		7.5		18.8		3.8

		98.0		2.2		2380.9		8430.4		26.9		11.9		21.1		6.1				2.2		26.9				8430.4		26.9				2380.9		26.9				2380.9		26.9		11.9		21.1		6.1

		98.0		2.0		2163.3		6601.0		26.7		11.7		21.2		6.2				2.0		26.7				6601.0		26.7				2163.3		26.7				2163.3		26.7		11.7		21.2		6.2

		96.0		2.0		1520.8		5653.0		21.7		6.7		18.0		3.0				2.0		21.7				5653.0		21.7				1520.8		21.7				1520.8		21.7		6.7		18.0		3.0

		95.5		2.0		2121.5		7448.5		24.5		9.5		19.5		4.5				2.0		24.5				7448.5		24.5				2121.5		24.5				2121.5		24.5		9.5		19.5		4.5

		95.0		2.4		1314.7		5122.4		22.9		7.9		19.2		4.2				2.4		22.9				5122.4		22.9				1314.7		22.9				1314.7		22.9		7.9		19.2		4.2

		95.0		2.1		1077.9		5648.5		18.7		3.7		15.7		0.7				2.1		18.7				5648.5		18.7				1077.9		18.7				1077.9		18.7		3.7		15.7		0.7

		94.0		1.8		1320.5		5691.7		20.7		5.7		17.5		2.5				1.8		20.7				5691.7		20.7				1320.5		20.7				1320.5		20.7		5.7		17.5		2.5

		92.0		2.1		1377.2		5408.4		21.1		6.1		17.1		2.1				2.1		21.1				5408.4		21.1				1377.2		21.1				1377.2		21.1		6.1		17.1		2.1

		90.6		2.2		1464.7		5127.3		23.5		8.5		19.6		4.6				2.2		23.5				5127.3		23.5				1464.7		23.5				1464.7		23.5		8.5		19.6		4.6

		90.0		2.1		2888.9		7666.0		30.0		15.0		23.6		8.6				2.1		30.0				7666.0		30.0				2888.9		30.0				2888.9		30.0		15.0		23.6		8.6

		90.0		2.5		1459.8		5981.3		25.1		10.1		20.7		5.7				2.5		25.1				5981.3		25.1				1459.8		25.1				1459.8		25.1		10.1		20.7		5.7

		90.0		1.8		1533.3		6528.5		19.2		4.2		15.6		0.6				1.8		19.2				6528.5		19.2				1533.3		19.2				1533.3		19.2		4.2		15.6		0.6

		89.0		2.4		1718.9		5169.9		26.0		11.0		21.0		6.0				2.4		26.0				5169.9		26.0				1718.9		26.0				1718.9		26.0		11.0		21.0		6.0

		89.0		2.6		1394.3		5268.9		23.7		8.7		18.8		3.8				2.6		23.7				5268.9		23.7				1394.3		23.7				1394.3		23.7		8.7		18.8		3.8

		88.0		2.3		1694.1		5563.4		24.9		9.9		19.9		4.9				2.3		24.9				5563.4		24.9				1694.1		24.9				1694.1		24.9		9.9		19.9		4.9

		87.4		2.1		2013.7		7302.3		24.5		9.5		19.7		4.7				2.1		24.5				7302.3		24.5				2013.7		24.5				2013.7		24.5		9.5		19.7		4.7

		87.0		2.2		2206.9		7353.6		27.1		12.1		21.4		6.4				2.2		27.1				7353.6		27.1				2206.9		27.1				2206.9		27.1		12.1		21.4		6.4

		85.0		2.2		2823.5		6989.1		35.4		20.4		26.4		11.4				2.2		35.4				6989.1		35.4				2823.5		35.4				2823.5		35.4		20.4		26.4		11.4

		85.0		1.7		2268.2		6986.5		24.9		9.9		20.4		5.4				1.7		24.9				6986.5		24.9				2268.2		24.9				2268.2		24.9		9.9		20.4		5.4

		85.0		2.5		1576.5		7236.0		22.3		7.3		17.1		2.1				2.5		22.3				7236.0		22.3				1576.5		22.3				1576.5		22.3		7.3		17.1		2.1

		85.0		2.5		2774.8		8084.6		33.1		18.1		24.8		9.8				2.5		33.1				8084.6		33.1				2774.8		33.1				2774.8		33.1		18.1		24.8		9.8

		82.0		1.9		1612.6		6046.0		21.5		6.5		17.6		2.6				1.9		21.5				6046.0		21.5				1612.6		21.5				1612.6		21.5		6.5		17.6		2.6

		80.5		2.2		1155.3		6144.0		19.2		4.2		15.8		0.8				2.2		19.2				6144.0		19.2				1155.3		19.2				1155.3		19.2		4.2		15.8		0.8

		80.3		2.2		1641.3		5726.4		24.2		9.2		19.4		4.4				2.2		24.2				5726.4		24.2				1641.3		24.2				1641.3		24.2		9.2		19.4		4.4

		80.0		1.9		2199.0		6400.4		27.5		12.5		22.2		7.2				1.9		27.5				6400.4		27.5				2199.0		27.5				2199.0		27.5		12.5		22.2		7.2

		79.0		2.3		1741.3		7040.3		23.7		8.7		18.7		3.7				2.3		23.7				7040.3		23.7				1741.3		23.7				1741.3		23.7		8.7		18.7		3.7

		77.3		2.5		1643.0		6926.3		22.4		7.4		17.1		2.1				2.5		22.4				6926.3		22.4				1643.0		22.4				1643.0		22.4		7.4		17.1		2.1

		77.1		1.6		1527.9		6344.1		19.9		4.9		16.9		1.9				1.6		19.9				6344.1		19.9				1527.9		19.9				1527.9		19.9		4.9		16.9		1.9

		77.0		1.8		1913.0		6383.1		23.7		8.7		19.5		4.5				1.8		23.7				6383.1		23.7				1913.0		23.7				1913.0		23.7		8.7		19.5		4.5

		76.0		2.2		1369.7		5881.9		22.2		7.2		18.3		3.3				2.2		22.2				5881.9		22.2				1369.7		22.2				1369.7		22.2		7.2		18.3		3.3

		76.0		1.6		1825.3		7046.0		21.1		6.1		17.2		2.2				1.6		21.1				7046.0		21.1				1825.3		21.1				1825.3		21.1		6.1		17.2		2.2

		76.0		1.6		1071.1		5586.4		17.1		2.1		14.7		-0.3				1.6		17.1				5586.4		17.1				1071.1		17.1				1071.1		17.1		2.1		14.7		-0.3

		75.0		1.8		1333.3		4973.3		19.5		4.5		16.6		1.6				1.8		19.5				4973.3		19.5				1333.3		19.5				1333.3		19.5		4.5		16.6		1.6

		75.0		2.6		1120.0		4933.0		23.4		8.4		19.6		4.6				2.6		23.4				4933.0		23.4				1120.0		23.4				1120.0		23.4		8.4		19.6		4.6

		75.0		2.1		1612.0		5708.5		24.4		9.4		21.0		6.0				2.1		24.4				5708.5		24.4				1612.0		24.4				1612.0		24.4		9.4		21.0		6.0

		74.0		2.7		1445.9		5828.0		23.9		8.9		18.8		3.8				2.7		23.9				5828.0		23.9				1445.9		23.9				1445.9		23.9		8.9		18.8		3.8

		72.3		2.2		1659.8		5487.2		24.5		9.5		19.5		4.5				2.2		24.5				5487.2		24.5				1659.8		24.5				1659.8		24.5		9.5		19.5		4.5

		72.0		2.0		2990.3		7297.0		33.9		18.9		26.7		11.7				2.0		33.9				7297.0		33.9				2990.3		33.9				2990.3		33.9		18.9		26.7		11.7

		71.6		1.7		914.0		4899.9		16.4		1.4		14.1		-0.9				1.7		16.4				4899.9		16.4				914.0		16.4				914.0		16.4		1.4		14.1		-0.9

		71.0		1.8		2000.0		5406.5		24.9		9.9		19.8		4.8				1.8		24.9				5406.5		24.9				2000.0		24.9				2000.0		24.9		9.9		19.8		4.8

		70.0		1.4		1428.6		5786.5		19.5		4.5		16.7		1.7				1.4		19.5				5786.5		19.5				1428.6		19.5				1428.6		19.5		4.5		16.7		1.7

