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Abstract

The large use of nitrogen (N) and the finite natofglobal phosphorus (P) resources
have led to increasing concerns about balancingonagnic, environmental and
economic gains from N and P use on dairy farmgolyén and P inputs, in the form of
fertiliser and concentrates, are key drivers ofeased herbage yields and milk saleable
output on most dairy farms. However, N and P inpypgcally exceed N and P outputs
in milk and livestock exported off the farms. Inased N and P use efficiency (NUE
and PUE) may be considered as a strategy to redaaxpenditures on the main N and
P inputs on dairy farms. Data from a 3 year (200912 survey were used to assess
farm-gate N and P balances and NUE and PUE ont2tsive grass-based dairy farms
operating under the Good Agricultural Practice (G A¢gulations in Ireland, as well as
the economic implications of NUE and PUE on 19h&fse farms and the sensitivity of
net profit to changes in milk and fertiliser N @ Comparative profitability and
sensitivity to changes in milk and fertiliser N qas of ten N fertilised grass (FN) and
eight grass-white clover-based (WC) dairy systen&ewalso investigated. Mean
balances for the 21 farms were 175 kg N had 5.09 kg P ha respectively, or 0.28
kg N kg MS! (milk solids), and 0.004 kg P kg MSrespectively. Mean NUE was 0.23
and mean PUE was 0.70. Comparison to similar studiried out before the
introduction of the GAP regulations in 2006 indestthat N and P balances have
significantly decreased (by 40 and 74 %, respéegiivand NUE and PUE increased (by
27 % and 48 %, respectively), mostly due to deesasorganic fertiliser input and a
notable shift towards spring application of orgamanures. Mean net profit was €598
ha' and was driven mainly by milk receipts and to ssé& extent by expenditure on
mineral fertilisersNet profit was indirectly related to N and P sugpand N and P use
efficiency. The results of this study generally igade that Irish dairy farms, as low
input production systems, have the potential taeaehboth economic (as indicated by
net profit per ha) and environmental (as indicdigdN and P balances per ha, N and P
use efficiency and N-eco-efficiency) sustainajpiliThe results of the sensitivity
analysis indicated that milk price was the mairvelrifor changes in net profit between
2009 and 2011 both in high and low milk price diu@s investigated across nine price
scenarios. Net profit was similar for FN and WC,g&4 hd) mainly due to €148 ha
lower expenditure on mineral N fertiliser on WC.tNeofit of WC was found to be
comparably less sensitive than FN in low milk psdeations. A wider adoption of WC
on farms offers potential to meet the twin goalsaofustainable income for dairy
farmers in the context of rising fertiliser N prieehile decreasing N surpluses on
pasture-based dairy farms.



Acknowledgements

This study was co-funded by the ERDF Interreg IVBirpman project and Teagasc
Walsh Fellowship Scheme.

| would like to thank my supervisors, Dr. Paul Miaypgrom the School of Agriculture
and Food Science (formerly in Teagasc Moorepargares centre), University College
Dublin, Dr. Willie Ryan and Dr. James Humphreysnirdeagasc Moorepark research
centre, and Dr. Imelda Casey from Waterford In&itaf Technology, for their time,
advice, and encouragement throughout this research.

| want to acknowledge also the great help receivech Andy Boland, from Teagasc
advisory, and Joseph Kirk, from Acorn Advisory, lwitegards to data collection and

validation.

Special thanks to Dr. Stephen Onakuse, from Unitye@ollege Cork, for his constant
support and advice.

| am also grateful to my closest friends for tleginstant support.

| would like to address very special thanks to nothrer for her endless encouragement.



Table of contents

Abstract.....

ACKNOWIEAGEMENTS. .. e e e e e \Y

Table Of CONtENTS. .. ... e e e e e e e e e e e e e e eV

(IS 0 ] = 1] TR X
LISt Of FIQUIES ...ttt e e e e e ee et e e e eeeeeaeaeeeeeaenenes Xl
List of abbreviations...........ccooi W XV
R [ 1€ o To [ 1[4 1 0] o PP 1
1.1.  General INtrodUCHION. ... ..ot e e e 1
1.2. AIms and ODJectiVES. .......cooi i 5
1.3, TheSIS [ayOUL.......oii i e 6
REIBIBNCES. ..o 8
2. LILEIatUrE MBVIBW. .. ...t ie it et et et e e et e e e e e e et et resaemaes 16
2.1, Grasslandinireland..........c.ooiiiiiiiii 16
P20 N B O 11 ¢ = = P 16
2.1.2. Effect of temperaton grass growth...................c.ccoeeee. 16
2.1.3. Annual herbage pr@@n...............ccoiiiiiiiiiiii e, 17
2.2.  Systems of dairy production iimeland....................ccooiiii 17
2.3.  Stocking rate in dairy produdbn systems in Ireland................... 18
2.4, MOEIS. ..t 19

2.5.

2.4.1. Simulation models. ..........cccoiiiiiiiiiii 2 19
2.4.2. Optimisation models............ccociviiiiii i 21
2.4.3. Applicationof mdsle.............ccovviiii 22

2.4.4. Nutrient budget ratsd...........cooooiiii i, 22
Nitrogen in dairy production SYTEMS...........oovvvriiiuiiinrniiianeee e e e 24
2.5.1. Nitrogencycle.......oceueiiiiiiiiiiiii e 24
2.5.2.  Nitrogen l0SS PARIFBL. ........uuuumriiiiieeee et e 26
2.5.2.1. Nitrate leaching.......ccceeeeiiiiiiiiiiiii e 27
2.5.2.2.  Ammonia volatilisation.............cccccoeiiiiiiiiiiiiiiiiiiinns 28
2.5.2.3. DenitrifiCation.........cucueeeeeeeeeeeeeiee e 30

2.5.3. Farm-gate nitropatence and use efficiency on dairy farms....32
2.5.4. Lowering nitrogem@uses and losses............ccceee e e o35
2.5.4.1. Slurry management.......cccoeieeeeieiiiiiiiiiieee e 35

2.5.4.2. StrategiC feeding......cccccmeerieeeeeie i 37
Vv



2.5.4.3. Use of white clover in grassl.............coooi. 38

2.6.  Phosphorus in grassland SOilS.............cooiiiiiiiiiiiic i 40
2.6.1. PhosSphorus CyCle...... o oiiii i 40
2.6.2. SOIl PhOSPNOIUS.......iiiiee i e 41
2.6.3. Phosphorus loSs\mas............coooeiiiiiiriiiiiiiiiii e e 45
2.6.3.1.  B0E runOff... ..o 47
2.6.3.2.  Pplosrus leaching............coouviiieiiiiiiiiiiceeeeneen 48
2.6.4. Farm-gate phosphdalance and use efficiency on dairy
fAIMNS . 49
2.6.5. Lowering phosphosuspluses and losses.............ccccvvvun e 52
2.6.5.1. Source Management.....ccccceeeeeeeieiiinieeeeeeiiiae e aeeens 52
2.6.5.2.  Manure management. .. .o eeeeeeeeeeeriieraeeennnnnn... 04
2.6.5.3.  Phosphorus transport managém........................... 55
2.7.  Economics of dairy farms..........coooiiiiiii 56
2.7.1. Economic performaont dairy production systems in Ireland...56
2.7.2. Economic factorfeetiing Irish dairy systems............cccceeeennn. 57
2.7.21. Teted mik yields.........ccoooi i 57
2.7.2.2. FOQ rall....ccoieii it 58
2.7.2.3. Ihgosts and output PriCeS.........coveveviiineiniinannnns 59
2.7.2.4. MdKIOta SYSteM......ovii it 60
2.7.2.5. Agnvironmental legislation........................oo... 62
2.7.3. Economic comparisdirish dairy systems to those in other
(o010 011 1S F PP 64
RETEIENCES. ...t e et e 67

Nitrogen balance and use efficiency on twentyre intensive grass-based dairy

farms in the South of Ireland..............oo e 89
oYU 101 0T o P 90
G 700 I [ 011 (oo [F{ox (o] o AU PURPRPPPUPTPTPRIN a1
3.2. Materials and Methods. ... 94
3.2.1. Farm selection dath collection...............ccoevvvviiirn e 94

3.2.2. Farm-gate nitrogguts, outputs, balances and use

3.2.3.

I ICIENCIES et 97
StatistiCal aNadySi.......coooviieiiiiii 98

Vi



3.3, R BSURS. .o e e 101

3.3.1.  NiItrogen iNPULS... ... .ottt e e e e e e 101
3.3.2.  Nitrogen OULPULS. .. . cuemeir it ena 103
3.3.3. Nitrogen balance artrogen use efficiency........................ 104
3.4, DISCUSSION ...oiiiiiiiiet s e ettt ettt e e s e e e e e e aeeaeaeeeaeaeeeeeeesenenes 105
3.4.1. Factors affectindpdlances and use efficiencies across
FAIMMNS . . 106
3.4.2. Factors affectindgpdlances and use efficiencies across
L= L T PP 108
3.4.3. Nitrogen balance ase efficiency before and after the GAP
FEQUIATIONS e e 109
3.4.4. Nitrogen balance ase efficiency of Irish dairy farms in an
internationalnteXt......... ..o 112
3.5, CONCIUSIONS... .t e e 116
RETEIEBNCES. .. Bl

Phosphorus balance and use efficiency on twgrone intensive grass-based

dairy farms in the South of Ireland................cooiiii i 127
SUMMIATY .. e et ettt e e e e e et e e e e e et e eae et e ae e aaeeaeaaas 128
4.1. [T} oo [¥ o3 1o o PSP PUPPRPPRR 129
4.2. Materials and Methods........ccccoiiiiiiiiii 133

4.2.1. Farm selection dath collection.................cceeeeevrivv ... 133
4.2.2. Soil sampling amASIS..........cooviiiiii 136
4.2.3. Farm-gate phosphamports, exports, balances and use
EffICIENCIES. . e e 137
4.2.4. StatistiCal aNadySi.........uuviiiiiiiiiiiiiiee et e 137
4.3. RESUILS. ... e s 140
4.3.1. Phosphorus imports..........cooeeviicci i e eennen... 140
4.3.2. PhoSphorus eXports.......c.uveiviiii i e 143
4.3.3.  Phosphorus balaart# Phosphorus use efficiency................ 143
4.4. DISCUSSION ..ttt e s s e e e e e e e e e e e eeee et eebesenns s e ens 144
4.4.1. Factors affectingpBphorus balances and use efficiencies across
RTINS, e e 145

Vil



4.4.2. Factors affectingpBphorus balances and use efficiencies across

4.4.3. Phosphorus balamzkuse efficiency before and after the GAP
regulations..... . vi i e 148
4.4.4. Phosphorus balamzkwse efficiency of Irish dairy farms in an
international G8XE............ccooviiiii i 151
4.5,  CONCIUSIONS. ...t e e e e e mmmeenen 1D
RefereNCeS. ... ..o e e ... 156
5. Economic impacts of nitrogen and phosphorus esfficiency on nineteen
intensive grass-based dairy farms in the Sdubf Ireland......................... 164
SUMMAIY ... e e e e et et e e et ete e et et e et e e eeeenenenennenaenae.. 10D

5.1. INEFOAUCTION. ...t e e e e e e e e e e e e eereeenenna 166

5.2. Materials and Methods........ccccooiiiiiiiii e 169
5.2.1. Farm selection aathctollection...............cceeveiiiiiiinin cemmmenn 169
5.2.2.  Economic model andlgses. ............coviiiii i, 173
5.2.3.  Sensitivity analysSiS........ccooiiii i 175

5.2.4. Statistical analysis.............ccooeiiiiiiiiiiiiiiicen 2176
5.3. RESUIS.....o i i eee 20, 180
5.3.1. Economic implicasoof Nitrogen and Phosphorus use efficiency

aNd NEL PrOfitece.. e 180
5.3.2.  Sensitivity analySiS........ocoiiiiiiii i 182
5.3.3.  Economic aspectsarhplying with the Nitrate Directive....... 183
5.4. DISCUSSION. .. ettt et et e e e e e e et e e e e et e ea s 186

5.4.1. Economic implicasoof nitrogen and phosphorus use
efficiency anetnprofit.............coooo i, 186
5.4.2.  Sensitivity analysiS.........ccocceviii i1 190
5.4.3.  Economic aspectsarfiplying with the Nitrate Directive........ 193
5.5, CoONCIUSIONS.......cuuiiiiii i 2. 196
RefEreNCES. ... e 198
6. An economic comparison of systems of dairy pdeiction based on N fertilised
grass and grass-white clover grassland in a moistaritime environment....208
ADSHIACT. ... e 209
6.1. INtrOdUCTION ... .ce e e a2 210
6.2.  Materials and Methods..........cceuiuiiiiiiiiiii s 212



6.2.1. Site characterstnd weather conditions...........oovvvvvein.... 212

6.2.2. Economic evaluatadrthe systems...........ccooeev i iiiiennnnn. 213
6.2.3. Sensitivity anabySi..........oo oo 216
6.2.4. Statistical anadySi..........coooiiii i 216
6.3, RESUIS....eei 217
6.3.1. Comparison of netrgin with intermediate prices for milk and
fertiliSer N... ... 217
6.3.2. Comparative sensytiof net margins...............cooeviiienenen. 220
G I 1= od B = [ o 223
6.4.1. Inter-annual vagatof profitability.................ocooiiinnn. 223
6.4.2. Comparison of puafility of the systems......................... 223
6.4.3. Wider implicationS.........cooouviiii i 224
REIEIBNCES. .. e 225
7. General diSCUSSION. .. ... ...t e e e e e e e e e eaeeenas 228

R O ENCES. ..o e 232



List of Tables

Table 2.1. Main soil groups in Ireland (Gardiaed Radford, 1980).................... 16
Table 2.2. Soil P indices (Morgan's Extractant) rd&ean Communities,
20 10 - ) PP v
Table 2.3. Phosphorus Regulations target valugsophic status for Irish rivers and
lakes (Clenaghaet al, 2005).........cvuiiiiiiii i e e, 46
Table 2.4. Annual maximum fertilisation rates obpphorus on grassland (European
CommunitieS, 2010@) ... ....cuuiriieiie it e ee s ie e e e e e e e DL

Table 3.1. Total utilised agricultural area (andpciarea), annual temperature, annual
rainfall, stocking rate, milk yields, milk solidsgorts, concentrate feeds, and
estimated harvested grass through grazing andesisagj type for 21 Irish dairy

farms between 2009 and 201 1..........coouiuiuiummimmmmmmme e 96
Table 3.2. Investigated and significant multipleepstise linear regression
MOAEIS. .. e e e e e e e e e 100

Table 3.3. Mean values (and standard errors), gna@ans between years and ranges
between farms for N inputs in mineral fertilisecgncentrate feeds, forages,
bedding material and livestock, N outputs in sokkkrand livestock, farm-gate
N balances, N use efficiencies and surplus N panilig solids for 21 Irish dairy
farms between 2009 and 2011; standard error ofninens for transformed data
in bracketsP-values from ANOVA are included..................................102