		70.0		2.7		1678.6		5909.3		26.7		11.7		21.6		6.6				2.7		26.7				5909.3		26.7				1678.6		26.7				1678.6		26.7		11.7		21.6		6.6

		67.0		2.6		2209.0		8368.8		27.2		12.2		20.3		5.3				2.6		27.2				8368.8		27.2				2209.0		27.2				2209.0		27.2		12.2		20.3		5.3

		65.0		1.8		1061.5		6447.4		17.6		2.6		15.1		0.1				1.8		17.6				6447.4		17.6				1061.5		17.6				1061.5		17.6		2.6		15.1		0.1

		65.0		1.5		1732.6		7484.7		20.2		5.2		17.0		2.0				1.5		20.2				7484.7		20.2				1732.6		20.2				1732.6		20.2		5.2		17.0		2.0

		65.0		1.8		2174.6		5432.2		26.6		11.6		22.3		7.3				1.8		26.6				5432.2		26.6				2174.6		26.6				2174.6		26.6		11.6		22.3		7.3

		65.0		1.9		2840.0		6641.2		30.9		15.9		24.4		9.4				1.9		30.9				6641.2		30.9				2840.0		30.9				2840.0		30.9		15.9		24.4		9.4

		65.0		2.3		2061.5		7584.2		25.6		10.6		20.3		5.3				2.3		25.6				7584.2		25.6				2061.5		25.6				2061.5		25.6		10.6		20.3		5.3

		65.0		2.0		1644.3		6549.6		21.5		6.5		17.3		2.3				2.0		21.5				6549.6		21.5				1644.3		21.5				1644.3		21.5		6.5		17.3		2.3

		64.0		1.9		2390.6		6980.6		26.7		11.7		20.1		5.1				1.9		26.7				6980.6		26.7				2390.6		26.7				2390.6		26.7		11.7		20.1		5.1

		61.2		1.7		1872.5		6386.2		22.8		7.8		18.8		3.8				1.7		22.8				6386.2		22.8				1872.5		22.8				1872.5		22.8		7.8		18.8		3.8

		61.0		1.9		2196.7		6283.8		24.3		9.3		19.8		4.8				1.9		24.3				6283.8		24.3				2196.7		24.3				2196.7		24.3		9.3		19.8		4.8

		61.0		1.8		1770.5		6687.3		21.2		6.2		17.7		2.7				1.8		21.2				6687.3		21.2				1770.5		21.2				1770.5		21.2		6.2		17.7		2.7

		60.5		1.6		1434.7		6574.7		17.2		2.2		14.3		-0.7				1.6		17.2				6574.7		17.2				1434.7		17.2				1434.7		17.2		2.2		14.3		-0.7

		60.0		1.9		2124.0		7187.6		25.0		10.0		20.8		5.8				1.9		25.0				7187.6		25.0				2124.0		25.0				2124.0		25.0		10.0		20.8		5.8

		60.0		1.1		1735.7		6044.2		18.9		3.9		16.7		1.7				1.1		18.9				6044.2		18.9				1735.7		18.9				1735.7		18.9		3.9		16.7		1.7

		60.0		2.2		1700.0		6939.9		22.9		7.9		17.9		2.9				2.2		22.9				6939.9		22.9				1700.0		22.9				1700.0		22.9		7.9		17.9		2.9

		60.0		2.3		1466.7		5877.7		22.6		7.6		18.3		3.3				2.3		22.6				5877.7		22.6				1466.7		22.6				1466.7		22.6		7.6		18.3		3.3

		59.5		1.8		1512.6		4575.5		22.2		7.2		19.0		4.0				1.8		22.2				4575.5		22.2				1512.6		22.2				1512.6		22.2		7.2		19.0		4.0

		59.0		2.5		1949.2		6859.6		26.4		11.4		20.6		5.6				2.5		26.4				6859.6		26.4				1949.2		26.4				1949.2		26.4		11.4		20.6		5.6

		59.0		2.1		1725.3		6983.7		22.9		7.9		18.8		3.8				2.1		22.9				6983.7		22.9				1725.3		22.9				1725.3		22.9		7.9		18.8		3.8

		58.0		1.4		2813.8		7174.8		26.6		11.6		21.8		6.8				1.4		26.6				7174.8		26.6				2813.8		26.6				2813.8		26.6		11.6		21.8		6.8

		58.0		1.9		1137.9		6507.0		13.7		-1.3		10.4		-4.6				1.9		13.7				6507.0		13.7				1137.9		13.7				1137.9		13.7		-1.3		10.4		-4.6

		58.0		1.8		1180.0		5820.7		17.3		2.3		14.2		-0.8				1.8		17.3				5820.7		17.3				1180.0		17.3				1180.0		17.3		2.3		14.2		-0.8

		57.2		1.7		1144.3		5258.5		18.1		3.1		15.3		0.3				1.7		18.1				5258.5		18.1				1144.3		18.1				1144.3		18.1		3.1		15.3		0.3

		57.0		2.1		1322.8		4893.0		23.3		8.3		19.7		4.7				2.1		23.3				4893.0		23.3				1322.8		23.3				1322.8		23.3		8.3		19.7		4.7

		57.0		2.7		2813.3		6502.6		36.7		21.7		28.8		13.8				2.7		36.7				6502.6		36.7				2813.3		36.7				2813.3		36.7		21.7		28.8		13.8

		57.0		2.7		2813.3		6502.6		36.7		21.7		28.8		13.8				2.7		36.7				6502.6		36.7				2813.3		36.7				2813.3		36.7		21.7		28.8		13.8

		57.0		1.6		2023.9		5578.8		25.2		10.2		21.3		6.3				1.6		25.2				5578.8		25.2				2023.9		25.2				2023.9		25.2		10.2		21.3		6.3

		53.0		1.9		1710.0		5862.3		23.1		8.1		20.0		5.0				1.9		23.1				5862.3		23.1				1710.0		23.1				1710.0		23.1		8.1		20.0		5.0

		53.0		1.7		930.6		5547.7		16.0		1.0		13.7		-1.3				1.7		16.0				5547.7		16.0				930.6		16.0				930.6		16.0		1.0		13.7		-1.3

		52.8		2.7		1623.1		7510.9		23.3		8.3		17.6		2.6				2.7		23.3				7510.9		23.3				1623.1		23.3				1623.1		23.3		8.3		17.6		2.6

		52.0		1.4		1134.6		4544.7		16.6		1.6		14.4		-0.6				1.4		16.6				4544.7		16.6				1134.6		16.6				1134.6		16.6		1.6		14.4		-0.6

		52.0		1.6		2346.2		8109.1		22.1		7.1		17.8		2.8				1.6		22.1				8109.1		22.1				2346.2		22.1				2346.2		22.1		7.1		17.8		2.8

		52.0		2.3		1940.4		6342.6		27.8		12.8		21.9		6.9				2.3		27.8				6342.6		27.8				1940.4		27.8				1940.4		27.8		12.8		21.9		6.9

		51.0		1.7		2666.7		6256.8		29.9		14.9		23.7		8.7				1.7		29.9				6256.8		29.9				2666.7		29.9				2666.7		29.9		14.9		23.7		8.7

		50.0		1.8		1052.6		6263.3		16.5		1.5		13.8		-1.2				1.8		16.5				6263.3		16.5				1052.6		16.5				1052.6		16.5		1.5		13.8		-1.2

		50.0		2.4		558.8		4783.0		12.4		-2.6		10.3		-4.7				2.4		12.4				4783.0		12.4				558.8		12.4				558.8		12.4		-2.6		10.3		-4.7

		49.0		1.7		2275.1		6833.4		24.8		9.8		20.7		5.7				1.7		24.8				6833.4		24.8				2275.1		24.8				2275.1		24.8		9.8		20.7		5.7

		48.0		1.6		1987.5		5085.4		24.6		9.6		21.1		6.1				1.6		24.6				5085.4		24.6				1987.5		24.6				1987.5		24.6		9.6		21.1		6.1

		47.0		1.3		983.0		5056.1		17.2		2.2		15.3		0.3				1.3		17.2				5056.1		17.2				983.0		17.2				983.0		17.2		2.2		15.3		0.3

		47.0		1.5		1736.2		7267.1		18.8		3.8		15.7		0.7				1.5		18.8				7267.1		18.8				1736.2		18.8				1736.2		18.8		3.8		15.7		0.7