Table 3.4. Comparative mean values (and standaodsgrfor total utilised agricultural
area, stocking rate, national average stocking raté& yield, milk protein and
fat concentration, concentrate feed, imports of N mineral fertilisers,
concentrate feeds, forages, bedding material, imadtbck, exports of N in milk
and livestock, farm-gate N balances, N use eff@&s) and surplus N per kg
milk solids on dairy farms before and after the lenpentation of Good
Agricultural Practice regulations in Ireland; stardl error of the means for
transformed data in bracke®yalues from ANOVA are included............. 110

Table 3.5. Comparative number of farms, type ofesys grassland area, crop area and
type of crop, stocking rate, milk yield, N inputom mineral fertilisers, N
balances, and N use efficiency in different regians........................... 113



Table 4.1. Total utilised agricultural area (andpiarea), annual temperature, annual
rainfall, soil test phosphorus, pH, stocking ratelk yields, concentrate feeds,
and estimated harvested grass through grazing g ;ssoil type for 21 Irish

dairy farms between 2009 and 2011.........cooiiiii it ii i e 134
Table 4.2. Investigated and significant multipleepstise linear regression
OIS, .. e e e e e e 139

Table 4.3. Mean values (and standard errors), gna@ans between years and ranges
between farms for mineral P fertilisers appliedaod, P imports in feed stuffs
and livestock, P exports in sold milk and livestofekm-gate P balances, P use
efficiencies per ha and P balance per kg milk sofat 21 Irish dairy farms
between 2009 and 2011; standard error of the méangansformed data in
brackets; P-values from ANOVA are included............... ccoeeeriien . 141

Table 4.4. Comparative mean values (and standaodsgrfor total utilised agricultural
area, stocking rate, national average stocking sati¢ test P, milk yield, milk
protein and fat concentration, concentrate feedenal P fertilisers applied to
land, imports of P in feed stuffs, and livestockp@ts of P in milk and
livestock, farm-gate P balances per ha, P useigitiees, and P balance per kg
milk solids on dairy farms before and after the lenpentation of Good
Agricultural Practice regulations in Ireland; stardl error of the means for
transformed data in brackets; P-values from ANOVAe aincluded

...149

Table 4.5. Comparative number of farms, type ofesys grassland area, stocking rate,
milk yield, P imports from mineral fertilisers ameled stuffs, P exports in milk,
P surpluses, and P use efficiencies in differegiores............................152

Table 5.1. Total utilised agricultural area (andpciarea), annual temperature, annual
rainfall, number of days grazing, stocking rate,ned milk quotas, fat and
protein corrected milk, concentrate feeds, andredgd harvested grass through
grazing and silage for 19 Irish dairy farms betwe&®09 and

20 L. e ————— e 171
Table 5.2. Price scenarios for milk and N fertilissed in the sensitivity analysis for 19

Irish dairy farms between 2009 and 2011..........coooiiiiii it cemi e 176
Table 5.3. Investigated and significant multipleepstise linear regression

T T Lo L P 179

Xl



Table

5.4. Mean values (and standard errors), gragdns between years, ranges
between farms, and coefficients of variation for lkmireceipts,
agri-environmental payments, mineral fertilisersd afeeds (concentrates,
fodders) expenditures, net profit per ha and cbsbmpliance for 19 Irish dairy
farms between 2009 and 2011; milk receipts for ayernational Irish dairy
farms; net profit per ha for average national Imkstry farms; standard error of
the means for transformed data in brackets; P-salilem ANOVA are

1 Tod [0 T =T o 181

Table 5.5. Changes (and 3 year mean values) iproét (€ ha') relative to the actual 3

year mean net profit across nine price scenaripsc@Bbining changing milk
and fertiliser prices for 19 Irish dairy farms beem 2009 and 2011; mean
values of changes in net profit for all farms foack scenario are
] Tod (80 =T o PPN < 10

Table 5.6. Mean values (and standard errors), gne@hns between years, coefficients

of variation, and ranges between farms for N andnputs from mineral

fertilisers, concentrates, feeds (concentratesfaders), milk produced per kg
N surplus, N and P balances and N and P use eitieig for 19 Irish dairy farms
between 2009 and 2011; standard error of the méangansformed data in
bracketsP-values from ANOVA are included ..............ccooiiiiii i, 182

Table 6.1. Characteristics of the systems of daioduction based on N fertilised grass

Table

(FN) and grass-white clover (WC) grassland at Sedoh Research Farm
between 2001 and 2009 (Humphrestsal, 2008; 2009; Keoglet al, 2010).
Data are means of two and four years.............c.cooeev i iennnnnn 214
6.2. The economic performance of systems amfy doroduction based on N
fertilised grass (FN) and grass-white clover (W@asgland including sales,
variable and fixed costs, gross and net margirhpetare. ...................... 218

Table 6.3. The impact of high (H), intermediate (d)d low (L) milk and fertiliser N

prices on the net margins per ha of systems ofydainduction based on N
fertilised grass (FN) and grass-white clover (W&sgland and the relationships
between milk prices and net margins per ha acrossrange of fertiliser N
L 0T 22 |

Xl



List of Figures

Fig. 2.1. Simplified N cycle in dairy farming syste (Jarvis and Aarts, 2000).......... 26
Fig. 2.2. Farm-gate N balance on a dairy farm: ispautputs and N flows between the

farm compartments (Anim.=Animals; Man.=manure; QGaric.=concentrates;

Min. fert.=mineral fertiliser). Dashed line is tl@em boundary.................... 33
Fig. 2.3. Simplified phosphorus cycle on grasslaisfitt, 1980)......................... 41
Fig. 3.1. Monthly application rates of mineralL@— ndaorganic (-m - -) N fertilisers

(kg N ha') on 21 Irish dairy farms between 2009 and 2011....................103
Fig. 4.1. Monthly application rates of minerale_ rdaorganic (-m - -) P fertilisers

(kg P h&) on 21 Irish dairy farms between 2009 and 2011.................. 142

Fig. 6.1. Prices in Ireland between 1990 and 20d8(, 2010) of (a) fertiliser N
(weighted average of calcium ammonium nitrate am) (b) milk and (c) the
ratio between fertiliser N and milk price...........coooiiiiiiniimmneeeenne 211

Fig. 6.2. (a) Annual rainfall at Solohead Resed&atm between 2001 and 2009, and (b)
annual rainfall and net margins of systems of dargduction based on N
fertilised grass (+) and grass-white clovej grassland with intermediate milk
aNd feItIlISEr PrICES. ... ettt e e e e 219

Fig. 6.3. (a) The combination of fertiliser N andknprices at which the profitability of
dairy production based on grass-white clover (WG)ads that based on N
fertilised grass (FN): Above the line FN was morefigable and vice versa, and
(b) actual milk price ¢) and the milk price (+) at which the profitabiliof WC
would have equalled FN between 1990 and 2010 amdqted to 2020 based on
the increase in fertiliser N price between 1997 a&@@l0 (R = 0.77;

X



List of abbreviations

Anim. = Animals

ARC = Agricultural Research Council

BIO = Biological Input-Output budget

BNF = Biological Nitrogen Fixation

CAN = Calcium Ammonium Nitrate

CAP = Common Agricultural Policy

CHsCOONa = sodium acetate

CHsCOOH = acetic acid

Concentr. = concentrates

CSO = Central Statistics Office

DAFM = Department of Agriculture, Food and the Mri
DAFWA = Department of Agriculture and Food of Westé&ustralia
DAIRYMIS = Dairy Management Information System
EIO = Economic Input-Output budget

EPA = Environmental Protection Agency

ERDF = European Research and Development Fund
EU = European Union

FN = systems of dairy production based on N fegddi grass
FPCM = fat and protein corrected milk

FYM = farmyard manure

GAP = Good Agricultural Practice

X1V



GBM = Grange Beef Model

GD = number of days spent grazing
GFCM = Grange Feed Costing Model
H,PO, = dihydrogen phosphate

IFSM = Integrated Farm System Model
LU = Livestock Unit

Man. = manure

MDSM = Moorepark Dairy System Model
Min. Fert. = mineral fertiliser

MRP = molybdate reactive phosphorus
MS = milk solids

NAP = National Action Programme
NFRV = mineral N fertiliser replacement value
No. = number

NUE = nitrogen use efficiency

NMR = nuclear magnetic resonance
PMP = potentially mobile phosphorus
POy = phosphate

PUE = phosphorus use efficiency

REPS = Rural Environment Protection Scheme
S = price scenario

SFP = Single Farm Payments

S. I. = statutory instrument

XV



SOM = soil organic matter

SR = stocking rate

STP = soll test phosphorus

SUP = soluble unreactive phosphorus

temp. = temperature

TP = total phosphorus

TRIO = Transfer-Recycle-Input-Output budget

TUAA = total utilised agricultural area

WC = systems of dairy production based on grassewtiover grassland

WED = Water Framework Directive

XVI



1. Introduction

1.1. General Introduction

Irish dairy production systems tend to be relayivetensively managed compared to
other Irish grassland agricultural production syseand are pasture-based, with the
objective of producing milk in a low cost systematligh maximising the proportion of
grazed grass in the cows’ diet (Shaltaal, 2004a; McCarthet al, 2007; Ryaret al,
2011). Increasing the proportion of grazed gradsiges milk production costs and can
increase the profitability of grass based milk prctbn systems in Ireland and other
temperate regions (Dilloat al., 2005; Dillon, 2011). Nitrogen (N) and phosphorB3 (
inputs, in the form of fertiliser and concentrageds, are key drivers of increased
herbage yields and milk saleable output on mosydarms (Aarts, 2003; Speaes al.,
2003a; Treacyt al.,2008; Ryaret al, 2011; Gourleyet al.,2012). However, N (Jarvis,
1993; Goodlasst al.,2003; Aarts, 2003; Humphregs al, 2008) and P (Van Keulest
al., 2000; Spearet al, 2003b) inputs typically exceed N and P outpuatsnilk and
livestock exported off the farms. This imbalancsutes in surplus N (Gourlegt al,
2010; Cherryet al.,2012) and P (Van Keulegt al, 2000; Arriagaet al, 2009) that is
either accumulated on (N and P surplus), or lasthfrdairy farms.

As N surplus is commonly associated with excessnedficient N use on farms, as well
as harmful environmental impacts (Leach and Rop&®2; Eckardet al., 2004;
Powell et al, 2010), it is considered an indicator of potdntk losses and
environmental performance (Schroder al, 2003; Carpanet al., 2008). Nitrogen
surplus potentially accumulates in soil organic tara(SOM) (Jarvis, 1993) or is lost
through denitrification, nitrate (N§p leaching, ammonia (N volatilisation (Pain,
2000; Jarvis and Aarts, 2000; Del Pragioal, 2006) and through runoff to surface
waters (De Vriest al., 2001). Denitrification is naturally facilitated ineland, due to
common anaerobic soil conditions and the genehadjit content of organic carbon (C)
in soils (between 2 and 7 %; Dillon and Delaby, 208nabling activity of denitrifying
bacteria. These N losses can have negative enwotain impacts, such as
eutrophication of surface waters, pollution of grdwater aquifers, ozone depletion,
and anthropogenic climate change (in the case,0f &missions) (Leach and Roberts,

2002; Eckarcet al.,2004; O'Connelket al.,2004).
1



The P surplus does not predict the actual losseédoss pathways, but it is considered a
long-term risk indicator of the P losses (Jarvisl @arts, 2000). However, unlike N
surpluses, which are seen as an economic wasteaexktial environmental problem, P
surpluses may be necessary on farms where an secieasoil P content is required
(Culletonet al.,1999). However, the P surplus may accumulate ensthil (Gourleyet
al., 2010) or may be lost in eroded material contaiagiculate P or P adsorbed on to
organic-rich clay soil fractions (Kuret al, 2005) or through leaching (Heathwaite,
1997). These P losses can have negative enviroaiemacts such as eutrophication
of surface waters (Clenaghaat al., 2005), and pollution of groundwater aquifers
(Heathwaite, 1997). In Ireland, P is the major ling nutrient in surface waters and
increased additions may result in algal blooming@4rrigle, 2009).

It has been emphasised that dairy production shdehlly be achieved in a sustainable
manner, without impairing natural capital (soilsater, and biodiversity) (Goodland,
1997). Improved nutrient use efficiency has a $igant role to play in the development
of more sustainable dairy production systems (Gogldt al, 2008). Therefore, there
is an on-going debate surrounding the use of h@hiow-input systems in dairy
farming. The low-input systems are considered necanomically and environmentally
sustainable than the high-input systems (Ridle082 O’Brienet al.,2012) as they are
less vulnerable to volatility in input and outpuices (Humphreyet al.,2012; Moreau
et al.,2012) and are associated with lower farm nutriempleses (Humphreyst al.,
2008; Ledgarekt al.,2009).

Among the nutrient imports in dairy production gss, N is particularly important as
it is used in large quantities, between 172 andi@pPN ha' (Grootet al.,2006; Nevens
et al., 2006; Robertset al., 2007; Ryanet al, 2011; Cherryet al., 2012) but with
generally low efficiency (Gouldingt al.,2008). These high fertiliser applications may
often be attributed to risk aversion to lower cro@lds or to relatively low fertiliser
prices. The lower the relative price of fertiliséne greater the incentive to apply it to
offset potential risk and yield uncertainty (Bugkknd Carney, 2013). Also, the volume
of bought-in feeds is often driven more by the e$d produce specific volumes of
product rather than by the desire to make the mihisient use of inputs. Concurrently,
there has been a general tendency to overlookntipertance of the ‘free’ resource
(pasture and solil nutrient supply) (O’ Conretlhal., 2004; Ridler, 2010).

In grass-based dairy production systems, thereaarember of factors limiting NUE,

such as N losses from manure, slurry and minersliser management and application
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to land (Webket al., 2005), losses from dung and urine deposited bgimgaanimals,
the ability of grass plants to convert N from apgdlimineral fertiliser and manure into
biomass in herbage, utilisation by animals of graage grown and the biological
potential of cows to convert N from concentratedfeand herbage into milk (Powell
al., 2010). More effective use of N imports in ferglisN and concentrate feeds can
potentially contribute to decreased imports andeased rates of NUE (Groet al,
2006). Increased nutrient (N and P) use efficiefégurleyet al., 2010) may be also
considered as a strategy to reduce the expendiurése main N and P inputs (mineral
fertilisers and concentrate feeds) on dairy farms.

There is also great concern for efficient P useimensive farming systems and
reduction of P losses to the environment, due edfitiite nature of global P resources
(Simpsonet al., 2011; Huhtanert al.,2011; Cordelkt al.,2011). Besides the factors
mentioned that affect the levels of NUE on grassedadairy production systems, there
are additional factors affecting PUE, includingl $&sorption capacity in relation to soil
P inputs, uneven distribution of excreta leadingut@ven soil P content (in grazing
enterprises), and P losses resulting in accumualatd P as sparingly-available
phosphate (P£) in the soil (Simpsoet al.,2011).

Losses of N and P also incur economic costs inwaygs; the cost of wasted N and P
inputs, at farm level, and the cost of clean-upaissed with pollution caused as a
result of such losses, at national level (Bucklegt €arney, 2013). It has been proposed
that these costs should be factored into the sae pf milk (Von Keyserlingket al.,
2013).

In the European Union (EU), the Nitrates Direct{9&/676/EEC) (European Council,
1991) has established guidelines in relation tmiiag practices to reduce N@aching
that are implemented in each member state throu@jatsonal Action Programme
(NAP). In Ireland, these are legislated as the Gdaplicultural Practice (GAP)
Regulations (European Communities, 2010), first spdsin 2006. Under the
Regulations, farms are limited to a stocking r&®R)(of 2 livestock units (LU) Rg or 2
dairy cows ha. The Regulations also establish the quantity @filable N and P that
can be applied to grass and other crops (depemdinigctors such as SR, soil test P
(STP), or crop type), and soil indices.

The Nitrates Directive is complemented by the Wdtemmework Directive (WFD)
(2000/60/EC) (European Council, 2000), with thenraim to bring the water quality in

all waters in EU to “good ecological status” by 80dnd no later than 2027 (Jacobsen,
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2009). In lIreland, the WFD was first implemented \Waiter Policy Regulations
(European Communities 2003), in 2003. To reduceptilition of waters and ensure
security of drinking water, these regulations eghbd a limit of 0.03 mg Molybdate
Reactive Phosphorus (MRP) litter 35 pg PQlitre™ (European Communities 2009).
This threshold has also a limiting effect on P aisdarms.

Although explicitly aimed at decreasing N lossesviter, these Regulations might be
expected to lead to improved NUE and PUE on faaesnost of the measures aim to
decrease losses by increasing retention of N amwitiiin the production systems.
However, most of the existing data on grasslan@dagiry farm N (Mounsegt al.,
1998; Treacyet al., 2008) and P (Mounsegt al., 1998; Treacy, 2008) balances in
Ireland date from the period before the implemémtabf the Regulations in 2006.
There is only one study on NUE and PUE (Buckd¢yal, 2013) on grassland-based
dairy farms after the implementation of the Regafet. In the European context also,
there are few farm-gate N (Groet al., 2006; Nevengt al, 2006; Robertst al, 2007;
Cherryet al.,2012; Oenemat al, 2012) and P (Van Keulest al, 2000; Aarts, 2003;
Swensson, 2003; Nielsen and Kristensen, 2005; Raa$oal., 2006) balances on
grassland-based dairy farms post the implementafitime Nitrates Directive.

Besides the restrictions regarding N and P use;iwimay negatively affect the herbage
(Hennessyt al, 2008; Poweet al, 2005) and milk (Shalloet al, 2004b; McCartht
al., 2007) yields on grassland-based dairy farms, #wg darmers also face increasing
volatility of market price received for sold milKhis is because in 2008, the “Health
Check” decisions of the Common Agricultural Pol{&AP) included the expiry of the
milk quota system, which is expected to take piac2015 in Ireland. It is anticipated
that this will create an imbalance between milk@y@nd milk demand and therefore
high milk price volatility (Kellyet al.,2012). In addition, increasing input prices (Soder
and Rotz, 2001), as well as rising labour, maclinend animal housing costs
(MacDonaldet al.,2008) are leading dairy farmers to search for waydecrease milk
production expenditures, and grazed grass-basey siggtems offer opportunities to
reduce these expenditures during the grazing s€&smer and Rotz, 2001; MacDonald
et al.,2008). Strategies to reduce expenditures in grgeask-dairy production systems
include increasing resource use efficiency (Rid2608; Finneramet al.,2011; Pattoret
al., 2012; Kelly et al., 2013), nutrient use efficiency (Gourlegt al., 2010),
N-eco-efficiency (the amount of milk produced pey &f N surplus) (Nevenst al.,

2006; Beuke=t al.,2012), accounting for mineral nitrogen fertiliseplacement value
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(NFRV) of organic N contained in slurry (Lalor, &)Oor fixed by white clover in
pastures (Humphreyst al., 2012). Therefore, there has been a rejuvenatedestt in
grass-based dairy production systems internatipr®lacDonaldet al., 2008) as a
low-input, low-cost system that may be less vulbkrao volatility in input and product
prices

Under these conditions, work has been undertakegrass-based dairy farms in Europe
with specific focuses on N (Groet al.,2006; Nevengt al, 2006; Robertst al.,2007;
Treacyet al., 2008; Cherryet al., 2012; Oenemat al., 2012) or P (Mounsewt al.,
1998; Van Keuleret al, 2000; Steinshamet al, 2004; Nielsen and Kristensen, 2005;
Huhtanenet al, 2011) use efficiency and the economic impactampiiementing the
Nitrate Directive (Van Calkeet al., 2004) and Water Framework Directive (Jacobsen,
2009). In Ireland, the economic implications of gdiance with the Nitrate Directive
and decoupling of single farm payments (SFP) omyd@rms were investigated by
Hennessyet al. (2005) and those of milk quota abolition were stigated by
McDonaldet al. (2013). Crossowet al. (2007) investigated economic beef production
systems in relation to N and P management strate@ackley and Carney (2013)
investigated economic impacts of the managemertl @nd P inputs from mineral
fertilisers and feeds on dairy farms based on e@e-gata. However, none of the above
studies included both economic impacts of N and 98 efficiencies, economic
implications of compliance with Nitrate Directiveegulations, and sensitivity to

volatility of milk and mineral fertiliser prices agrazed grass-based dairy farms.

1.2. Aims and Objectives

1. Nitrogen balance and use efficiency on twenty-onatensive grass-based
dairy farms in the South of Ireland (Chapter 3)

I. to assess farm-gate N balances and use efficieoni2g intensive grass-
based dairy farms operating under the Nitrate Retguns in Ireland and
compare these to pre-Regulations studies to irgagstithe impact of the
Regulations;

il. to identify the factors influencing NUE on thesenfs;

ii. to explore potential approaches to increase NUE dadrease N

surpluses on these farms.



2. Phosphorus balance and use efficiency on twenty-om#ensive grass-
based dairy farms in the South of Ireland (Chapte)

I to assess farm-gate P balances and use efficiencie2l intensive
grass-based dairy farms operating under the NitRegulations in
Ireland and compare these to pre-Regulations gtudienvestigate the
impact of the Regulations;

il. to identify the factors influencing PUE on thesenfs;

iii. to explore potential approaches to increase PUEJanckase P surpluses
on these farms.

3. Economic impacts of nitrogen and phosphorus use amneteen intensive

grass-based dairy farms in the South of Ireland (Chpter 5)

I to assess the economic impacts of N and P farmiggdésces and use
efficiencies on 19 intensive grass-based dairy $arm

il. to assess economic implications of compliance wighNitrate Directive
regulations on these farms;

iii. to assess the sensitivity of net profit of thesenfato volatility in milk
and fertiliser prices.

4. An economic comparison of systems of dairy producin based on N
fertilised grass and grass-white clover grasslandnia moist maritime
environment (Chapter 6)

I. to evaluate the potential of white clover to repldertiliser N and
contribute to the profitabilty of pasture basedstsyns of dairy
production in the context of recent fertiliser Ndamilk prices

il. to assess the comparative sensitivity to the Jityadif milk and fertiliser
prices of eight white clover-based and ten fedadiggrass-based dairy
production systems.

1.3. Thesis layout

The thesis contains seven chapters including listeerences at the end of each
chapter. Following the general introduction, Chafecontains a literature review
explaining climatic conditions of Ireland, Irish ida production systems, N and P
cycling in grassland soils, as well as strategeesdntrol N and P losses from dairy
farms. Chapter 3 investigates N balance and uggegity on 21 intensive grass-based

6



dairy farms. Chapter 4 investigates P balance aswl efficiency on 21 intensive

grass-based dairy farms. Chapter 5 assesses thensicoperformance and economic
impacts of N and P use on 19 intensive grass-bdaieg farms. Chapter 6 compares the
profitability of eight white clover-based and ten fértilised grass-based dairy

production systems. Chapter 7 includes a genesaldsion.
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2. Literature review

2.1. Grassland in Ireland

2.1.1. Climate

Ireland has a west maritime climate, with mild mewnters and cool cloudy summers.
Maritime air associated with the Gulf Stream cdnttés to mild temperatures (Finch
and Gardiner, 1993). Therefore, Ireland benefasifclimatic conditions allowing grass
growth also during winter, albeit at lower ratey4Ret al, 2010). The air temperatures
range between 5.1° C in January and 14.7° C in daty annual rainfall ranges between
800 and 1,200 mm evenly distributed throughout yiar. In addition, soil moisture
deficit does not impede grass growth during theraem(Humphreys, 2008).

The Irish soils have naturally low suitability fagricultural activities. Main soil groups

encountered in Ireland are shown in Table 2.1.

Table 2.1. Main soil groups in Ireland (Gardined &wadford, 1980)

Physiographic _Maln _ oL
division soil group Description Suitability
(%)
-sandy loam

Brown -excessively drained
Mountain and hill Podzolic -low nutrient status Cropping and pastures

(80%) -acidic
Rolling lowland  Lithosols (80%) -bedrock Rough grazing
Drumlins and flat _clay loam

to undulating Gleys (85%) Unsuitable for cultivation

lowland -impeded drainage

2.1.2. Effect of temperature on grass growth

Grass growth rates are directly influenced by adt aoil temperature. In Ireland, grass
growth rates were recorded of 18.3 kg DM'imy* at 8.2°C and of 35.9 kg DM h&
day* at 15.6°C (Brereton and Hope-Cawdery, 1988). At a soil terafure of 6C the
grass starts growing (Ryaet al, 2010), reaching rates of between 60 and 80 kg DM
ha' day* at temperatures between 15 and@QTreacyet al, 2008).
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2.1.3. Annual herbage production

In Ireland, herbage production is mainly influend®d N fertilisation rates. Herbage
yields of 5.64 t DM ha,on average, can be achieved with zero fertilisephlication,
from N supplied by soil, while fertilisation N ratéetween 250 and 330 kg N'hean
increase herbage production up to between 9.851&r86 t DM hd (Ryan, 1974;
Hennesst al, 2008).

Generally, herbage production is highly seasonallr@h grasslands. For example,
herbage yields can reach 2.45 t DM*Ha spring compared with 1.10 t DM Han
autumn. The higher yields in spring are mainly dw@ccumulated daily temperatures

during previous autumn which help sward tilleringspring (O’'Donovaret al, 2002).

2.2. Systems of dairy production in Ireland

The system of milk production that has developeltafand is a ‘hybrid’, using grazed
pasture, pasture silage and concentrate on an labasia. This is primarily due to the
seasonal nature of grass production and the camstia grass utilisation due to soil
and climatic conditions (Shallost al, 2004a).

In Ireland, climatic conditions enable an extendgdzing season from February to
November (Humphreyst al.,2009a). Therefore, Irish dairy production systdmghly
rely on grazed grass for the animals’ diet anduarigue in Europe because the calving
period (from January to April) typically matche®theginning of grass growth (Dillon
et al.,, 2005). The proportion of grazed grass in the dietdairy stock is hence
maximised (Humphreyst al., 2009a), allowing for maximum amount of milk to be
produced from grazed grass and reducing requiremdot concentrate feeds
post-calving (Dillonet al, 1995). Increasing the proportion of grazed grasmimals’
diets, particularly in early spring, reduces milloguction costs and can increase the
profitability of grazed grass based-dairy produtsgstems in Ireland (Dillon, 2011).
During the grazing season, grazed grass commoulyuats for 60 to 75 % of the diet
of dairy livestock, which is supplemented by sild@8 %) and concentrates (10 %)
when drier years occur (963 mm yéamand in the winter time (Humphreyt al,
2009a).
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Due to low dry matter (DM) content of grass, inldrel the milk yields are typically
low, between 3,500 and 6,500 kg milk cbyear* (Humphreyset al 2009) going up to
almost 6,800 kg milk cowyeaf under experimental conditions, with supplementation
(concentrates) levels of up to 1,445 kg DM Copear (McCarthyet al, 2007).

2.3. Stocking rate in dairy production systems in Ireland

After the implementation of GAP Regulations, in 80@he stocking rate (SR) was
limited at 2 up to 2.9 dairy cows per ha, underodation conditions (European
Communities, 2010a). On experimental farms, SRedabetween 2.44 and 2.90 LU
ha® (Horan, 2009; Colemaet al, 2010; Ryaret al.,2012; McCarthyet al, 2012). The
objective of most of the research work was to itigase increased productivity of dairy
production systems through increased SR associaittdincreased grazed grass in
animals’ diet while possibly decreasing concentiatd mineral fertiliser inputs. The
results showed that at lower SRs (2.44 LU';hRyanet al, 2012) there was lower
grazed grass intake, of 2,950 kg DM ¢hwcompared with 4,051 kg DM coWw
(McCarthyet al, 2012) at higher SRs, of 2.90 LU haDn the other hand, concentrate
intake decreased from 408 kg DM cbWRyanet al, 2012) to 236 kg DM coW
(McCarthyet al, 2012), but fertiliser N rate stayed around 2453\kba" at both SRs.
However, milk yield was 5,186 kg covat the SR of 2.44 LU Ra(Ryanet al, 2012),
similar to 5,286 kg coW at the SR of 2.90 LU Ra(McCarthyet al, 2012). This is
because at higher SRs, milk production per cowdsiced due to reduced daily herbage
allowance and intake associated with increasedrgyaeverity, and the inability of the
animal to select greater quality herbage from withie sward (McCarthgt al.,2011).

The studies of Ryaet al (2012) and McCarthet al. (2012) indicated that there is
potential to reduce concentrate inputs, and thezedapenditures, on Irish grass-based
dairy production systems. However, attention negedse paid to the balance between
feed supply and demand as influenced by SR, beeauseabalance will result in either
underfeeding of the herd or waste of excess feexC@vthyet al.,2011).

Stocking rate is particularly low (between 1.4 &l cows ha) on grass/white clover
swards (Humphrey®t al, 2008; Keoghet al, 2010; Humphreyst al, 2009b),
compared with mineral N fertilised swards (2.25 solwé’; Humphreyset al, 2008;
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Humphreyset al, 2009b). This is because higher SRs are not stggbbly the former
due to lower herbage production, of 10.81 t DM'han average, compared with the
latter (12.61 t DM hd, on average; Humphregs al, 2008; Humphreyst al, 2009b).

2.4. Models

In the field of animal research, models are usednigestigating components, systems
and management (Shallet al, 2004b). Modelling the efficiency of N and P use
dairy stock (Van Keuleret al, 2000; Steinshammt al, 2004) is an example of
component research. In system research, modelfingimed at characterising and
understanding the interactions occurring betweempoments at the system level. In
management research, models are used to invedtigagdfects of management options
on output (production, returns, and risk) of theteyn (Shalloaet al, 2004b).

Simulation modelling and linear programming or opsiation are the two techniques
commonly used to model agricultural systems (Cnost@l, 2006). Simulation models
of agricultural systems are developed to accuratldgcribe the evolution of the
systems. They provide the opportunity to exploféadilt relationships that cannot be
explored in any other way. Optimisation models ainoptimising some criteria subject
to a set of constraints (Shalleb al, 2004b) and may lead to identification of optimal
systems (Crossoet al, 2006).