		47.0		1.4		766.0		4635.6		14.6		-0.4		13.1		-1.9				1.4		14.6				4635.6		14.6				766.0		14.6				766.0		14.6		-0.4		13.1		-1.9

		46.6		2.3		1763.9		6287.1		25.8		10.8		20.5		5.5				2.3		25.8				6287.1		25.8				1763.9		25.8				1763.9		25.8		10.8		20.5		5.5

		46.0		2.0		1956.5		5178.4		26.8		11.8		21.8		6.8				2.0		26.8				5178.4		26.8				1956.5		26.8				1956.5		26.8		11.8		21.8		6.8

		46.0		2.0		991.7		5644.2		17.8		2.8		15.0		-0.0				2.0		17.8				5644.2		17.8				991.7		17.8				991.7		17.8		2.8		15.0		-0.0

		45.0		2.0		1466.7		6153.3		20.4		5.4		16.5		1.5				2.0		20.4				6153.3		20.4				1466.7		20.4				1466.7		20.4		5.4		16.5		1.5

		44.0		1.9		1502.3		6736.0		21.2		6.2		17.6		2.6				1.9		21.2				6736.0		21.2				1502.3		21.2				1502.3		21.2		6.2		17.6		2.6

		44.0		1.8		1681.8		6094.4		23.1		8.1		19.5		4.5				1.8		23.1				6094.4		23.1				1681.8		23.1				1681.8		23.1		8.1		19.5		4.5

		43.5		2.4		1310.3		6054.4		24.4		9.4		20.9		5.9				2.4		24.4				6054.4		24.4				1310.3		24.4				1310.3		24.4		9.4		20.9		5.9

		42.0		1.9		1154.8		6241.2		17.3		2.3		14.2		-0.8				1.9		17.3				6241.2		17.3				1154.8		17.3				1154.8		17.3		2.3		14.2		-0.8

		42.0		1.9		1809.5		5429.1		23.8		8.8		19.5		4.5				1.9		23.8				5429.1		23.8				1809.5		23.8				1809.5		23.8		8.8		19.5		4.5

		41.5		2.1		1132.3		6882.2		18.5		3.5		15.3		0.3				2.1		18.5				6882.2		18.5				1132.3		18.5				1132.3		18.5		3.5		15.3		0.3

		41.0		2.0		1714.6		6550.3		22.2		7.2		18.2		3.2				2.0		22.2				6550.3		22.2				1714.6		22.2				1714.6		22.2		7.2		18.2		3.2

		40.5		1.7		938.3		4823.8		18.3		3.3		16.0		1.0				1.7		18.3				4823.8		18.3				938.3		18.3				938.3		18.3		3.3		16.0		1.0

		39.8		1.5		1610.1		5444.5		21.6		6.6		18.5		3.5				1.5		21.6				5444.5		21.6				1610.1		21.6				1610.1		21.6		6.6		18.5		3.5

		39.0		1.5		769.2		5461.2		15.0		-0.0		13.2		-1.8				1.5		15.0				5461.2		15.0				769.2		15.0				769.2		15.0		-0.0		13.2		-1.8

		37.0		1.9		2036.8		5503.2		26.2		11.2		21.5		6.5				1.9		26.2				5503.2		26.2				2036.8		26.2				2036.8		26.2		11.2		21.5		6.5

		37.0		1.3		1594.6		5205.1		20.2		5.2		17.6		2.6				1.3		20.2				5205.1		20.2				1594.6		20.2				1594.6		20.2		5.2		17.6		2.6

		36.0		1.9		988.9		4231.4		20.2		5.2		17.7		2.7				1.9		20.2				4231.4		20.2				988.9		20.2				988.9		20.2		5.2		17.7		2.7

		35.0		3.3		1642.9		5960.6		25.4		10.4		20.3		5.3				3.3		25.4				5960.6		25.4				1642.9		25.4				1642.9		25.4		10.4		20.3		5.3

		34.0		1.8		1061.8		5761.7		18.6		3.6		15.9		0.9				1.8		18.6				5761.7		18.6				1061.8		18.6				1061.8		18.6		3.6		15.9		0.9

		33.0		1.5		2297.0		8493.7		22.5		7.5		18.0		3.0				1.5		22.5				8493.7		22.5				2297.0		22.5				2297.0		22.5		7.5		18.0		3.0

		32.5		1.5		1230.8		7767.9		16.0		1.0		13.5		-1.5				1.5		16.0				7767.9		16.0				1230.8		16.0				1230.8		16.0		1.0		13.5		-1.5

		30.0		1.9		1539.0		5758.5		22.8		7.8		18.7		3.7				1.9		22.8				5758.5		22.8				1539.0		22.8				1539.0		22.8		7.8		18.7		3.7

		29.0		1.8		903.4		5052.5		18.0		3.0		15.9		0.9				1.8		18.0				5052.5		18.0				903.4		18.0				903.4		18.0		3.0		15.9		0.9

		21.0		0.8		2541.9		6286.6		20.3		5.3		18.4		3.4				0.8		20.3				6286.6		20.3				2541.9		20.3				2541.9		20.3		5.3		18.4		3.4
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P balance/ha

Stocking rate (LSU/ha)

P balance (kg P/ha/year)

y = 6.2255x + 10.729
R2 = 0.2525
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		1718.8764044944		1718.8764044944		1718.8764044944		1718.8764044944