2.4.1. Simulation models

In Ireland, farm simulation models have a role asall extension and management
tools, i.e. evaluating alternative production sysgte(Shallooet al., 2004b). A brief
description of simulation models developed in Inelgs presented below.

Due to prevalence of grazed grass-based produstistems in Ireland (Dillort al,
2005), a grazing model was required to initiate ag@ment interventions, such as
removal of baled silage or feeding of silage, am@xplore the effects of alterations in
the sward height at which grazing was terminatedasm performance. This model
simulates the change over time in the frequendyibligion of exposed herbage strata
types and the distribution of cows across this eaofjherbage strata (Breretehal,
2005).
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The Moorepark Dairy System Model (MDSM) (Shallebal., 2004b) was constructed
to allow investigation of the effects of varyingolmgical, technical, and physical
processes on farm profitability. This farm simwatimodel was developed to examine
aspects of seasonal grass-based systems of padwsing minimal concentrate for
animals’ diet. This model used budgetary simulatiod stochastic modelling of a milk
production system. The budgetary simulation incoajex the biological (milk yield
and composition, bodyweight, nutritional requireméertiliser), physical (land, labour,
buildings), and economic (costs, valuations, prafid loss account, balance sheet)
processes on a simulated typical Irish dairy faBtachastic budgeting, using Monte
Carlo simulation, was used to determine the infbgef variation in milk price,
concentrate costs, and silage quality on farm fadoifity (Shallooet al.,2004b).

The Integrated Farm System Model (IFSM) is a sitmamodel incorporating the
various farm processes that control animal perfowraaand nutrient flows in livestock
production systems. It can be used to evaluate ldhg-term performance and
environmental impact of beef production systemsnd_aise, inorganic fertilisation
rates, and animal production details must be sipelcly the model user. A least cost-
ration can be determined by linear programmingeBam the diet fed, the quantity and
nutrient (N, P, K) contents of the manure produees determined. The environmental
impact was assessed through manure N and P ld3sess6ret al, 2007).

Gearyet al (2010) developed a processing-sector model stinglanilk collection,
standardization, and product manufacture. The msdalmathematical representation
of the process of conversion of milk into dairy gwets, accounting for all inputs,
outputs, and losses involved in dairy processinghiw/ the model, the production of
each of the dairy products was simulated (cheagéerh whey milk powder, skim milk
powder, fluid milk, and casein). The key model itgpof volume and composition of
milk intake and product portfolio and its compasitiwere used in the simulations.
Processing costs were simulated, and the retunm fraw milk and its individual
component values was calculated.

Ryanet al. (2011) developed an N balance model capable dsiiyating scenarios
relevant to grass based milk production systemsaanithivestigation into the effects of
autumn closing date and spring turnout date onewiahd spring herbage production
was completed. The N balance model evaluated ariviugde efficiency, N surpluses
and N losses to the environment of contrastingsgbesed milk production systems.

The scenarios investigated show that systems ubifegent system boundaries return
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different N surpluses and therefore different N effiencies. At systems level, up to
80 % of N was not utilised. To ensure adequatedwgrimass for grazing in early spring
swards should be closed before November. Incregssgumber of days spent grazing
increased the quantity of N exported by 5 % andiced total N loss to the environment
by 8 %. Increasing stocking rate by 0.5 LU'tend maintaining N fertiliser application
rate reduces surplus N per kg MS produced by uplt@o. Reducing N input by an
average of 23 % reduced N surplus, increased Nefiisgency and reduced N loss by
an average of 29 %, 25 % and 18 %, respectivelyodn surplus estimates proved to
be a good predictor of Neaching loss with an average of 23 % of N surfeimg
leached into ground water. The study showed thatetlis great potential from grass
based milk production systems to optimise econaetiarn through increasing grazing
season length and increasing stocking rate whitemming the risk of N losses to the
environment.

However, a major limitation of computer simulatitethnique is limited confidence in
the simulation results. Only through extensive eaabn of the model can confidence
be gained in the results and recommendations dkfreen such modelling technique
(Ryanet al, 2011).

2.4.2. Optimisation models

The Grange Beef Model (GBM) is a linear programmmgdel designed to identify
financially optimal beef production systems in &med within a given range of resource
and economic parameters. It is constructed aroutypieal beef cow herd, including
beef cows, replacement heifers, calves, stockerd, fmishing animals. Nutritional
needs of each group are described in terms of gmecgirements and intake capacity.
Budgets are formulated for each on-farm activithe3e budgets assign a cost or
revenue to each activity and, based on these, riigrgm identifies the optimal farm
gross margin (Crossaet al,, 2007).
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2.4.3. Application of models

Simulation models are best evaluated by comparinglated results with actual similar
data or direct measurements. For example, Brerttah (2005) evaluated the grazing
model by comparing the modelled time series of &gebmass and height with the
changes measured during grazing by steers on fenenpial ryegrass swards. Shalloo
et al (2004b) compared actual data from 21 dairy hamdssimulated data to determine
the reliability of key model outputs.

In case of GBM and IFSM models, prior to using bathdels, it was necessary to
ensure that IFSM accurately replicated GBM regulterms of animal performance and
forage yields on Irish beef farms. Therefore, a ponent-based comparison was
undertaken. The forage yield and response to Nlisert were first compared. Then
GBM was solved to find the financially optimal syst in the policy and market
environment prevailing in 2005. The IFSM was subsegly run using the resulting
optimal system parameters predicted by GBM in tesfland use, fertilisation rate, and
animal production. Animal intake and total feed psedicted by the two models were
then compared (Crossenal, 2007).

Gearyet al (2010) evaluated the milk processing sector bymaring the impact of
variation in milk composition (specific to Irish ktein-Friesian, Jersey, and New
Zealand Holstein-Friesian) on the volume of prodpobduced, processing costs,
product sale value, component value of milk, andvadue of milk. Also, two product
portfolio scenarios were investigated using the ehdd demonstrate the change in
processing costs, product sale value, componenesabf milk, and the net value of
milk as the Irish product portfolio changed fronDRGo 2008.

2.4.4. Nutrient budget models

Nutrient budgets are commonly used in agricultorefiaracterise nutrient management
and quantify the magnitude of nutrient flows. Maféen, nutrient budgets are applied
at the farm-scale (Cheret al, 2012).

Watson and Atkinson (1999) differentiated threeidoapproaches in N budget studies:
(i) the economic input-output (EIO) budget, basatrely on farm information on the
guantities of N purchased and sold over the farte-gaéhis approach allows nutrient

budgeting only by using information from farm redsr Any calculated surplus of
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inputs over knownoutputs is assumed to be lost from the farms; [figlogical
input-output (BIO) budget, whichin addition to information on purchases and safes o
nutrients over the farm-gate, includes inpfntsn symbiotic N fixation (via legumes)
and atmospheric deposition. The fate of possible N lssrs assumed to be similar to
the surplus occurring in EIO budgets; (iii) tramsfecycle-input-output (TRIO) budget
includes all the information frorthe BIO budget, but takes also into consideration t
major internal soil N fluxes (mineralisati@nd immobilisation) largely predicted from
the literaturelt therefore allows for a build-up or declinesail N. The TRIOapproach
has also the ability to predict the internal cygliof N within a farming system. This
helps assessing the reliance of the system omaitautrient sources, and therefore the
sustainability of the system. The purpose of tluel\sdictates the choice for one of the
three budgeting approaches (Oenatal., 2003).

Farm scale nutrient balances can take the formawh-gate or whole farm balances
(Buckley et al, 2013). In most livestock farm-scale budgets, ¢bhenmon inputs of
nutrients were in the form of atmospheric depositipurchased mineral fertilisers,
feedstuffs, bedding materials, livestock, and ing@rmanure, whereas the common
sources of nutrient exports were in saleable prodcrops, milk, meat) or exported
manure (Mounsegt al, 1998; Aarts, 2003; Nielsen and Kristensen, 2@%wotet al,
2006; Nevenst al, 2006; Robert®t al., 2007; Treacyet al, 2008; Oenemat al,
2012). Cherryet al. (2012) excluded atmospheric deposition, considettias an input
which is beyond farmers’ direct control. The N smd from biological N fixation
(BNF) by white clover was included as an input lsn@meet al. (2003), Nevenst al.
(2006) and Cherret al. (2012), for example, while Aarts (2003) excludeadn the
grounds that it is not a farm-gate input. Chest\al. (2012) agreed with Aarts (2003),
but they included the N supplied through biologicetrogen fixation as an input
because they considered planting of legumes asradegic nutrient management
decision. The N losses and N flows in the soil ao¢ typically included in dairy
farm-gate N budgets (Gouldirgg al, 2008).

Nousiainenet al. (2011) created the dairy farm nutrient managemasdel Lypsikki,
based on three sub-models: (1) soil and crop, @)ydherd and (3) manure
management. The model was constructed using Mittr&Sael spread sheets. The
model uses empirical relationships between inputrignts for plant growth and dairy
cows) and output (crop or milk yield) variables.eTinput variables needed to run the

model are: arable land area for different cropsrient import in fertilisers and their
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allocation for the crops, soil types and STP valuenber of animals, production and
reproduction parameters of the cows, and composdim nutritive value of feeds. As
an output, the model predicts the whole-farm natr{@\, P) utilisation and surplus (kg
ha) for one year time period.

Steinshamret al. (2004) assessed N and P use efficiency on orgkaig production
systems. They quantified the transfer of N and Rrtd from the farm and internally
between fields, feed stores, animals, and slurmgstd his is because they considered
the improvement of internal cycling of nutrientseaway to reduce N and P inputs.
Ryanet al (2011) developed a model to evaluate whole-farimalinces and quantify
N use efficiency by identifying surpluses and ptitdnlosses associated with
contrasting levels of production within grass-basddiry production systems.
Differently than other authors, he included N nektterear dairy replacements as an
input and N immobilised in the soil or lost througblatilisation, denitrification, or

leaching as outputs.

2.5. Nitrogen in dairy production systems

2.5.1. Nitrogen cycle

Nitrogen is a macronutrient highly important fortlbderrestrial as well as aquatic
ecosystems’ productivity (Antikaineet al, 2005) and a key input for pasture systems
(Robertset al, 2007). Nitrogen is required highly by the plabézause it plays a major
role in photosynthesis in plant leaves (Eickhettal, 2006). Thus, the organic N in
leaves is found mainly in the form of carboxylasé® main photosynthetic enzymes
(Parsons and Chapman, 2000). As a component dsptiny matter (DM) in temperate
swards, N accounts for more than 30 g kgvl (Humphreyset al, 2003).

Grazed grass-based dairy farms are characteriseditmgrous N transformations and
associated losses that occur during the produgtiocess (Robertst al, 2007). These
N transformations take place within the N cycleisTil a natural biogeochemical cycle
(Abrol and Raghurma, 2007) comprising atmosphend, plant and animal pools of N
(McNeill and Unkovich, 2007) altered by managenaictices in the agro-ecosystems.
Within this cycle, at farm level, N is being recsdl between the N pools of the

agro-ecosystems and within the wider environmeheé domponents of the N cycle on
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a dairy farm are illustrated in Fig. 2.1. The atpieeric N can be fixed by leguminous
plants via BNF (Ledgaret al., 1999) or it can be deposited on soil as;Nt rain
drops (Asmanet al., 1998). Mineral N is taken up by the grass plantsctv are
consumed by grazing dairy livestock (Van Keukgnal, 2000). Ingested N will be
converted into milk and meat protein or excreteddasg and urine (Janzest al,
2003). The N in dung and urine will be returnedtie soil either through direct
deposition at grazing or via spreading of slurrg amnure. The N released from dung
and urine will be taken up by plants or immobilisadhe soil organic matter (SOM),
the excess N being lost to the atmosphere (viatilisddion, denitrification or
nitrification) or water (via leaching or overlankbw) (Watson, 2001). Nitrogen is also
exported off-farm in the sold milk (milk proteinh@ livestock (meat protein) (Janzen
al., 2003).

Some of the N exported or lost from the systenepaced by atmospheric deposition
and BNF. To maintain levels of herbage productlmwever, the exported or lost N is
also replenished through imported mineral N fesgits, concentrates and forages via the
farm-gate (Van Keuleret al, 2000; Aarts, 2003). Nitrogen cycling on grazed
grass-based dairy production systems is typicallgremcomplicated than other
production systems because of the numerous opptesifor N to “escape” from the
system, such as losses from manure, slurry andranirfiertiliser management and
application to land (Webét al.,2005), losses from dung and urine deposited ®igga
animals, the limited ability of grass plants to wert N from applied mineral fertiliser
and manure into biomass in herbage, limited utibsaby animals of grass herbage
grown and the biological potential of cows to canvd from concentrate feeds and
herbage into milk (Powedt al.,2010). All these losses may negatively impactarmf
profitability through decreased production and ficial returns from the input costs
with fertiliser and feeds (Robergs al, 2007).

There is, therefore, a need to identify ways to enatore efficient use of nitrogen on
grazed grass-based dairy production systems (Ryafranning, 1995; Ledgard, 2001).
For this purpose, understanding and quantifyingbgén flows on dairy farms may lead
to improved N management and reduced potentidil flmsses to the wider environment
(Scholefield and Fisher, 2000; Speatsl.,2003a).
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Fig. 2.1. Simplified\ cycle in dairy farming systems (adapted from i3aand Aarts,
2000)

2.5.2. Nitrogen loss pathways

The potential N losses resulting from N cycling aiairy farms can lead to
environmental damage (Aarts, 2003; O’'Comllal, 2004). More precisely, emissions
of nitric oxide (NO) and nitrite (Ng), as products of denitrification, can contribube t
ozone depletion; NElvolatilisation and subsequent redeposition ins,Nétm can lead
to soil and surface water acidification; nitrous idex (N;O), resulting from
denitrification process, is a harmful greenhouse gad NQ from urine or mineral
fertiliser applied to landnay leach into groundwater or may reach water &surs
through run-off (Leach and Roberts, 2002; Verbruggeal, 2005), contributing to
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anthropogenic eutrophication of surface waters @witltion of groundwater aquifers.
The quantity of N lost to water or atmosphere, tha form of these compounds, is
related to factors such as land use, on-farm mamege of N resources (fertilisers,
feeds), soil type and climate (O’Connetlal, 2004).

On dairy farms, N losses may occur due to low Nisation by ruminants (20 %;
Watson and Foy, 2001), the timing and form of Nl@gpto soils (in fertiliser, dung,
urine, slurry or manure) potentially not matchingum requirements, and therefore
leading to losses of unused N (Aarts, 2003; Gouelegl, 2007). Overall, N losses
from dairy farms have been found to be as high &g %or every kg of N in dairy
products (Clark and Harris, 1996).

Nitrate leaching, denitrification, and ammonia viation are further discussed below,
as they are associated with the most damaging wamaats of water and air.

2.5.2.1. Nitrate leaching

Dairy production systems represent a source ofadtl mmay be lost via N9leaching
(Del Pradoet al, 2006), potentially contaminating ground water anérs (Eckardet
al., 2004) and contributing to anthropogenic eutrogiiin of water bodies. The main
source of N@ in dairy production systems is urinary N origimgtifrom an excess of
rumen-degradable N compared with rumen microbiagjuirements or from an
unbalanced amino-acid supply in relation with arnghaequirements. Urinary N is
rapidly converted to Ngland easily volatilised or leached (Peyraud ancabgl2006).
Nitrate leaching is the process during which Nceeding plant demand is moved
down the soil profile below the rooting zone (Waits@001). This mobile anion can be
moved through the soil by percolating water (Butletral, 2006; Majoret al, 2009)
because it is negatively charged, the same as l#ye and organic soil particles.
Therefore, it is not retained in the soil and itlesached to subsoil (Watson, 2001).
Nitrate in soil water which is leached below thetraone may be diluted or denitrified
before it gets into the surface or ground wateesaflhet al, 2004). However, the NO
concentration in the ground waters should not lghéri than 50 mg NEN litre™
(European Communities, 2010a).

In grazed grass-based dairy production systemsadhing is influenced by several
factors: urine deposition, SR, N fertiliser sourgming of N applications, and grazing

management. The main source of readily leachable isi@he urine deposited by the
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grazing livestock on grasslands (Decawal, 2004). This is because urine is deposited
in localised urine patches (O’Connetlal, 2004) containing the equivalent of 1,000 kg
mineral N h& (Cuttle et al, 2001). This N is readily leachable because iteegds
grasslands’ need for N; an intensively managedstgad requires approximately 350
kg mineral N hd year' (Humphreyset al, 2002).

Tysonet al. (1997) found that higher SR is associated witlagmeamount of N lost as
NOs; due to increased amount of urine deposited on lgrais The same author also
showed that the use of ammonium nitrate fertiliseassociated with high losses of
NOs-N. This is because of N@upply to soil, which is readily leachable wheniuge
events occur (Watsoet al, 1992; Eckarcet al, 2004). Other authors (Wachendetf
al., 2006) found that incorrect timing of N applicatiand excessive amounts of manure
enrich the soil in N beyond the assimilation capaof grass plants. As a result, the
NOs-N not taken up by grass plants passes in the sedition and may leach to
groundwater and water bodies.

Grazing management can also influence the amouNOgflost through leaching. In a
study conducted on perennial ryegrass and grassfckwards in Jutland, continuous
grazing resulted in leaching losses of 37 to 44N@s; ha' for both sward types
compared with 25 and 26 kg NOha' respectively under continuously cut grass
(Eriksen et al, 2004). This was because continuous grazing atlouecalised
deposition of high rates of N in urine and dungiligsg in increased N leachate.

2.5.2.2. Ammonia volatilisation

The NH; emissions occur from the soil surface if the cotiaion of NH; at the soil
surface is higher than in the ambient air abovesié This happens when the soil
surface has an alkaline pH and is highly concestrah ammonium (Nk) after
organic manure or N fertilisers application, forample; when the pH is alkaline the
hydroxide (OH) ion in the soil abstracts a proton‘jHrom NH," and generates NH
Under dry conditions, Nkescapes into the atmosphere (Huijsmans, 2003)eT hits

is mixed into the clouds and then changed backHi Wa reactions with the Hrom
the cloud droplets (Asmaet al, 1998). This NHcan return to the soil surface as wet
deposition through rain drops or as gaseous art@€plate forms (Janzeet al, 2003).
Wet deposition is known as a contributor to contetion and eutrophication of natural
habitats as well as to soil acidification (Maitsal, 1999; Watson and Foy, 2001).
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In dairy farming, important sources for MHKolatilisation are deposition of urine by
grazing animals and mineral fertiliser N applicatid/Vatson, 2001). This is because
urea in either urine or mineral fertiliser N is hgtysed by the bacterial enzyme urease
within a few hours of application resulting in theoduction of NH (Whitehead, 1995).
This NH, is further converted to NHn the soil solution (Ryan and Fanning, 1995),
which evaporates when dry conditions occur. Inaimd| this may happen between May
and July, when evapo-transpiration exceeds raiftfalmphreyset al, 2004).

Manure is also associated with plEImissions when it is exposed to air (Asnedral.,
1998). The NH emissions are directly related to the equilibrioetween NH and NH

in the manure. This equilibrium is influenced by {tH of the manure. The higher the
pH, the higher the Nifproportion in the manure (Huijsmans, 2003) andgieater the
potential for NH emissions. When the equilibrium is disturbed byatib$ation of NH,
NH4converts to NHuntil a new equilibrium is established (Kroodsetal, 1993).
Significant NH emissions occur during animal housing, manure gorand after
manure spreading on land (Leagehal, 2004; Weblet al 2005). On European dairy
farms, the animals are commonly housed during wimenaturally ventilated slatted
floor houses, the manure mixed with urine runningween the slats into a pit
(Kroodsmaet al, 1993). A more common term is “slurry”, which keown as the
mixture of manure, urine and dirty water resultfirgm washing the floors or rainwater
in case of uncovered storage (European Communi#ie$pa). During housing of
animals, an important factor influencing Bllemissions is the duration of slurry
exposure to air (Gilhespgt al, 2006). Therefore, fast removal of slurry froneth
houses to storage is recommended (Jarvis and AA®8). The slurry removed from
livestock houses is stored either in concrete,| steevooden tanks or in lagoons. The
larger surface area to volume ratio of the lagocospared with the tanks enables
greater potential for NHemissions (Weblket al, 2005). In the case of tanks, using
coverage or not makes a considerable differen¢erms of NH emissions. Thus, 100
% of the mineral N contained in the slurry can @& through NHvolatilisation from
uncovered tanks compared with 1 % when using anid 60 % when using straw to
cover the tank (Sommat al, 2003). The different rates of Nigmissions depend on
the extent to which the different covers allow @mhtbetween the slurry and the
ambient air.

Slurry spreading techniques have different impacidNH; volatilisation depending on

the exposure of slurry to air. More precisely, e tevent of surface application, the
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slurry is applied mostly on top of the grass, thee having reduced contact with the
soil and being largely exposed to air. Comparagivednd application and injection of
slurry into the soil reduce the contact with ambg&inand increase contact with the soil,
reducing NH emissions by 74 and 92 %, respectively (Huijsma083). When slurry
is applied to land, its DM content determinesnfdtration rate into soil and therefore
on NH; emissions. More exactly, thicker slurry, with higdM content, infiltrates
slowly in the soil especially under dry conditiowken it cakes on the soil surface,
leading to high NHemissions through exposure to air (Hennextssl, 2009). Sommer
and Olesen (1991) found that hlMolatilisation increased with higher DM content in
slurry. The NH emissions ranged from 19 to 100 % of total N inrgibeing directly
linked to slurry DM content varying from 0.9 to ¥%&

2.5.2.3. Denitrification

Denitrification is the process whereby firstly thN#d, coming from mineralised plant
residue, slurry or mineral fertiliser N applied leind is nitrified by the soil aerobic
bacteria Nitrosomonas europeahto NOs;. Under anaerobic conditions, in anaerobic
soil pockets, sub-soil horizons or anaerobic zaheh as wetlands, for example, this
NOs; can be reduced to nitrite (NO by anaerobic soil bacteriaNitrobacter
winogradskyi)(Ryan and Fanning, 1995). This bi€an be reduced to NO (nitric oxide),
nitrous oxide (NO) and dinitrogen (B, the final product of complete denitrification,
by soil anaerobic bacteria (Pain, 2000). Even.fidfNenvironmentally benign, J is a
powerful greenhouse gas (USEPA, 2002) contribusigarificantly to climate change
and ozone depletion (Watson and Foy, 2001). Thetioes illustrating the two

processes are as follows:

NH; =2 NO; =2 NO: = NO-=> N,0-=> N2
ammonium nitrate nitrite nitric nitrous dinitrogen
oxide oxide gas
gas gas

(Source: De Kleiret al, 2001)

Denitrification is associated with water saturased and subsoil conditions and high

contents of organic matter (Fratezsal, 2002). These conditions facilitate growth of
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denitrifying anaerobic soil bacteria reliant on tbdrom the organic matter as a source
of energy (Aulakhet al, 1992; Ryan and Fanning, 1995; Watson, 2001).li@stock
farms, the grazing animals tread and compact tlile cmntributing to generation of
anaerobic conditions in the soil (Jarvis, 2000),iclwhfacilitates occurrence of
denitrification. Heavy textured, poorly drained Isoiare mostly associated with
denitrification occurrence, but also drained sailbgnever soil pores become anaerobic
(Jarvis, 2000). Watsoet al. (1992) found high rates of denitrification (154 Kgha™)

as a result of high N fertilisation rates (500 kdd&if) coinciding with low soil moisture
content. This was facilitated by the high amount Mifl; provided by calcium
ammonium nitrate fertiliser, easily nitrified inetlsoil under aerobic conditions and then
denitrified in the lower soil profile under anaeihbconditions. However, after
introduction of the Nitrates Directive (Europeanu@oil, 1991) such high N application
rates are no longer permitted.

In Irish soils, which are predominantly poorly dwed, denitrification competes with
leaching process for the available N©® the soil (Jordan, 1989). This means that the
existing NQ in the upper soil profile can be either leacheth&sub-soil or nitrified by
aerobic bacteria and subsequently denitrified m shb-soil. However, the generally
high (between 3 and 6 %, Gardiner and Radford, J1886tent of organic C facilitating
development of denitrifying bacteria makes thehlr&ils more prone to N losses
through denitrification than leaching (Dillon ane&B&by, 2009).

2.5.3. Farm-gate nitrogen balance and use efficiency anydarms

A dairy farm-gate balance, as a form of nutrientidet, accounts for N inputs onto a
farm (mineral fertiliser N, concentrate feeds, g@abedding material, livestock, and
manure) and N outputs (sold milk, livestock, crogsd manure) off a farm (Fig. 2.2.).
These data are obtained through direct measureno@nfarms or, more often, from
farm records (Gouldingt al, 2008). A farm-gate balance is calculated as itfierdnce
between the N inputs and N outputs (Humphretyal, 2003) via farm-gate. The result
of the balance can be deficit (N exports > N imgpidr surplus (N imports > N
exports). In the case of surplus N, this may acdatauon farm, in SOM or plant
biomass (Gourlegt al, 2010) or it may be lost to groundwater or aicK&det al,

2007; Schroderet al, 2011). Therefore, N surplus is associated wikcessive,
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inefficient N use, and negative environmental impabeing considered an indicator of
potential N losses and environmental performancéar(®leret al, 2003; Carparet al.,
2008; Powelkt al, 2010).

N inputs N outputs
T TTTTTTTTTTTETTTTTT AT T
: N cycle N cvcle :
\ pr— (Cattle \
: Y YY) :
I I
I i
Concentr : :
I
1 1
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I I
| I
\ | = Silage
I | I
! Plant y !
i {grass) Amure |
I F 3 :
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(Adapted from Nevenst al, 2006)
Fig. 2.2.Farm-gate N balance on a dairy farm: inputs, ostpad N flows between the
farm compartments (Anim.=Animals; Man.=manure; Garic.=concentrates; Min.

fert.=mineral fertiliser). Dashed line is the fabmundary.

It has been emphasised that dairy production shdehlly be achieved in a sustainable
manner, without impairing natural capital (soilsater, and biodiversity) (Goodland,
1997). Therefore, improved nutrient use efficietag a significant role to play in the
development of more sustainable dairy productiostesys. However, in dairy
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production systems, N is used in large quantibiesyeen 172 and 301 kg N hé&Groot

et al., 2006; Nevengt al., 2006; Robertgt al., 2007; Ryaret al, 2011; Cherret al.,
2012) but with generally low efficiency (Gouldireg al., 2008). In Europe, levels of N
use efficiency (NUE; proportion of N imports recoee in agricultural products (Ryan
et al., 2012)) of between 0.17 and 0.38 have been recoffledinseyet al, 1998;
Grootet al.,2006; Nevengt al, 2006; Raisort al.,2006; Robertet al.,2007; Treacy
et al., 2008; Cherryet al.,2012; Oenemat al.,2012). In grass-based dairy production
systems, in particular, the numerous opportunife@sN losses during N transfers
between solil, pasture, animals, and manure comp®iieadgard, 2001), as outlined in
section 2.5.1, have limiting effects on N use éficy.

In this context, farm-gate N balances are a usefal for farmers, scientists and
policy-makers to: (i) understand N flows and idgnpotential N losses (Watson and
Atkinson 1999); (ii) understand factors affectirajyd develop strategies to control,
potential N losses (Gourlest al, 2007; Beukest al, 2012); and (iii) increase farmers’
awareness of environmental regulations on farms anglementation of these
regulations to control N losses to the environn{@#nemeet al., 2003; Carpanet al.,
2008).

In the EU (European Union), the Nitrates Direct{9&/676/EEC) (European Council,
1991) has established guidelines in relation toiiag practices to reduce N@aching
that are implemented in each member state throu¢jatsonal Action Programme
(NAP). In Ireland, these are legislated as the G&igulations (European Communities,
2010a), first passed in 2006. Under the Regulatitaisns are limited to a SR, of 170
kg organic N hd, equivalent to 2 LU h§ or 2 dairy cows h& The Regulations also
establish the quantity of available N that can peliad to grass and other crops
(depending on factors such as SR or crop type)yaheme of slurry and slurry storage
required (depending on factors such as local rhiafad stock type and number) and
closed periods in winter months during which spiegdof organic and inorganic
fertilisers is restricted (depending on locatiorthe country), as well as other measures
on farm yard and field management aimed at minngid losses to water. Farmers can
apply for derogation to stock at up to 250 kg oiga ha® (2.9 LU ha'), subject to
more stringent requirements, and this derogatiopriiscipally taken up by the more
intensive dairy farms (European Communities, 2010).

Although explicitly aimed at decreasing N lossesviter, these Regulations might be

expected to have improved NUE on farms, as mosh@®fmeasures aim to decrease
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losses by increasing retention of N within the pren systems. However, most of the
existing data on dairy farm N balances in Irelaradedfrom the period before the
implementation of the Regulations in 2006 (Mounsewl., 1998; Treacyet al., 2008)

and only one study (Bucklest al, 2013) after the implementation of the Regulaion
Ryanet al. (2011) and Ryamet al. (2012) examined N balances and use efficiencies in
Irish dairy production systems but these were bamsednodelling and experimental
studies. In the European context also, there avefdem-gate N balances on grassland-
based dairy farms post the implementation of thiealkis Directive (e. g. Groett al.,
2006; Nevengt al, 2006; Raisomrt al.,2006; Robertgt al, 2007; Cherret al.,2012;
Oenemeet al, 2012).

2.5.4. Lowering nitrogen surpluses and losses

Reductions in N surpluses and losses are genaatfiyidered to contribute to increases
in NUE in dairy production systems (Schroagral, 2003; Oenemat al, 2003;
Steinshamret al, 2004; Ryanet al, 2011; Nousiaineret al, 2011). A number of
strategies have been identified as contributorsdactions in N surpluses and losses on
farms and these are detailed in the next thre@ssct

2.5.4.1. Slurry management

Slurry is a valuable source of N (Powell and WWQZ;3Chadwicket al, 2000) on farms
but this N is very susceptible to being lost thiodH; volatilisation. This is because N
is present in slurry as NHand NH, the latter being highly volatile (Huijsmans, 2003
If managed to control N losses through Nilatilisation, slurry can be used to replace
mineral N fertilisers (Lalor, 2008).