		1394.2696629213		1394.2696629213		1394.2696629213		1394.2696629213

		1694.0909090909		1694.0909090909		1694.0909090909		1694.0909090909

		2013.7299771167		2013.7299771167		2013.7299771167		2013.7299771167

		2206.8965517241		2206.8965517241		2206.8965517241		2206.8965517241

		2823.5294117647		2823.5294117647		2823.5294117647		2823.5294117647

		2268.2352941177		2268.2352941177		2268.2352941177		2268.2352941177

		1576.4705882353		1576.4705882353		1576.4705882353		1576.4705882353

		2774.8235294118		2774.8235294118		2774.8235294118		2774.8235294118

		1612.5609756098		1612.5609756098		1612.5609756098		1612.5609756098

		1155.2795031056		1155.2795031056		1155.2795031056		1155.2795031056

		1641.3449564135		1641.3449564135		1641.3449564135		1641.3449564135

		2199		2199		2199		2199

		1741.2658227848		1741.2658227848		1741.2658227848		1741.2658227848

		1642.9773462783		1642.9773462783		1642.9773462783		1642.9773462783

		1527.8858625162		1527.8858625162		1527.8858625162		1527.8858625162

		1912.987012987		1912.987012987		1912.987012987		1912.987012987

		1369.7368421053		1369.7368421053		1369.7368421053		1369.7368421053

		1825.2631578947		1825.2631578947		1825.2631578947		1825.2631578947

		1071.052631579		1071.052631579		1071.052631579		1071.052631579

		1333.3333333333		1333.3333333333		1333.3333333333		1333.3333333333

		1120		1120		1120		1120

		1612		1612		1612		1612

		1445.9459459459		1445.9459459459		1445.9459459459		1445.9459459459

		1659.7510373444		1659.7510373444		1659.7510373444		1659.7510373444

		2990.2777777778		2990.2777777778		2990.2777777778		2990.2777777778

		913.9664804469		913.9664804469		913.9664804469		913.9664804469

		2000		2000		2000		2000

		1428.5714285714		1428.5714285714		1428.5714285714		1428.5714285714

		1678.5714285714		1678.5714285714		1678.5714285714		1678.5714285714

		2208.9552238806		2208.9552238806		2208.9552238806		2208.9552238806

		1061.5384615385		1061.5384615385		1061.5384615385		1061.5384615385

		1732.6153846154		1732.6153846154		1732.6153846154		1732.6153846154

		2174.6153846154		2174.6153846154		2174.6153846154		2174.6153846154

		2840		2840		2840		2840

		2061.5384615385		2061.5384615385		2061.5384615385		2061.5384615385

		1644.3076923077		1644.3076923077		1644.3076923077		1644.3076923077

		2390.625		2390.625		2390.625		2390.625

		1872.5490196078		1872.5490196078		1872.5490196078		1872.5490196078

		2196.7213114754		2196.7213114754		2196.7213114754		2196.7213114754

		1770.4918032787		1770.4918032787		1770.4918032787		1770.4918032787

		1434.7107438017		1434.7107438017		1434.7107438017		1434.7107438017

		2124		2124		2124		2124

		1735.6666666667		1735.6666666667		1735.6666666667		1735.6666666667

		1700		1700		1700		1700

		1466.6666666667		1466.6666666667		1466.6666666667		1466.6666666667

		1512.6050420168		1512.6050420168		1512.6050420168		1512.6050420168

		1949.1525423729		1949.1525423729		1949.1525423729		1949.1525423729

		1725.2542372881		1725.2542372881		1725.2542372881		1725.2542372881

		2813.7931034483		2813.7931034483		2813.7931034483		2813.7931034483

		1137.9310344828		1137.9310344828		1137.9310344828		1137.9310344828

		1180		1180		1180		1180

		1144.3064544341		1144.3064544341		1144.3064544341		1144.3064544341

		1322.8070175439		1322.8070175439		1322.8070175439		1322.8070175439

		2813.3333333333		2813.3333333333		2813.3333333333		2813.3333333333

		2813.3333333333		2813.3333333333		2813.3333333333		2813.3333333333

		2023.8596491228		2023.8596491228		2023.8596491228		2023.8596491228

		1710		1710		1710		1710

		930.5660377358		930.5660377358		930.5660377358		930.5660377358

		1623.1060606061		1623.1060606061		1623.1060606061		1623.1060606061

		1134.6153846154		1134.6153846154		1134.6153846154		1134.6153846154

		2346.1538461538		2346.1538461538		2346.1538461538		2346.1538461538

		1940.3846153846		1940.3846153846		1940.3846153846		1940.3846153846

		2666.6666666667		2666.6666666667		2666.6666666667		2666.6666666667

		1052.6		1052.6		1052.6		1052.6

		558.8		558.8		558.8		558.8

		2275.1020408163		2275.1020408163		2275.1020408163		2275.1020408163

		1987.5		1987.5		1987.5		1987.5

		982.9787234043		982.9787234043		982.9787234043		982.9787234043

		1736.170212766		1736.170212766		1736.170212766		1736.170212766

		765.9574468085		765.9574468085		765.9574468085		765.9574468085

		1763.9484978541		1763.9484978541		1763.9484978541		1763.9484978541

		1956.5217391304		1956.5217391304		1956.5217391304		1956.5217391304

		991.7391304348		991.7391304348		991.7391304348		991.7391304348

		1466.6666666667		1466.6666666667		1466.6666666667		1466.6666666667

		1502.2727272727		1502.2727272727		1502.2727272727		1502.2727272727

		1681.8181818182		1681.8181818182		1681.8181818182		1681.8181818182

		1310.3448275862		1310.3448275862		1310.3448275862		1310.3448275862

		1154.7619047619		1154.7619047619		1154.7619047619		1154.7619047619

		1809.5238095238		1809.5238095238		1809.5238095238		1809.5238095238

		1132.2891566265		1132.2891566265		1132.2891566265		1132.2891566265

		1714.6341463415		1714.6341463415		1714.6341463415		1714.6341463415

		938.2716049383		938.2716049383		938.2716049383		938.2716049383

		1610.0628930818		1610.0628930818		1610.0628930818		1610.0628930818

		769.2307692308		769.2307692308		769.2307692308		769.2307692308

		2036.7567567568		2036.7567567568		2036.7567567568		2036.7567567568

		1594.5945945946		1594.5945945946		1594.5945945946		1594.5945945946

		988.8888888889		988.8888888889		988.8888888889		988.8888888889

		1642.8571428571		1642.8571428571		1642.8571428571		1642.8571428571

		1061.7647058823		1061.7647058823		1061.7647058823		1061.7647058823

		2296.9696969697		2296.9696969697		2296.9696969697		2296.9696969697

		1230.7692307692		1230.7692307692		1230.7692307692		1230.7692307692

		1539		1539		1539		1539

		903.4482758621		903.4482758621		903.4482758621		903.4482758621

		2541.9047619048		2541.9047619048		2541.9047619048		2541.9047619048



Current

Scenario 3

Scenario 2

Scenario 1

P balance/ha

P balance/ha (zero P fertiliser)

P balance/ha (reduced P concentrate: 4.4 g/kg fresh)

P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)

Concentrate input (kg/cow/year)

P balance (kg P/ha/annum)

32.9158790698

17.9158790698

25.5899348837

10.5899348837

11.5655042882

-3.4344957118

10.1828336192

-4.8171663808

17.2928825806

2.2928825806

14.9123187097

-0.0876812903

20.428657876

5.428657876

16.6348716899

1.6348716899

27.3095080304

12.3095080304

21.0725308538

6.0725308538

35.660659322

20.660659322

27.315579661

12.315579661

26.0974241379

11.0974241379

20.9866862069

5.9866862069

27.6023185841

12.6023185841

21.8366902655

6.8366902655

33.0617797952

18.0617797952

25.6504085295

10.6504085295

18.5771854456

3.5771854456

16.0809932956

1.0809932956

30.4501551977

15.4501551977

24.6062781845

9.6062781845

27.4062757009

12.4062757009

20.7655023364

5.7655023364

24.2058950617

9.2058950617

18.9083641975

3.9083641975

26.3133134583

11.3133134583

20.8306345826

5.8306345826

24.6433398058

9.6433398058

19.7192038835

4.7192038835

18.9845210526

3.9845210526

15.0716289474

0.0716289474

19.1276792929

4.1276792929

14.7960808081

-0.2039191919

13.4495224806

-1.5504775194

12.2643736434

-2.7356263566

36.2697010309

21.2697010309

28.0986907216

13.0986907216

25.8063294118

10.8063294118

20.3606432702

5.3606432702

25.2977353649

10.2977353649

20.9209206095

5.9209206095

19.7707688889

4.7707688889

16.9424671605

1.9424671605

21.3751032864

6.3751032864

16.5857793427

1.5857793427

20.5651701863

5.5651701863

16.6885664596

1.6885664596

26.7205872156

11.7205872156

21.1810790899

6.1810790899

21.6025113835

6.6025113835

18.0860017513

3.0860017513

19.9674028392

4.9674028392

16.2087246916

1.2087246916

16.0014166667

1.0014166667

13.5082604167

-1.4917395833

24.7588731563

9.7588731563

19.0540235988

4.0540235988

27.3023488372

12.3023488372

21.8379186047

6.8379186047

18.5979333333

3.5979333333

15.8114666667

0.8114666667

23.5411215971

8.5411215971

17.7840181488

2.7840181488

28.6465122302

13.6465122302

22.5507453237

7.5507453237

20.6038081395

5.6038081395

16.2332267442

1.2332267442

27.3863416621

12.3863416621

22.1859532863

7.1859532863

29.3534117647

14.3534117647

23.0637176471

8.0637176471

37.9479655242

22.9479655242

27.8160954099

12.8160954099

25.5215880466

10.5215880466

19.8424682216

4.8424682216

25.4346537998

10.4346537998

20.448509047

5.448509047

25.6909680233

10.6909680233

20.2705784884

5.2705784884

35.7939870968

20.7939870968

28.1400995392

13.1400995392

21.20212

6.20212

18.05686

3.05686

24.3408510638

9.3408510638

20.1015957447

5.1015957447

22.1277681159

7.1277681159

18.8760289855

3.8760289855

22.6346199794

7.6346199794

18.3294006179

3.3294006179

25.7627197347

10.7627197347

20.1881426202

5.1881426202

23.8123577778

8.8123577778

19.8089177778

4.8089177778

33.1471733333

18.1471733333

25.8357033333

10.8357033333

32.1845434783

17.1845434783

23.494326087

8.494326087

22.4610506329

7.4610506329

18.7950886076

3.7950886076

26.8969946667

11.8969946667

21.1439306667

6.1439306667

26.6604314013

11.6604314013

21.2282787968

6.2282787968

21.740025

6.740025

17.9556583333

2.9556583333

24.5128413697

9.5128413697

19.4736044724

4.4736044724

22.9205388471

7.9205388471

19.2166290727

4.2166290727

18.7494422188

3.7494422188

15.6568628659

0.6568628659

20.7456795187

5.7456795187

17.5036368608

2.5036368608

21.0852068966

6.0852068966

17.1499310345

2.1499310345

23.4933245714

8.4933245714

19.5893594286

4.5893594286

29.9682821229

14.9682821229

23.6322486034

8.6322486034

25.1422691131

10.1422691131

20.6980764526

5.6980764526

19.2208227848

4.2208227848

15.5747957422

0.5747957422

25.9961073566

10.9961073566

21.0490673875

6.0490673875

23.6593245033

8.6593245033

18.8196291391

3.8196291391

24.8522022059

9.8522022059

19.8755772059

4.8755772059

24.4655147059

9.4655147059

19.7406029412

4.7406029412

27.1423902439

12.1423902439

21.4243414634

6.4243414634

35.4230738721

20.4230738721

26.435805652

11.435805652

24.9481348006

9.9481348006

20.3834552957

5.3834552957

22.3424220104

7.3424220104

17.1467417678

2.1467417678

33.1011291667

18.1011291667

24.7888666667

9.7888666667

21.4871535948

6.4871535948

17.580496732

2.580496732

19.2307275986

4.2307275986

15.8408566308

0.8408566308

24.1994762887

9.1994762887

19.4275216495

4.4275216495

27.4981061947

12.4981061947

22.2079646018

7.2079646018

23.6886925373

8.6886925373

18.7082865672

3.7082865672

22.4318820344

7.4318820344

17.0550704026

2.0550704026

19.9294574315

4.9294574315

16.8560634921

1.8560634921

23.6599847328

8.6599847328

19.5091755725

4.5091755725

22.1930218182

7.1930218182

18.3006472727

3.3006472727

21.1496962457

6.1496962457

17.2077576792

2.2077576792

17.1379224556

2.1379224556

14.7334442649

-0.2665557351

19.5221913043

4.5221913043

16.5813565217

1.5813565217

23.3955221889

8.3955221889

19.6153620287

4.6153620287

24.3693816327

9.3693816327

21.0442979592

6.0442979592

23.9054682927

8.9054682927

18.810795122

3.810795122

24.4876843911

9.4876843911

19.4998333742

4.4998333742

33.9324819277

18.9324819277

26.7061204819

11.7061204819

16.3574852621

1.3574852621

14.0831778437

-0.9168221563

24.9083688889

9.9083688889

19.8496622222

4.8496622222

19.4755753647

4.4755753647

16.6833387358

1.6833387358

26.7463833333

11.7463833333

21.5891083333

6.5891083333

27.2054486486

12.2054486486

20.2935621622

5.2935621622

17.6400981387

2.6400981387

15.1455905245

0.1455905245

20.2251071429

5.2251071429

17.0386696429

2.0386696429

26.572030303

11.572030303

22.3467575758

7.3467575758

30.8538

15.8538

24.3954

9.3954

25.6321914894

10.6321914894

20.2720212766

5.2720212766

21.5391863636

6.5391863636

17.3023545455

2.3023545455

26.7182478386

11.7182478386

20.0860691643

5.0860691643

22.8216326531

7.8216326531

18.7937959184

3.7937959184

24.2769458333

9.2769458333

19.7976708333

4.7976708333

21.1818384615

6.1818384615

17.6624576923

2.6624576923

17.2485524126

2.2485524126

14.2877371048

-0.7122628952

25.0065376

10.0065376

20.8479328

5.8479328

18.8904022222

3.8904022222

16.6878955556

1.6878955556

22.8979166667

7.8979166667

17.9405833333

2.9405833333

22.6033300493

7.6033300493

18.3172315271

3.3172315271

22.1933415147

7.1933415147

18.9783765778

3.9783765778

26.3973495277

11.3973495277

20.6418191633

5.6418191633

22.9337136842

7.9337136842

18.7543410526

3.7543410526

26.5834392857

11.5834392857

21.7800321429

6.7800321429

13.7048666667

-1.2951333333

10.4048666667

-4.5951333333

17.2505

2.2505

14.2136933962

-0.7863066038

18.0656645525

3.0656645525

15.3462889359

0.3462889359

23.2867023256

8.2867023256

19.6793627907

4.6793627907

36.7284945055

21.7284945055

28.7910879121

13.7910879121

36.7284945055

21.7284945055

28.7910879121

13.7910879121

25.1948561086

10.1948561086

21.3254914027

6.3254914027

23.1161957696

8.1161957696

20.0344449591

5.0344449591

16.0063404255

1.0063404255

13.6663085106

-1.3336914894

23.3488572464

8.3488572464

17.6233289855

2.6233289855

16.6000596078

1.6000596078

14.4129043137

-0.5870956863

22.1279038462

7.1279038462

17.8129230769

2.8129230769

27.7991388889

12.7991388889

21.8587013889

6.8587013889

29.9415705882

14.9415705882

23.7168882353

8.7168882353

16.5208118864

1.5208118864

13.8012788538

-1.1987211462

12.354688

-2.645312

10.270864

-4.729136

24.8028470588

9.8028470588

20.7001882353

5.7001882353

24.6373846154

9.6373846154

21.0897115385

6.0897115385

17.191136

2.191136

15.308588

0.308588

18.7908538462

3.7908538462

15.7391961538

0.7391961538

14.6052087912

-0.3947912088

13.0692252747

-1.9307747253

25.8033381818

10.8033381818

20.5326327273

5.5326327273

26.7522580645

11.7522580645

21.7813548387

6.7813548387

17.8212503888

2.8212503888

14.9799564541

-0.0200435459

20.4222915254

5.4222915254

16.4621288136

1.4621288136

21.1567

6.1567

17.6288857143

2.6288857143

23.104795

8.104795

19.470385

4.470385

24.4287599457

9.4287599457

20.916437027

5.916437027

17.2947118644

2.2947118644

14.181220339

-0.818779661

23.8286848485

8.8286848485

19.544630303

4.544630303

18.4765101577

3.4765101577

15.2557355205

0.2557355205

22.2048630952

7.2048630952

18.1759880952

3.1759880952

18.2869715909

3.2869715909

15.9985

0.9985

21.633755814

6.633755814

18.4544360465

3.4544360465

14.96033125

-0.03966875

13.19599375

-1.80400625

26.1948785714

11.1948785714

21.5211357143

6.5211357143

20.1694926829

5.1694926829

17.6072585366

2.6072585366

20.2118949909

5.2118949909

17.7169161135

2.7169161135

25.4375076923

10.4375076923

20.2962153846

5.2962153846

18.6258371845

3.6258371845

15.9314041948

0.9314041948

22.470912892

7.470912892

18.0434355401

3.0434355401

15.9840065789

0.9840065789

13.5077434211

-1.4922565789

22.7783778127

7.7783778127

18.687985348

3.687985348

18.0206951049

3.0206951049

15.9476447552

0.9476447552

20.3468756531

5.3468756531

18.4202507837

3.4202507837



		





				Scenario 1						Scenario 1						Scenario 1						Scenario 1		Scenario 2		Scenario 3				Scenario 4

		Stocking rate		P balance/ha				Milk/cow		P balance/ha				Meal/cow		P balance/ha				Meal/cow		P balance/ha		P balance/ha (zero P fertiliser)		P balance/ha (reduced P concentrate: 4.4 g/kg fresh)		Stocking rate		P balance/ha (zero P fertiliser:  reduced P concentrate: 4.4 g/kg fresh)