Slurry management refers to collection from livegtdouses, storage and application
to land. Ammonia emissions may occur at any stagthe slurry management but
mostly during livestock housing and after applyintp land (Leaclet al, 2004; Webb
et al, 2005).

The practices for reducing NHvolatilisation associated with slurry are well

documented. Some of them are discussed belowyslemoving practices, timing of

34



application, land application techniques, slurryddication. During animal housing
period, the practices regarding removal of sluorgtorage influence the amount of NH
lost through volatilisation. For example, flushitige slates once every two hours can
decrease NElemissions by 70 % (Kroodsn&t al, 1993). Immediate scraping of the
manure from the floor helps decreasing ofsNdthissions from 61 to 37 % of mineral
N, i.e. NH, and NH, in the slurry (Gilhespyet al, 2006). These practices aim at
decreasing the contact of slurry with ambient acduse of the high volatility of N

At application to land, a number of techniques basn proposed to decrease ;NH
losses. Timing and rate of application are impdrianthe first place. Vellinga and
Hilhorst (2001) found that when applied in the setgart of March, slurry N is
efficiently utilised by the swards. This is becaldids from the slurry is rapidly taken
up by the growing grass plants. Also, the cool dacthp conditions in spring inhibit
NH; volatilisation and enhance the infiltration ofrsiuinto the soil (Humphreyst al.,
2004; Hennessgt al, 2009). Thus, the coincidence of high plant demimdN with
cool moist climatic conditions in spring contribsiteo decreased NHemissions from
slurry. In spring, in Ireland, under experimentanditions, a rate of 28,000 litres haf
slurry is applied on grasslands. This amount afrglaupplies the equivalent of around
35 kg mineral N h& (Humphreyset al, 2004). This is close to the recommended N
fertilisation rates (29 kg N Ha for this time of the year (Humphreys, 2009).

A number of low emission slurry application methodss acknowledged as
contributors to decreases in blldsses (Lalor, 2008). One such example is injgdtie
slurry into the soil. The potential for NHoss from injected slurry depends on the
contact surface area between the injected slumitlaan atmosphere, which is the lowest
when all the slurry can be held in the slots. Campado previous practices of injecting
the slurry at 15-20 cm depth, the shallow injectiop to 7 cm depth, does not damage
the grasslands (Hansen al, 2003) through plant dying-back along the ingatslots
(Huijsmans, 2003). Depending on the depth of tlection, the NH emissions can be
reduced by up to 90 % compared to surface apmlicatiowever, this method is
impractical on slopy and stone-containing soilefl¥et al, 2005) as it is often the
case in Ireland (Stevemrs al, 1998). Therefore, in Ireland, the trailing shuethod is
considered to be the most suitable for grasslanchidimises the grass contamination
observed with band spreading and splash platecappin (broadcast) and contributes
to reductions in Nkl emissions (0.91 kg NHm*® of applied slurry) compared to the

splash plate (1.26 kg NHn>of applied slurry) (Lalor, 2008). Current agronomaitvice
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in Ireland assumes that larger savings on fertilde€an be made by applying slurry to
grassland in the spring (February to April) periedith an increase of 25 % in N
fertiliser replacement value (NFRV) of slurry (Ctau| 2004). Lalor (2008) valued the
N from slurry (€ i) at €1.15 for spring (February-April) applicaticompared with
€0.63 for summer (June-July) application, basetherpotential for NEFlemissions and
N availability to plants. This difference is an #@ahal incentive for practising spring
slurry application.

Application of dilute cattle slurry is associatedhnmore efficient use of N compared to
thick slurry (Hennesset al, 2009), the former infiltrating faster than thétda. This
way the N in the dilute slurry becomes more rapalhilable to plants. Thicker, more
viscous, slurry tends to lodge on the sward anbsswface and is therefore longer in
contact with air, resulting in greater MEmissions (Humphreyt al, 2004).
Acidification of slurry with nitric acid is a teclque that has been investigated for
lowering the NH content (Stevenst al, 1998). This is possible because the acid lowers
the pH of the slurry below 5.5 which coincides wihie equilibrium between Nfand
NHs; components. Thus, there is prevalence ofsNidhich is not volatile (Watson,
2001).

2.5.4.2. Strategic feeding

On dairy farms, concentrates are imported to suppte the feed available to animals
on-farm (Van Keulenet al, 2000). Some of the N imported in concentrates is
transformed into milk and meat protein, but muchta$ excreted as urine and dung,
which are susceptible to be lost throughsN€xching and NElvolatilisation as detailed
in sections 2.5.2.1. and 2.5.2.2. It was found thatinants excrete between 75 and 80
% of ingested N (Smitlet al, 1995; Hilhorstet al, 2001; Watson and Foy, 2001). The
high amounts of excreted N are due to rumen lofgalk et al, 2000) caused by
insufficient synthesis of the dietary protein ie tlumen (Tamminga, 1992).

An important step towards increasing the utilisatmf N fed to animals would be
matching the animal feed requirements with the agljetprotein by, for example,
combining grass with low protein forages (e.g. maifodder beet, spring barley)
(Kuipers and Mandersloot, 1999; Jarvis and Aai@®02 Aartset al, 2000). This would
be needed when feeding very young grass, whiclnigasN content (3.26 % of herbage
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DM), only 13 % of which being recovered into animpabduct (Jarviet al, 1989). As
an effect of balancing low and high protein fedbs,N excreted per unit milk produced
may be reduced and this is likely to contribute diecreases in N losses to the
environment (Ledgaret al, 1999). However, low protein supplementation vatther
cereal-based concentrates or maize silage mayeeimbeases in SR and therefore in N
surplus per ha (Peyraud and Delaby, 2006). Reduttirgprotein content in grass
through reduced N fertilisation has also been sstggeto lower the protein content in
animals’ diet (Valk and Van Vuuren, 1996).

Other authors (Eckaret al, 2007; Humphreyst al, 2009a) recommend lower SRs to
decrease imported N amounts not used by animaléoanffom dairy farms. Thus, less
concentrates fed to animals will result in lessddreta and therefore decreased N losses

to the environment.

2.5.4.3. Use of white clover in grassland

White clover (Trifolium repens L.) is the prevadinforage legume in temperate
grasslands (Peyraud and Delaby, 2006). This legtamereplace mineral fertiliser N,
and therefore reduce N imports onto farms. Thisesause legumes have the ability to
fix atmospheric N due to a symbiotic relationship witkhizobiumbacteria found in its
root nodules (Humphreyt al.,2004). This is called biological Nixation (BNF) and

is a biotic process that makes atmospheric N adaileo plants (Van Dommelen and
Vanderleyden, 2007). In a grass/clover sward, théxdd by white clover becomes
accessible to the grass through mineralisationotied clover stubble or ingestion of
clover plants by livestock and deposition of N mna and dung on swards (Watson,
2001).

In The Netherlands, it was found that each tonndafer DM per hectare is equivalent
to a N fixation rate of 54 kg Hayear' (Van der Meer and Baan Hofman, 1989). In
Ireland, white clover can supply between 87 and KM ha' year' (Humpreyset al,
2008; Hennessgt al, 2009). The N fertilisation rates strongly infhee the amount of
atmospheric N fixed by clover, the amount of fi&xed by clover decreasing with
increasing N fertilisation rates (Ledgaed al, 1997). This is because when applying
fertiliser N to a grass-clover sward, the grasstslavill be more competitive for N than
the clover plants (Davies, 2001). This results id&terioration of clover plants and
therefore a decrease of clover content in the s\waacdN amount fixed by clover. At
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Solohead research farm in Ireland, white cloverrde/are however fertilised with 90
kg N ha' applied between January and May, when the groat#fsrof clover plants and
BNF are naturally low. Starting with May, the clovplants develop and the N
fertilisation is replaced by BNF (Humphreys and less, 2006). This indicates the
potential of clover to partially replace minerattiigser N on grasslands (Peyraatlal.,
2010).

From an environmental point of view, in comparisdesween N-fertilised grass and
white clover-based production systems, the lattes ¢enerally been associated with
higher N use efficiency, lower N surplus per heetdower NQ and NH losses, and
lower NbO emissions (Jarviet al, 1996; Schilset al, 2005; Andrewset al, 2007;
Humphreyset al, 2008; Ledgarcet al, 2009). However, Peyraud and Delaby (2006)
found increased N excretion associated with wHiaeger relative to ryegrass (from 20.1
to 29.8 g kg DM intake), due to higher N content of white cloeempared to ryegrass
(38.7 versus 26.1 g KgDM). Increased N excreta may lead to higher Ndssirough
leaching and volatilisation.

The problems associated with making use of whibeasl mostly relate to maintenance
of white clover content of swards. For example, arnthe Irish climatic conditions,
white clover lasts for, at most, five years in fh@stures managed for production of
white clover. After this period, the pastures needbe over-sown, which requires
special skills and supplementary costs (Humphretysl, 2004). In Ireland, white
clover swards are over-sown with 5 kg'haf white clover seed mixed with mineral
fertiliser with a P concentration of 0.07 g (Humphreyset al, 2008). The clover seed
is broadcast onto silage stubble, after first clatge, with a fertiliser spreader. The
application is made in two runs, to ensure evemdcasting. During one run, 4 ha can
be covered. The total cost of this approach is @280.4 ha (Humphreys and Lawless,
2008).

Other problems related to using white clover insglands are lower herbage
production, in comparison with mineral N fertilisgthasslands (10.81 t DM faversus
12.61 t DM h&; Humpreyset al, 2008; Humphreyst al, 2009b). Therefore, some
farmers can be reluctant to replace mineral Nligets with N supplied by clover plants
(Eckardet al, 2007).
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2.6. Phosphorus in grassland soils

Phosphorus (P) is a macronutrient highly imporfanboth terrestrial as well as aquatic
ecosystems’ productivity (Antikaineret al, 2005). In agricultural systems, P
contributes to root and seed formation, and miaotecomposition of plant residue
(Lynch and Caffrey, 1997; Haygarth and Jarvis, }99%so, P is an important
contributor to production on grass-based systérhs. role of P in grass plants is
emphasised by responses of DM vyields, of 7.7 kg kyVP*, for example, achieved
without mineral P fertilisation (Ryan and Finn, $97In the animal body, P has
essential physiological functions that include ggetransfer, structure of bone, teeth,
and membranes, and buffering pH changes in the mysaivary phosphate). In most
of the grains used for animals’ diets, P is fousdphytate. This form of P is used in
larger proportion by ruminants than non-ruminargsause rumen microbes produce
phytase, the enzyme that hydrolyses P from phytdaéeret al, 2005). For the above
reasons, it can be stated that P has no substitigricultural production (Cordedit
al., 2011).

2.6.1. Phosphorus cycle

Parfitt (1980) explained the P cycle as it typigadccurs on grazed grass-based dairy
farms (Fig. 2.3). The P needed for growth of grptmts is taken up from the
“Available P” pool. The P in the plant biomass asumed by grazing dairy livestock.
The ingested P is exported in animal products (nhillestock) or excreted in dung. The
dung deposited on the pasture and plant residoesaining both inorganic and organic
P, re-enters the soil pool, either in the “Labitganmic P” (the organic P) pool or in the
“Available P” (the inorganic P) pool. Alternativelyhe P in the dung can be lost
through surface and erosion runoff, if all the coods are met. However, there are
exchanges between the two soil P pools, becausy gear 70 % of the organic P
decomposes to inorganic P or phosphatesPI@ this form, P is readily available to
plant roots and micro-organisms as well. The P tisatnot used by plants or
micro-organisms either builds up in the soil in famtessible forms (inositol
polyphosphate), or leaches down the soil profileere it reacts with the aluminium

(Al), iron (Fe) and calcium (Ca) contained by spdrticles, a process known as
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“fixation”. The fixed P may be released under dertanditions. The mineral P applied
on solil is either lost through surface and erosigroff, if all the conditions are met, or
taken up by the grass plants until feed requiresman¢ met. All these processes are

detailed in the next two sections (2.6.2. and 2)6.3
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Fig. 2.3. Simplified P cycle on grasslands (adajiteoh Parfitt, (1980))

2.6.2. Soil Phosphorus

In the soil, P exists in inorganic and organic fernm most agricultural soils, between
50 and 75 % of the P is inorganic. The inorganidofns are mostly Al and Fe

phosphates in acidic, non-calcareous soils and lospghates in alkaline, calcareous
soils. The organic P fraction includes unstablenforsuch as inositol phosphates, of

which phytic acid is the most significant componeattospholipids, nucleic acids, and
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fulvic acids, more stabile forms being represenbgd humic acids (Sharpley and
Rekolainen, 1997).

Four distinct classes of organic P compounds westected in soil solution of
grasslands in south-east Ireland throudR nuclear magnetic resonance (NMR)
spectroscopy: inorganic orthophosphaie=(6.79 ppm, on average), orthophosphate
monoesters such as inositol hexakisphosphate=( 6.11 ppm, on average),
orthophosphate diesters such as phospholipids, nuddeic acid (RNA) and
deoxyribonucleic acid (DNA)) = -0.32 to 0.54 ppm), and pyrophosphates (-3.26
ppm, on average) (Bourlat al, 2008). For plant growth and development, P eded
as orthophosphate (RO ion in the soil solution (Morgan, 1997; Sharplend
Rekolainen, 1997). The organic P can be classifiedistinct fractions whether they
occur in soil solution, runoff, leachate, streamdastes. These fractions are important
for understanding the fate and transport of P. FHeactions can be: (i) molybdate or
dissolved or soluble reactive P (MRP), which is fbem filtered through a 0.45 pm
membrane; this is dominantly inorganic form of Fl a& mostly mobile and therefore
easily released to soil solution and then transteto waters; (ii) unreactive P (SUP),
which is represented by organic forms coming frdanpresidues and soil organisms.
These two fractions together are known as totasphorus (TP) (Haygarth and Jarvis,
1999).

In agricultural systems, P is applied to soilsnmrganic or organic forms to ensure soil
P supply for plant uptake. Once applied, P is eithken up by the crop (1 to 2 % of
soil total phosphorus content; Antikainehal, 2005) through diffusion (i.e. movement
of H,PO, from higher to lower concentration of soil soluticSyerset al, 2008) or is
adsorbed on to Al, Fe and Ca charged soil parti¢igers and Curtin, 1988).
Adsorption is the conversion of inorganic P dissediun the soil water to less soluble
states and immobilisation in the soil organic fi@tt This occurs as a result of
exchange between the,O, (dihydrogen phosphate) anion and hydroxyl (OiEns
associated with the Fe or Al hydroxyl compoundsuoieog as separate particles or as
coatings on other soil particles, especially claiso, H,PO, anions in soil solution
may go through precipitation reactions, the natfrevhich varies with the pH of the
soil. When soil pH is between 6 and 6.5, the P imifigation is minimal (Heathwaite,
1997). The P immobilisation capacity directly irdhces the P losses. Thus, the P from
sandy soils, with low P immobilisation capacity, sasceptible to be lost through

subsurface runoff. The soils with high P immobtiisa capacity, such as clayey soils
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and loams (Tooet al.,2005), will still loose P in surface runoff if @hle conditions are
met (poor land cover, slope, weak soil structukeessive application of P fertilisers
associated with rainfall events) (Heathwaite, 19@") these soils, P fertilisation may
turn inefficient (Simpsoret al, 2011) because most of the supplied P will notiged
by plants but will accumulate in the soil at raésshigh as 23.4 kg P haear (Smith

et al, 2003).