		2.7		32.9				5936.6		32.9				2166.7		32.9				2166.7		32.9		17.9		25.6		2.7		10.6

		2.6		11.6				3785.3		11.6				177.8		11.6				177.8		11.6		-3.4		10.2		2.6		-4.8

		1.8		17.3				4796.4		17.3				912.2		17.3				912.2		17.3		2.3		14.9		1.8		-0.1

		2.0		20.4				5920.2		20.4				1390.1		20.4				1390.1		20.4		5.4		16.6		2.0		1.6

		2.2		27.3				7413.4		27.3				2254.0		27.3				2254.0		27.3		12.3		21.1		2.2		6.1

		2.3		35.7				7760.5		35.7				3133.0		35.7				3133.0		35.7		20.7		27.3		2.3		12.3

		2.1		26.1				5794.9		26.1				1901.1		26.1				1901.1		26.1		11.1		21.0		2.1		6.0

		2.7		27.6				6022.4		27.6				1800.0		27.6				1800.0		27.6		12.6		21.8		2.7		6.8

		3.1		33.1				6250.2		33.1				2308.1		33.1				2308.1		33.1		18.1		25.7		3.1		10.7

		1.7		18.6				4486.3		18.6				1129.4		18.6				1129.4		18.6		3.6		16.1		1.7		1.1

		2.0		30.5				6876.1		30.5				2703.2		30.5				2703.2		30.5		15.5		24.6		2.0		9.6

		2.4		27.4				7302.5		27.4				2179.4		27.4				2179.4		27.4		12.4		20.8		2.4		5.8

		2.6		24.2				7680.6		24.2				1700.0		24.2				1700.0		24.2		9.2		18.9		2.6		3.9

		2.1		26.3				6658.8		26.3				2040.8		26.3				2040.8		26.3		11.3		20.8		2.1		5.8

		2.5		24.6				6538.5		24.6				1705.5		24.6				1705.5		24.6		9.6		19.7		2.5		4.7

		2.6		19.0				5701.4		19.0				1096.0		19.0				1096.0		19.0		4.0		15.1		2.6		0.1

		2.5		19.1				6742.3		19.1				1287.9		19.1				1287.9		19.1		4.1		14.8		2.5		-0.2

		1.4		13.4				4777.8		13.4				464.3		13.4				464.3		13.4		-1.6		12.3		1.4		-2.7

		2.4		36.3				7975.7		36.3				3228.6		36.3				3228.6		36.3		21.3		28.1		2.4		13.1

		2.0		25.8				7271.6		25.8				2237.4		25.8				2237.4		25.8		10.8		20.4		2.0		5.4

		1.4		25.3				6646.3		25.3				2445.3		25.3				2445.3		25.3		10.3		20.9		1.4		5.9

		1.7		19.8				5705.4		19.8				1307.6		19.8				1307.6		19.8		4.8		16.9		1.7		1.9

		2.4		21.4				7106.1		21.4				1585.9		21.4				1585.9		21.4		6.4		16.6		2.4		1.6

		2.0		20.6				6027.1		20.6				1433.8		20.6				1433.8		20.6		5.6		16.7		2.0		1.7

		2.1		26.7				6244.1		26.7				2328.1		26.7				2328.1		26.7		11.7		21.2		2.1		6.2

		2.0		21.6				5647.4		21.6				1531.3		21.6				1531.3		21.6		6.6		18.1		2.0		3.1

		2.0		20.0				6378.9		20.0				1424.0		20.0				1424.0		20.0		5.0		16.2		2.0		1.2

		1.9		16.0				5598.8		16.0				950.4		16.0				950.4		16.0		1.0		13.5		1.9		-1.5

		2.3		24.8				6747.7		24.8				1892.6		24.8				1892.6		24.8		9.8		19.1		2.3		4.1

		2.2		27.3				5822.2		27.3				2133.3		27.3				2133.3		27.3		12.3		21.8		2.2		6.8

		1.8		18.6				6358.1		18.6				1243.7		18.6				1243.7		18.6		3.6		15.8		1.8		0.8

		2.6		23.5				6657.2		23.5				1584.5		23.5				1584.5		23.5		8.5		17.8		2.6		2.8

		2.1		28.6				6282.2		28.6				2204.3		28.6				2204.3		28.6		13.6		22.6		2.1		7.6

		2.1		20.6				6388.0		20.6				1508.6		20.6				1508.6		20.6		5.6		16.2		2.1		1.2

		2.9		27.4				5499.5		27.4				1478.3		27.4				1478.3		27.4		12.4		22.2		2.9		7.2

		2.2		29.4				7332.0		29.4				2605.3		29.4				2605.3		29.4		14.4		23.1		2.2		8.1

		3.0		37.9				7573.0		37.9				2714.0		37.9				2714.0		37.9		22.9		27.8		3.0		12.8

		2.6		25.5				6094.6		25.5				1828.9		25.5				1828.9		25.5		10.5		19.8		2.6		4.8

		2.5		25.4				6648.0		25.4				1750.9		25.4				1750.9		25.4		10.4		20.4		2.5		5.4

		2.1		25.7				6329.5		25.7				1978.8		25.7				1978.8		25.7		10.7		20.3		2.1		5.3

		3.1		35.8				4835.1		35.8				1984.0		35.8				1984.0		35.8		20.8		28.1		3.1		13.1

		1.7		21.2				5142.4		21.2				1455.4		21.2				1455.4		21.2		6.2		18.1		1.7		3.1

		2.1		24.3				6224.5		24.3				1836.4		24.3				1836.4		24.3		9.3		20.1		2.1		5.1

		1.8		22.1				7737.8		22.1				1769.6		22.1				1769.6		22.1		7.1		18.9		1.8		3.9

		2.0		22.6				8019.5		22.6				2195.4		22.6				2195.4		22.6		7.6		18.3		2.0		3.3

		2.1		25.8				6486.2		25.8				1952.4		25.8				1952.4		25.8		10.8		20.2		2.1		5.2

		2.0		23.8				6144.4		23.8				1689.3		23.8				1689.3		23.8		8.8		19.8		2.0		4.8

		2.3		33.1				7069.3		33.1				2546.9		33.1				2546.9		33.1		18.1		25.8		2.3		10.8

		2.2		32.2				8146.9		32.2				2643.8		32.2				2643.8		32.2		17.2		23.5		2.2		8.5

		1.8		22.5				5535.8		22.5				1570.0		22.5				1570.0		22.5		7.5		18.8		1.8		3.8

		2.2		26.9				8430.4		26.9				2380.9		26.9				2380.9		26.9		11.9		21.1		2.2		6.1

		2.0		26.7				6601.0		26.7				2163.3		26.7				2163.3		26.7		11.7		21.2		2.0		6.2

		2.0		21.7				5653.0		21.7				1520.8		21.7				1520.8		21.7		6.7		18.0		2.0		3.0

		2.0		24.5				7448.5		24.5				2121.5		24.5				2121.5		24.5		9.5		19.5		2.0		4.5

		2.4		22.9				5122.4		22.9				1314.7		22.9				1314.7		22.9		7.9		19.2		2.4		4.2

		2.1		18.7				5648.5		18.7				1077.9		18.7				1077.9		18.7		3.7		15.7		2.1		0.7

		1.8		20.7				5691.7		20.7				1320.5		20.7				1320.5		20.7		5.7		17.5		1.8		2.5

		2.1		21.1				5408.4		21.1				1377.2		21.1				1377.2		21.1		6.1		17.1		2.1		2.1

		2.2		23.5				5127.3		23.5				1464.7		23.5				1464.7		23.5		8.5		19.6		2.2		4.6

		2.1		30.0				7666.0		30.0				2888.9		30.0				2888.9		30.0		15.0		23.6		2.1		8.6

		2.5		25.1				5981.3		25.1				1459.8		25.1				1459.8		25.1		10.1		20.7		2.5		5.7

		1.8		19.2				6528.5		19.2				1533.3		19.2				1533.3		19.2		4.2		15.6		1.8		0.6

		2.4		26.0				5169.9		26.0				1718.9		26.0				1718.9		26.0		11.0		21.0		2.4		6.0

		2.6		23.7				5268.9		23.7				1394.3		23.7				1394.3		23.7		8.7		18.8		2.6		3.8

		2.3		24.9				5563.4		24.9				1694.1		24.9				1694.1		24.9		9.9		19.9		2.3		4.9

		2.1		24.5				7302.3		24.5				2013.7		24.5				2013.7		24.5		9.5		19.7		2.1		4.7

		2.2		27.1				7353.6		27.1				2206.9		27.1				2206.9		27.1		12.1		21.4		2.2		6.4

		2.2		35.4				6989.1		35.4				2823.5		35.4				2823.5		35.4		20.4		26.4		2.2		11.4

		1.7		24.9				6986.5		24.9				2268.2		24.9				2268.2		24.9		9.9		20.4		1.7		5.4

		2.5		22.3				7236.0		22.3				1576.5		22.3				1576.5		22.3		7.3		17.1		2.5		2.1

		2.5		33.1				8084.6		33.1				2774.8		33.1				2774.8		33.1		18.1		24.8		2.5		9.8

		1.9		21.5				6046.0		21.5				1612.6		21.5				1612.6		21.5		6.5		17.6		1.9		2.6