However, the adsorption process is reversible, mgatiat soil P can be desorbed or
released from Al and Fe hydroxyl compounds whem gdi is neutral (equal to 7)
(Kiely et al, 2007), when soil P immobilisation capacity ixesded (Lawriest al,
2004) or when the P concentration in the soil sofutlecreases through plant uptake
(Syerset al, 2008). The P desorption is controlled by theuFfdn capacity of soils or
the rate at which P in the solil solution is repdéeid. The higher the P-buffer capacity
is, the faster is the P desorption (Syaral, 2008).

The P fertiliser management on soils with high Pnobilisation capacity, which are
deficient in available plant P, should include aag# in which soil P fertility is
increased, followed by a soil fertility maintenang&ase in which soil P levels are held
within a target range (Simpset al, 2011). This would keep the soil P levels witthe
limits corresponding to plant P requirement. Fasgtand, under Irish conditions, the
maximum recommended amount of P is 19 k& pear' when the soil P level is
between 5.1 and 8 mg P litréEuropean Communities, 2010a). However, in arefls wi
intensive livestock farms, manure and mineral liseis are abundantly applied to
grassland resulting into soil P levels higher ti8amg P litré". Under experimental
conditions, it was found that from 331 mg P perdal coming from mineral and
organic fertilisers, ryegrass plants take up 4 mgjPsoil (Obersoret al, 2010). In this
situation, the soil P levels are of environment@heern due to the high potential of
enriching runoff with P potentially contributing tbe eutrophication of water bodies
(Sharpley and Rekolainen, 1997). Hence, therensirmmous need to estimate the soil P
content.

Soil P status can be assessed by making use afdaction methods. Through these
methods the amount of soil P available for cropketcan be evaluated up to 20 cm
depth (Ekholnet al.,2005) and the fertiliser P demand estimated. Téwedsrd method
in Ireland, Morgan STP, uses a sodium acetate aaima buffered to pH 4.8 (0.74
CHsCOONa + 0.52V CH3;COOH, pH 4.8) (Styleet al, 2006; Schulte and Herlihy,

2007). The extractant is designed to take from dbié an amount of P considered
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sufficient for the plant growth during one seasBgrfie, 1979). It was however found
that chemical extractants such as Bray-P, Olselnignic exchange membrane-P did
not provide accurate information on how much of @pplied P to soils is available to
plants and how much is fixed by soil in non-avdéatorms. Therefore, sound fertiliser
recommendation cannot fully rely on soil extractiadices. The actual P requirement
in a P deficient soil is closely related to thd sontent of amorphous Fe, which affects
both the amount and the strength of P retentiothéysoil (Quintercet al.,2003).

Also, for the interpretation of soil P status datereased attention should be paid to
soil sampling. Due to the fact that soil P condstreases from top to bottom of the soil
profile in case of permanent pastures (Haygarth Jardis, 1999), the depth of soil
sampling is of major importance.

The sites with high soil P status and thereforeh hgptential for P losses from
agricultural soils can be identified through an raggh called “phosphorus index”
(Haygarth and Jarvis, 1999). Since 2006, the saidex system in the Republic of
Ireland refers to separate P indices for soils ugdassland and other crops (Table 2.2).
Before 2006, the same index system was used fosdldying under grassland and
other crops. The new index system involved the toweof the upper limit for index 2
from 6 to 5 mg P litré, and the upper limit for index 3 from 10 to 8 mditRe™. The
aim was to reduce P losses from grassland whilentaiaing current levels of
agricultural output (Treacy, 2008). The index sgst@®r other crops has remained
unchanged. The change in soil P status is asseseeylfive years in Ireland (European
Communities, 2010a).

Table2.2.Soil P indices (Morgan’s Extractant) (European Camities, 2010a)

Soil phosphorus concentrations (mg P ™)

Index Grasslan Other crop
1 0.0-3.C 0.0-3.C
2 3.1-5.C 3.1-6.C
3 5.1-8.C 6.1-10.C
4 > 8.( > 10.(

Index 1 and 2 are associated with soils deficiarf® iand demanding a build-up of soil
P. The target index is index 3 at which the sah supply P in amounts meeting crop
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demand without having negative impacts on the enwrent. Soils within index 4, with
high P status, are associated with no responsppited organic or mineral P. As high
soil P levels result into high P losses (Ketzal, 2005; Stylest al, 2006), soils in
index 4 show the greatest risk for water qualithiafTis why it is recommended to let
the P level of these soils decrease over time. Alicg to Culletonet al. (1999), a
deficit of between 20 and 40 kg P haetween inputs and outputs of P is required for 1
mg litre* decrease in Morgan STP to occur. Tuneegl. (2010) found, however, that a
decrease of 30 kg applied P per ha decreased #deS&l by 8 mg litre.

Soil test P increases with P application rates (Moet al, 1999). Therefore, if
efficient use of P fertilisers is the target, tlspuld not be applied to soils where there
is sufficient readily-plant-available P becauserehwill not be any increase in crop
yield and the expenditure on P fertilisers becomnesecessary; P is most efficiently
used when the amount applied replaces that remiovi@ harvested crop (Syezsal,
2008). The readily-plant-available P comes fronh Boieserves or residual P sourcing
from previous P applications (Syezsal, 2008) and it should be carefully considered
when deciding about rates of P fertilisers.

Historically, Irish soils were low in P (1 mg litfén early 1950s), much of the P present
in the topsoils on intensive farms being addedatlyen mineral fertiliser and indirectly
in purchased feedstuffs starting in the 1960s (€yni990). However, the annual use
of mineral fertiliser P in Ireland has been decireasver 30 % from 1995 to 2001 due
to research advice and consequent changes in farpmactice (Poweet al., 2005;
Kiely et al, 2007). Also, Morgan STP decreased from 13.02Pnligre” between 1966
and 1970 (Ryan and Finn, 1976) to 6.7 mg Piire 2003 (Bourkeet al, 2008) and
from 7.3 to 4.0 mg P lit/® between 2007 and 2011 (Wadt al., 2012) on lrish

grassland soils.

2.6.3. Phosphorus loss pathways

Over time, the soil P build-up in agricultural lamehs encouraged, due to general
thinking that mineral P is assimilated in organaenis in the soil and therefore is
associated with negligible P losses. However, & ¥eaind that where inorganic soil P
exceeds critical P levels, ensuring 90 % of maxinaamievable yield (Quinteret al,

2003), it increasingly accumulates in the soil witbreased P application (Simpsen
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al., 2011). Further, the P accumulated in the sasusceptible to losses to water where
it might cause eutrophication (Clenaghainal, 2005) or increased primary aquatic
production (i.e. proliferation of algae), and tHere a shortage of oxygen and a shift of
species within the aquatic ecosystems (Pietetrsd, 2003; Ekholmet al, 2005). Algal
excessive development and low water transparerdigate eutrophication occurrence
and the cyanobacterial algae prevalence among Itja¢ species poses problems of
toxins, odour and taste for drinking water (Watama Foy, 2001). In Ireland, P is the
major limiting nutrient in surface waters and iresed additions may result in algal
blooming (McGarrigle, 2009). Hence, following thehd3phorus Regulations
implemented in 2001 by Environmental Protection Age(EPA), target values were
set for the eutrophication status of lakes and rsiveneasured through the TP
concentration (Table 2.3). The highest trophicustdisted is hypertrophic, representing
an extreme state of P enrichment of water bodi¢en@@haret al, 2005). The target of
the European Union’s Water Framework Directivenisestore all surface water to good
ecologic and chemical status by 2015 (Watsbal.,2007).

Table 2.3. Phosphorus Regulations target valua®phic status for Irish rivers and

lakes
Trophic statu Total phosphorus concentration ( litre™)
Ultra-oligotrophic <5
Oligotrophic >5<1(
Mesotrophi >10<2(
Eutrophic >20<5(

(Source: Clenaghaet al, 2005)

Most eutrophication caused by P loss from enricdel$ was reported in lakes draining
catchments where agriculture is prevailing, con@gians as low as 0.02 to 0.035 mg P
litre™ being enough to prompt eutrophication (Broo&esl, 1997). Loss rates of 2 to 3
kg P hd year* have been recorded for Irish grasslands (Kirl, 2005).

The main drivers of eutrophication are leaching andoff of P from agricultural land
(Nousiaineret al.,2011). Losses of P from land to water can occufip&ater-soluble
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(<45 n) and particulate P (>45 p) in surface ruraffoverland flow, referring to P
carried by rainwater which flows over land surfatesstreams or rivers; (i) water-
soluble and particulate P in subsurface runoffeachate, referring to P transported by
water which enters the soil profile and moves thlothe soil to streams or rivers
without reaching the main water-table; (iii) waseuble and particulate P in the
groundwater, referring to P picked up by water fregses to the water-table and which
is subsequently discharged to streams, riverskaslas seepage (Morgan, 1997). For
clarification, particulate P consists of P sorbed sbil particles and organic matter
eroded during surface flows. This represents thempmoportion of transported P from
cultivated land (Kurzet al., 2005). When comparing grassland with arable lahd,
losses of water-soluble P in surface runoff ardérigrom grassland due to less P used
by the grass plants and therefore accumulated anstiil. Conversely, the loss of
particulate P in surface runoff is higher from dealand because of increased level of
erosion (Ekholmet al, 2005). The occurrence of P losses due to erosam be
translated as increased need for P input, in daderaintain the soil fertility (Schroder
et al, 2011).

2.6.3.1. Surface runoff

Surface runoff or overland flow is the transporeodded material containing particulate
P or the P adsorbed on to organic-rich clay saittions. The latter is inorganic DRP
and it can reach values between 111 and 1,162} Brhlrish grasslands depending on
the soil P content, soil compaction by grazing aténmanure deposition and intensity
of rainfall events (Kuret al, 2005).

The potential of a field for P transport in surfac@off can be assessed by taking into
consideration infiltration capacity, vegetation gboness coefficient, slope, initial
concentration of P in the soil, together with stodoration (Heathwaite, 1997). In
Ireland, 25 % of agricultural land is lying on géewhich are known as water saturated
soils and hence prone to overland flow due to tloewr rate of infiltration (Finch and
Gardiner, 1993). Water-saturated soils expand dungavy rainfall and contract when
rain stops. These drying and wetting cycles coatelto transport of potentially mobile
P (PMP) from soil when overland flow occurs (Kiefyal, 2007). Loss of P from Irish

agricultural land through surface runoff occurstwo phases. The first phase takes
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place annually with the overland flow beginningSeptember-October after little or no
overland flow during the summer. The second phaserratic, being associated with
applications of manures or fertilisers to the ldolfbbwed by rainfall events (Kielyet
al., 2007).

What could be called high-risk land is usually kechnext to a stream and has low
infiltration capacity as a result of, for exampileampling by cattle or compaction by
farm machines (Heathwaite, 1997). Other authorBBeet al, 2009) consider as high
risk areas those where pathway factors coincidén \pitessure factors. The main
pathway factors include poor soil drainage and tshatance from fields to water
courses, whereas the main pressure factors ar® lommobilisation capacity, elevated
STP levels (i.e. Morgan index 4) and excessivepRta

On pastures there is increased risk of P loss gfra@urface runoff, because poaching
(i.e. soil compaction and break-up due to animampling) decreases infiltration and
thus increases overland flows and associated Bféraim case of rain fall events. This
happens because soil becomes bare and weakly usadcand therefore prone to
erosion (Haygarth and Jarvis, 1999). In the siwnatof overland flow occurrence
combined with high P application rates (80 kg P)héhe amount of DRP per litre can
reach values up to 21.5 mg on grazed pastures ¢Watsal, 2007). However, P
concentrations in overland flow are normally noti@dgto P levels found in rivers and
streams. This is because overland flow only oceuratically and hence it does not
represent a continuous P input to the water bq#ies et al, 2005).

2.6.3.2. Phosphorus leaching

Subsurface runoff or leaching is influenced mos$iysoil physical properties such as
texture, structure, porosity. The soil physicalpgedies help defining the rate of water
movement through soil pores. Thus, the macropaeristing in structured soils or
developing through cracking during dry periodsijli@te rapid bypass flow through the
soil. This reduces the contact time between sall percolating water. The bypass or
macropore flow is the same as surface runoff imsesf P transport.

In the case of grasslands, the P transport takee phostly as subsurface runoff due to
reduced surface erosion. This is because of good d@ver with a high vegetation
roughness coefficient. The P losses through legctake place mostly from sandy-

textured, organic, and heavy-textured clayey sdilsis is because the sandy and
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organic soils usually show little depth of soil fil®to the water-table which is hence
easily enriched with P. In clayey soils, evenakimg subsurface horizon with a large
capacity to absorb P, these top layers becomeydashriched. This is due the bypass
flow down cracks leading to rapid movement of Rh® drains (Heathwaite, 1997). As
opposed to these types of soils, the ones with Ridilxing capacity such as silt loams
are less prone to the P losses in soil solutiorrandff (Tooret al, 2005).

Manure deposition is seen as important source &faPhate because mineral P from
water soluble fraction of manure (Huhtaretnal., 2011) represents a direct source of
PMP, i.e. P vulnerable to transfer to water (Haglgand Jarvis, 1999). Further, the P
from water soluble fraction of manure depositedsoit surface, being highly soluble
(Huhtanenet al, 2011), can be leached and dissolved in soiltsmiwcontributing to
soil P accumulation and eventually saturation (Heaite, 1997).

2.6.4. Farm-gate phosphorus balance and use efficiencgaory farms

Similar to dairy farm-gate N balance, farm-gate &abces typically account for P
inputs in mineral P fertilisers, concentrate feddsages, bedding materials, livestock
and manure, and P outputs in sold milk, livest@t&ps, and manure passing the farm-
gate (Aarts, 2003; Speaes al., 2003b; Nielsen and Kristensen, 2005). Some authors
consider these as partial P balances becausedbayot account for P losses (Weaver
and Wong, 2011). In whole-farm P balances, theee iacluded P inputs such as
precipitation (Weaver and Wong, 2011), atmosphdaposition (Van Keulemt al,
2000; Gourleyet al, 2012) and irrigation water (Weaver and Wong, 2@aurleyet
al., 2012) and outputs such as P losses from mamnagst (Van Keuleet al, 2000).
Phosphorus imports, in the form of concentrate desaatl fertilisers, are key drivers of
increased herbage yields and saleable milk exponnost dairy farms (Aarts, 2003;
Spearset al., 2003; Gourley et al, 2012). However, P imports typically exceed P
exports in milk and livestock exported off the farifyan Keuleret al., 2000). This
imbalance results in surplus P that is either acdatad in soil or lost from the dairy
farms (Arriageet al, 2009; Gourlet al, 2010).