		2.2		19.2				6144.0		19.2				1155.3		19.2				1155.3		19.2		4.2		15.8		2.2		0.8

		2.2		24.2				5726.4		24.2				1641.3		24.2				1641.3		24.2		9.2		19.4		2.2		4.4

		1.9		27.5				6400.4		27.5				2199.0		27.5				2199.0		27.5		12.5		22.2		1.9		7.2

		2.3		23.7				7040.3		23.7				1741.3		23.7				1741.3		23.7		8.7		18.7		2.3		3.7

		2.5		22.4				6926.3		22.4				1643.0		22.4				1643.0		22.4		7.4		17.1		2.5		2.1

		1.6		19.9				6344.1		19.9				1527.9		19.9				1527.9		19.9		4.9		16.9		1.6		1.9

		1.8		23.7				6383.1		23.7				1913.0		23.7				1913.0		23.7		8.7		19.5		1.8		4.5

		2.2		22.2				5881.9		22.2				1369.7		22.2				1369.7		22.2		7.2		18.3		2.2		3.3

		1.6		21.1				7046.0		21.1				1825.3		21.1				1825.3		21.1		6.1		17.2		1.6		2.2

		1.6		17.1				5586.4		17.1				1071.1		17.1				1071.1		17.1		2.1		14.7		1.6		-0.3

		1.8		19.5				4973.3		19.5				1333.3		19.5				1333.3		19.5		4.5		16.6		1.8		1.6

		2.6		23.4				4933.0		23.4				1120.0		23.4				1120.0		23.4		8.4		19.6		2.6		4.6

		2.1		24.4				5708.5		24.4				1612.0		24.4				1612.0		24.4		9.4		21.0		2.1		6.0

		2.7		23.9				5828.0		23.9				1445.9		23.9				1445.9		23.9		8.9		18.8		2.7		3.8

		2.2		24.5				5487.2		24.5				1659.8		24.5				1659.8		24.5		9.5		19.5		2.2		4.5

		2.0		33.9				7297.0		33.9				2990.3		33.9				2990.3		33.9		18.9		26.7		2.0		11.7

		1.7		16.4				4899.9		16.4				914.0		16.4				914.0		16.4		1.4		14.1		1.7		-0.9

		1.8		24.9				5406.5		24.9				2000.0		24.9				2000.0		24.9		9.9		19.8		1.8		4.8

		1.4		19.5				5786.5		19.5				1428.6		19.5				1428.6		19.5		4.5		16.7		1.4		1.7

		2.7		26.7				5909.3		26.7				1678.6		26.7				1678.6		26.7		11.7		21.6		2.7		6.6

		2.6		27.2				8368.8		27.2				2209.0		27.2				2209.0		27.2		12.2		20.3		2.6		5.3

		1.8		17.6				6447.4		17.6				1061.5		17.6				1061.5		17.6		2.6		15.1		1.8		0.1

		1.5		20.2				7484.7		20.2				1732.6		20.2				1732.6		20.2		5.2		17.0		1.5		2.0

		1.8		26.6				5432.2		26.6				2174.6		26.6				2174.6		26.6		11.6		22.3		1.8		7.3

		1.9		30.9				6641.2		30.9				2840.0		30.9				2840.0		30.9		15.9		24.4		1.9		9.4

		2.3		25.6				7584.2		25.6				2061.5		25.6				2061.5		25.6		10.6		20.3		2.3		5.3

		2.0		21.5				6549.6		21.5				1644.3		21.5				1644.3		21.5		6.5		17.3		2.0		2.3

		1.9		26.7				6980.6		26.7				2390.6		26.7				2390.6		26.7		11.7		20.1		1.9		5.1

		1.7		22.8				6386.2		22.8				1872.5		22.8				1872.5		22.8		7.8		18.8		1.7		3.8

		1.9		24.3				6283.8		24.3				2196.7		24.3				2196.7		24.3		9.3		19.8		1.9		4.8

		1.8		21.2				6687.3		21.2				1770.5		21.2				1770.5		21.2		6.2		17.7		1.8		2.7

		1.6		17.2				6574.7		17.2				1434.7		17.2				1434.7		17.2		2.2		14.3		1.6		-0.7

		1.9		25.0				7187.6		25.0				2124.0		25.0				2124.0		25.0		10.0		20.8		1.9		5.8

		1.1		18.9				6044.2		18.9				1735.7		18.9				1735.7		18.9		3.9		16.7		1.1		1.7

		2.2		22.9				6939.9		22.9				1700.0		22.9				1700.0		22.9		7.9		17.9		2.2		2.9

		2.3		22.6				5877.7		22.6				1466.7		22.6				1466.7		22.6		7.6		18.3		2.3		3.3

		1.8		22.2				4575.5		22.2				1512.6		22.2				1512.6		22.2		7.2		19.0		1.8		4.0

		2.5		26.4				6859.6		26.4				1949.2		26.4				1949.2		26.4		11.4		20.6		2.5		5.6

		2.1		22.9				6983.7		22.9				1725.3		22.9				1725.3		22.9		7.9		18.8		2.1		3.8

		1.4		26.6				7174.8		26.6				2813.8		26.6				2813.8		26.6		11.6		21.8		1.4		6.8

		1.9		13.7				6507.0		13.7				1137.9		13.7				1137.9		13.7		-1.3		10.4		1.9		-4.6

		1.8		17.3				5820.7		17.3				1180.0		17.3				1180.0		17.3		2.3		14.2		1.8		-0.8

		1.7		18.1				5258.5		18.1				1144.3		18.1				1144.3		18.1		3.1		15.3		1.7		0.3

		2.1		23.3				4893.0		23.3				1322.8		23.3				1322.8		23.3		8.3		19.7		2.1		4.7

		2.7		36.7				6502.6		36.7				2813.3		36.7				2813.3		36.7		21.7		28.8		2.7		13.8

		2.7		36.7				6502.6		36.7				2813.3		36.7				2813.3		36.7		21.7		28.8		2.7		13.8

		1.6		25.2				5578.8		25.2				2023.9		25.2				2023.9		25.2		10.2		21.3		1.6		6.3

		1.9		23.1				5862.3		23.1				1710.0		23.1				1710.0		23.1		8.1		20.0		1.9		5.0

		1.7		16.0				5547.7		16.0				930.6		16.0				930.6		16.0		1.0		13.7		1.7		-1.3

		2.7		23.3				7510.9		23.3				1623.1		23.3				1623.1		23.3		8.3		17.6		2.7		2.6

		1.4		16.6				4544.7		16.6				1134.6		16.6				1134.6		16.6		1.6		14.4		1.4		-0.6

		1.6		22.1				8109.1		22.1				2346.2		22.1				2346.2		22.1		7.1		17.8		1.6		2.8

		2.3		27.8				6342.6		27.8				1940.4		27.8				1940.4		27.8		12.8		21.9		2.3		6.9

		1.7		29.9				6256.8		29.9				2666.7		29.9				2666.7		29.9		14.9		23.7		1.7		8.7

		1.8		16.5				6263.3		16.5				1052.6		16.5				1052.6		16.5		1.5		13.8		1.8		-1.2

		2.4		12.4				4783.0		12.4				558.8		12.4				558.8		12.4		-2.6		10.3		2.4		-4.7

		1.7		24.8				6833.4		24.8				2275.1		24.8				2275.1		24.8		9.8		20.7		1.7		5.7

		1.6		24.6				5085.4		24.6				1987.5		24.6				1987.5		24.6		9.6		21.1		1.6		6.1

		1.3		17.2				5056.1		17.2				983.0		17.2				983.0		17.2		2.2		15.3		1.3		0.3

		1.5		18.8				7267.1		18.8				1736.2		18.8				1736.2		18.8		3.8		15.7		1.5		0.7

		1.4		14.6				4635.6		14.6				766.0		14.6				766.0		14.6		-0.4		13.1		1.4		-1.9

		2.3		25.8				6287.1		25.8				1763.9		25.8				1763.9		25.8		10.8		20.5		2.3		5.5

		2.0		26.8				5178.4		26.8				1956.5		26.8				1956.5		26.8		11.8		21.8		2.0		6.8

		2.0		17.8				5644.2		17.8				991.7		17.8				991.7		17.8		2.8		15.0		2.0		-0.0

		2.0		20.4				6153.3		20.4				1466.7		20.4				1466.7		20.4		5.4		16.5		2.0		1.5

		1.9		21.2				6736.0		21.2				1502.3		21.2				1502.3		21.2		6.2		17.6		1.9		2.6

		1.8		23.1				6094.4		23.1				1681.8		23.1				1681.8		23.1		8.1		19.5		1.8		4.5

		2.4		24.4				6054.4		24.4				1310.3		24.4				1310.3		24.4		9.4		20.9		2.4		5.9

		1.9		17.3				6241.2		17.3				1154.8		17.3				1154.8		17.3		2.3		14.2		1.9		-0.8

		1.9		23.8				5429.1		23.8				1809.5		23.8				1809.5		23.8		8.8		19.5		1.9		4.5

		2.1		18.5				6882.2		18.5				1132.3		18.5				1132.3		18.5		3.5		15.3		2.1		0.3

		2.0		22.2				6550.3		22.2				1714.6		22.2				1714.6		22.2		7.2		18.2		2.0		3.2

		1.7		18.3				4823.8		18.3				938.3		18.3				938.3		18.3		3.3		16.0		1.7		1.0

		1.5		21.6				5444.5		21.6				1610.1		21.6				1610.1		21.6		6.6		18.5		1.5		3.5

		1.5		15.0				5461.2		15.0				769.2		15.0				769.2		15.0		-0.0		13.2		1.5		-1.8

		1.9		26.2				5503.2		26.2				2036.8		26.2				2036.8		26.2		11.2		21.5		1.9		6.5

		1.3		20.2				5205.1		20.2				1594.6		20.2				1594.6		20.2		5.2		17.6		1.3		2.6

		1.9		20.2				4231.4		20.2				988.9		20.2				988.9		20.2		5.2		17.7		1.9		2.7

		3.3		25.4				5960.6		25.4				1642.9		25.4				1642.9		25.4		10.4		20.3		3.3		5.3

		1.8		18.6				5761.7		18.6				1061.8		18.6				1061.8		18.6		3.6		15.9		1.8		0.9

		1.5		22.5				8493.7		22.5				2297.0		22.5				2297.0		22.5		7.5		18.0		1.5		3.0

		1.5		16.0				7767.9		16.0				1230.8		16.0				1230.8		16.0		1.0		13.5		1.5		-1.5

		1.9		22.8				5758.5		22.8				1539.0		22.8				1539.0		22.8		7.8		18.7		1.9		3.7

		1.8		18.0				5052.5		18.0				903.4		18.0				903.4		18.0		3.0		15.9		1.8		0.9

		0.8		20.3				6286.6		20.3				2541.9		20.3				2541.9		20.3		5.3		18.4		0.8		3.4





		2.7069767442

		2.615780446

		1.7819354839

		2.0200155039

		2.2333051564

		2.3179487179

		2.0862068966

		2.6974063401

		3.0852966924

		1.6663412094

		2.013909224

		2.3785046729

		2.5925925926

		2.1465076661

		2.5436893204

		2.5631578947

		2.5

		1.4263565891

		2.4329896907

		2.0055832502

		1.3825180433

		1.6995884774

		2.4107981221

		1.9850931677

		2.0531712875

		1.9667250438

		1.9944147079

		1.8645833333

		2.2949852507

		2.2093023256

		1.7796296296

		2.6352087114

		2.1237410072

		2.1220930233

		2.9114611624

		2.1647058824

		2.9504910804

		2.5886685552

		2.4704463209

		2.0726744186

		3.133640553

		1.66

		2.0957446809

		1.8108695652

		2.0161290323

		2.1061359867

		2.0111111111

		2.3466666667

		2.1913043478

		1.8430379747

		2.2

		2.0425531915

		1.95

		1.9860237596

		2.3684210526

		2.0862865948

		1.8266338529

		2.0689655172

		2.164

		2.061452514

		2.4709480122

		1.8066743383

		2.4463987208

		2.6225165563

		2.3014705882

		2.0617647059

		2.1951219512

		2.1665840357

		1.7001375516

		2.5352112676

		2.5166666667

		1.9215686275

		2.1670250896

		2.2494845361

		1.9292035398

		2.2845771144

		2.5184836355

		1.6118326118

		1.786259542

		2.1963636364

		1.638225256

		1.5735056543

		1.7647058824

		2.5525525526

		2.1020408163

		2.6585365854

		2.2224944866

		2.0240963855

		1.6680514342

		1.8488888889

		1.4100486224

		2.6583333333

		2.5783783784

		1.8028673835

		1.5267857143

		1.8333333333

		1.8916666667

		2.3191489362

		1.9909090909

		1.8674351585

		1.6775510204

		1.8610169492

		1.7953846154

		1.6389351082

		1.8624

		1.0733333333

		2.2222222222

		2.3349753695

		1.8420060332

		2.4777327935

		2.0673684211

		1.3678571429

		1.9333333333

		1.7547169811

		1.7108292225

		2.1209302326

		2.6538461538

		2.6538461538

		1.607239819

		1.8659295093

		1.7340425532

		2.7471014493

		1.4070588235

		1.6230769231

		2.2847222222

		1.6647058824

		1.8201114354

		2.36

		1.6666666667

		1.5884615385

		1.316

		1.5423076923

		1.3555555556

		2.3272727273

		1.9741935484

		2.0217729393

		1.993220339

		1.9476190476

		1.84

		2.3578497962

		1.9322033898

		1.9151515152

		2.0760883281

		1.994047619

		1.6960227273

		1.4811046512

		1.46875

		1.9

		1.2634146341

		1.8829209415

		3.3397590361

		1.8059011731

		1.5400696864

		1.5427631579

		1.8628990058

		1.7576470588

		0.762800418



P balance/ha

Stocking rate (LSU/ha)

P balance (kg P/ha/year)

Relationship between stocking rate and P balance

y = 6.2255x + 10.729
R2 = 0.2525

32.9158790698

11.5655042882

17.2928825806

20.428657876

27.3095080304

35.660659322

26.0974241379

27.6023185841

33.0617797952

18.5771854456

30.4501551977

27.4062757009

24.2058950617

26.3133134583

24.6433398058

18.9845210526

19.1276792929

13.4495224806

36.2697010309

25.8063294118

25.2977353649

19.7707688889

21.3751032864

20.5651701863

26.7205872156

21.6025113835

19.9674028392

16.0014166667

24.7588731563

27.3023488372

18.5979333333

23.5411215971

28.6465122302

20.6038081395

27.3863416621

29.3534117647

37.9479655242

25.5215880466

25.4346537998

25.6909680233

35.7939870968

21.20212

24.3408510638

22.1277681159

22.6346199794

25.7627197347

23.8123577778

33.1471733333

32.1845434783

22.4610506329

26.8969946667

26.6604314013

21.740025

24.5128413697

22.9205388471

18.7494422188

20.7456795187

21.0852068966

23.4933245714

29.9682821229

25.1422691131

19.2208227848

25.9961073566

23.6593245033

24.8522022059

24.4655147059

27.1423902439

35.4230738721

24.9481348006

22.3424220104

33.1011291667

21.4871535948

19.2307275986

24.1994762887

27.4981061947

23.6886925373

22.4318820344

19.9294574315

23.6599847328

22.1930218182

21.1496962457

17.1379224556

19.5221913043

23.3955221889

24.3693816327

23.9054682927

24.4876843911

33.9324819277

16.3574852621

24.9083688889

19.4755753647

26.7463833333

27.2054486486

17.6400981387

20.2251071429

26.572030303

30.8538

25.6321914894

21.5391863636

26.7182478386

22.8216326531

24.2769458333

21.1818384615

17.2485524126

25.0065376

18.8904022222

22.8979166667

22.6033300493

22.1933415147

26.3973495277

22.9337136842

26.5834392857

13.7048666667

17.2505

18.0656645525

23.2867023256

36.7284945055

36.7284945055

25.1948561086

23.1161957696

16.0063404255

23.3488572464

16.6000596078

22.1279038462

27.7991388889

29.9415705882

16.5208118864

12.354688

24.8028470588

24.6373846154

17.191136

18.7908538462

14.6052087912

25.8033381818

26.7522580645

17.8212503888

20.4222915254

21.1567

23.104795

24.4287599457

17.2947118644

23.8286848485

18.4765101577

22.2048630952

18.2869715909

21.633755814

14.96033125

26.1948785714

20.1694926829

20.2118949909

25.4375076923

18.6258371845

22.470912892

15.9840065789

22.7783778127

18.0206951049

20.3468756531




_1317732113.psd