Farm-gate P surplus is commonly used as an enveatahindicator for the risk of
phosphorus losses to the environment (Swensso3; Hithtaneret al., 2011; Weaver

and Wong, 2011). Even if surplus P does not prethet actual losses and loss
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pathways, it is a long-term risk indicator of Pdes (Jarvis and Aarts, 2000). However,
unlike N surpluses which are seen, necessarilygragconomic waste and potential
environmental problem, P surpluses may be necesfarg period of time, on farms
where an increase in soil P content is require@diieve agronomic optimal soil P
(Culletonet al., 1999) without posing a risk to the environmentnénaged correctly.
Surplus P potentially accumulates in the soil (Gouet al., 2010), building soil
fertility, or is lost in eroded material containirgarticulate P or P adsorbed on to
organic-rich clay solil fractions (Kuret al, 2005) or in soluble forms through leaching
(Heathwaite, 1997) or runoff.

Grass-based farms can be sources of diffuse Psl¢ksely et al., 2007), because, by
fertilising grassland with mineral and organic ifesers, high concentrations of PMP are
placed at or near the soil surface, where it maysugceptible to mobilisation and
transport to water bodies (Herlingt al, 2004). These P losses can have negative
environmental impacts such as eutrophication ofaser waters (Clenaghaet al.,
2005), and pollution of groundwater aquifers (Heatite, 1997).

Human intervention in the global phosphorus cy@s mobilised nearly half a billion
tonnes of the element from phosphate rock into Hy@rosphere over the past half
century. The resultant water pollution concerns ehdeen the main driver for
sustainable phosphorus use (Cordllal., 2011). Also, the on-going debate over P
supply and demand together with the concern foemqtiality affected by P lost from
agricultural land support the need to ensure thiatu3ed efficiently on farms (Pieterse
et al, 2003; Syerset al., 2008; Weaver and Wong, 2011; Simpsemnal., 2011).
Therefore, in the EU, the Water Framework Directt@FD) (2000/60/EC) was
introduced with the objective of protecting and mwng groundwater and surface
water bodies’ quality. In Ireland, the WFD was tfinfiplemented as the Water Policy
Regulations (European Communities, 2003), in 20U8.ensure water quality, these
regulations established a concentration limit 0D030.mg Molybdate Reactive
Phosphorus (MRP) litte or 35 pg PQ litre! (European Communities, 2009).
Additionally, the Nitrates Directive (91/676/EECEWropean Council, 1991) has
established the quantity of available P that camapelied to grass and other crops
(depending on factors such as SR, soil test P (8mérrop type) (Table 2.4.).
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Table 2.4. Annual maximum fertilisation rates obpphorus on grassland (European
Communities, 2010a)

Grassland
stocking rate Phosphorus index
(kg organic N h3)
1 2 3 4
Available phosphorus (organic and mineral feeil® (kg P hd)

<130 35 25 15 0
131-170 39 29 19 0
171-210 44 34 24 0
211-250 49 39 29 0
>250 49 39 29 0

However, the P use efficiency (PUE; proportion afiiports recovered in agricultural
exports (Aarts, 2003) in dairy production systesdighly variable. For example, in
Europe, PUE values of between 0.37 and 0.85 haee becorded (Mounsest al.,
1998; Van Keuleret al, 2000; Steinshamet al, 2004; Nielsen and Kristensen, 2005;
Raisonet al.,2006; Huhtaneet al, 2011).

This is because in grass-based dairy productiotesys there is a number of factors
affecting PUE, such as soil P-sorption capacityralation to soil P inputs, uneven
dispersal of excreta leading to uneven soil P ctr{ia grazing enterprises), the ability
of grass plants to convert P from applied mineealilf'ser and manure into biomass in
herbage, utilisation by animals of grass herbagavgrand the biological potential of
cows to convert P from concentrate feeds and herlvag milk (Gourleyet al., 2010).
More effective use of P imports in concentrate $eeshd fertiliser P, and soil P
resources, can potentially contribute to decreasgparts and increased PUE (Nielsen
and Kristensen, 2005; Huhtaneinal.,2011).

The GAP measures are intended to increase PUE etedtion of P within the
production systems and minimise losses from famongvater. However, most of the
existing data on dairy farm P balances in Irelaadedfrom the period before the
implementation of the Regulations in 2006 (Mounsesl., 1998; Treacy, 2008). There
is only one study on farm-gate P balance on Iriginydproduction systems after the
implementation of GAP regulations (Buckley al, 2013). In the European context

also, there are few farm-gate P balances on grasdlased dairy farms (e. g. Van
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Keulen et al, 2000; Aarts, 2003; Swensson, 2003; Nielsen angdtéfsen, 2005;
Raisonet al., 2006). Steinshamat al (2004) and Huhtaneet al. (2011) examined P
balances and use efficiencies in dairy productigstesns but these were based on

modelling and experimental studies.

2.6.5. Lowering phosphorus surpluses and losses

Agriculture was found to be the major contributé® @6) to the total phosphorus in the
Irish surface waters (Tonet al.,2005). Therefore, there is a need to reduce thedes
from farms to surface waters. This can be achidwefinding equilibrium between P
imports in purchased feeds and fertilisers withxpoets in agricultural products at the
same time with maintaining soil P content at satiifry levels for crop requirements
(Simpsonet al, 2011). At farm level, different groups of praes were identified
aiming at different sources of P losses, such asrceo management, manure

management, and transport management. (SharpleRekalainen, 1997).

2.6.5.1. Source management

It is accepted that eutrophication is caused b bl P levels, which are partially the
result of P imports in concentrate feeds and feetit on farms exceeding P exports in
agricultural products. Therefore, reductions insthéwo sources of P imports on farms
can contribute to decreases in soil P levels (Lyarah Caffrey, 1997; Van Keulet al,
2000). Among the strategies aiming at decreasiageth? imports, are the reduced use
of P fertilisers, use of low P content feeds and atphytates instead of purchased
concentrate feeds.

Fertilising grassland with mineral fertilisers amyanic manures can increase P losses
by increasing the concentrations of PMP on soflesa; from where it can be mobilised
by water (Kielyet al, 2007). Mineral P fertilisers have higher effeatincreasing soill

P content than manure in the short term (Tebral, 2005), and this reads as an
increased need to reduce the use of the former a@dpo the latter on farms. Jouany
et al (2004) and Huhtaneat al (2011) found that reducing fertiliser P imports o
farms contributed to decreases in P surplus. Thist fiikely contributes to reduced soill

P content. However, farmers are reluctant in redudertiliser P use, which is
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commonly associated with lower soil fertility. Thatwhy there are promoted practices
such as “equilibrium fertilisation”, meaning that more P is applied than taken up by
the crop (Van Keuleet al, 2000). However, there are two main factors ghatuld be
considered when making decisions about minerallisent P imports and application.
Pastures can take up to 40 kg P tiaring one season (Ryan and Finn, 1976; Pawer
al., 2005). This means that it should be ensured thBP<ontent, coming from organic
or inorganic sources, meets this requirement taiol#conomic herbage yields. Also,
the herbage fed to animals should have a P cormtemtrsatisfying the dietary
requirements of 3.5 mg P kg DMHaygarthet al., 1998). Therefore, the P application
rates should ensure high enough P content of herbagmeet the above feeding
requirement to maintain animal performance.

Also, the intensification of dairy production hassulted in large numbers of animals
producing more manure than can be used by pastueh of the P in such manures is
the inorganic P from animal feeds (Syetsal, 2008). Knowing that ruminants excrete
more than 70 per cent of the ingested P as manwspn and Foy, 2001), any
additional inorganic dietary P in excess to animaked only results in excessive
excretion of P and water soluble P in faeces (Pomedl Satter, 2001) which is
susceptible to P losses. Therefore, reductionar@anic dietary P as to match animals’
requirements (between 3.2 and 4.2 g P kgncentrate; Steinshanat al, 2004) can
reduce P excretion in manures (Sa#eal, 2005). Inorganic dietary P can be reduced
also by adjusting it to the actual levels of praductof the individual animals, with the
older ones receiving less P (Schrodeml., 2011). Arriagaet al. (2009) found that a
decrease in the amount of dietary P by 17 % leadsdecrease in P excreta by 35 %.
The decreased P excreta may contribute to decr@asesurplus (Powell and Satter,
2001) and therefore decreases in the P accumulatgails (Tooret al, 2005). It was
also found that the P content of diets greatlyuiafices the P concentration of runoff
flow from manure-amended fields. For example, wiramure derived from dairy cows
fed a high (49 % of total DM intake) and low (31&ftotal DM intake) P diet were
applied at equal amounts, difference in the amadir® lost through runoff between
plots amended with manure from cows fed high P @& 8 to 10 times greater than
from plots amended with manure from cows fed lowdiBt (Satteret al, 2005).
However, reducing P manure through low P rationpedds very much on the
availability and, especially, prices of low P dmtaingredients. For example,

by-products from ethanol production can be avadladil a low price (Huhtanest al.,
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2011) but they have often a high P concentrationn(distillers grains, 71 % P of total
starch concentration; Eghball, 2005).

Use of phytates originating from the seeds of hgmevn concentrates is
recommended compared with purchased P feeds bedauseminants they are
completely hydrolysed due to occurrence of phytasg/me in the rumen (Watson and
Foy, 2001). This reads as complete utilisation dfdPn phytates by grazing livestock
and minimal P excreta susceptible to losses.

2.6.5.2. Manure management

Considering that approximately 75 % of ingestea Boncentrated feeds and forages is
excreted, P management on agricultural land viaungaapplication is one important
step towards mitigating P losses to surface wd&atieret al, 2005).

Timing and rate of manure application on land stidad carefully considered in order
to prevent P losses through leaching or runoffnfess usually find time for manure
application during autumn and winter. As plant gilove minimal during that time of
the year, the plant uptake is small, and hencepthential for P loss with rainwater is
high (Sharpley and Rekolainen, 1997). In Irelari®e GAP Regulations established
closed periods during which spreading of organidiligers is restricted (between
October and January, depending on the location ha tountry) (European
Communities, 2010a) and the application of manumegmasslands is linked to SR
(Table 2.4).

On permanent grasslands, the continuous and undepaosition of manure often
exceeds pasture requirements for P. This can ed&dccumulation in soil (Sattet
al., 2005; Kielyet al, 2007; Simpsoret al, 2011), which is further susceptible to
leaching. One way of reducing manure depositiorg@sslands is restricted grazing
time. For example, restricted grazing time to alane third has led to a decrease down
to 17 % of the total P excreta at De Marke expemnialefarm in Netherlands (Van
Keulenet al, 2000). Uneven distribution of dung spots is asded with higher STP
levels. The STP levels under dung-pats can be-torémur-fold compared to areas with
no dung-pats (Kielet al.,2007). The rotational grazing and night time coafent to
allow collection and redistribution of manure offelent paddocks could be adopted as

strategies to relief P load on grazed grasslanavi(iezet al., 2004). However, manure
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transportation for spreading it on different paddomcurs supplementary costs (Satter
et al.,2005) often having an impact on decisions relatinganure spreading practices.

2.6.5.3. Phosphorus transport management

Where livestock grazes riparian land, there is uieb between the land and the stream.
This means that little transformation or trappirig?cexported from the land is possible
before it enters the stream. The direct deposibibdung and urine into watercourses
has been shown to be a major source of P in susdesstliment (Richards al, 2009).
Therefore, riparian land needs to be carefully gadao control P losses. This can be
done through introduction of buffer zones of vasiaudths, as necessary, to intercept P
rich runoff, the role of roughness coefficient dfiet vegetation being critical
(Heathwaite, 1997). In Ireland, the width of thdfeuzones varies between 5 and 200
m, depending on the type and the use of the waterce (European Communities,
2010a). As grasslands are also associated withideyable amounts of P losses in
overland flow, strategies to improve soil structarel hence water infiltration should
also be taken into consideration (Watsetnal., 2007). However, improved water
infiltration may lead to increased P leaching.

In Ireland, the buffer zones are not widely adoptie@ to various reasons. Within
Agricultural Catchments Programme, the cost of enpntation of buffer zones was
estimated at €1.51 per linear metre. Fifty-threegaat of 247 interviewed farmers with
regards to their willingness to supply area forfe@utones were not willing to adopt this
measure citing, among other reasons, potentialdbpsoduction area and income, and
risk of proliferation of weeds (Teagasc, 2012). Hwer, the recent reduction of the
buffer zones to 2 m (DAFM, 2012) might have conitédl to increased adoption of this

measure for decreasing P losses by Irish farmers.

2.7.Economics of dairy farms

2.7.1. Economic performance of dairy production systemsaiand

Some authors (Shadbddt al., 2013) proposed farm productivity and profitabilig
measures of grazed-grass based dairy farms’ ecenparformance. Other authors

(Ridler, 2008) doubted the relevance of using petidily parameters, such as
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production per cow or per hectare, SR and kg feed kg milk, as measures of
economic performance on such farms. This is becthesse parameters are strongly
influenced by the size of animals with direct insplions on the feed requirement,
guantity and quality of feeds, and therefore dédferes in associated expenditures and
farm profitability. A number of Irish studies (Std et al, 2004c; McCarthyet al.,
2007) indicated the genetic potential of dairy ca@ssan important factor impacting on
farm expenditures and profitability. The straingshMow milk potential, more suitable
for grazed grass-based dairy production systenwmyesth the highest profitability, of
€586 hd (average value for both studies) or 4.41 centéitte)* milk (average value for
both studies).

Ridler (2008) also argued that the above-mentigmreductivity parameters realistically
reflect the economic performance of grass-baseq daims when accounting for the
different compositions of animal diets in relatimnthe milk yields per cow. In Ireland,
this was well illustrated by Pattaet al. (2012), who found milk yields of 5,606 kg
cow™ associated with animal diets consisting of 57&dg'year of concentrate feeds,
the remainder being grazed grass. Comparativell yields of 6,049 kg co were
achieved with a concentrate input of 1,365 kg ¢gear’, withthe remainder accounted
for by grazed grass.

Besides physical parameters, the importance ohdéiah parameters, e.g. variable and
fixed expenditures, as contributors to farm praiiity, was also stressed in a number
of Irish studies (Shalloet al.,2004b; Donnellaret al, 2011; Humphreyst al., 2012).

In the study of Shalloet al. (2004b), the main variable expenditures were catnates
(€190 h&d) and mineral fertilisers, lime and reseeding (€2@i), whereas the main
fixed expenditure was hired labour (€972"hawith a farm profitability of €1,414 Ha
Donnellanet al. (2011) used profitability as a measure of competitess of Irish dairy
farms, therefore considering both expenditures amiirns. They calculated the
proportion of expenditures out of total dairy outgmilk and livestock sales). The
highest calculated values were for feedstuffs (B6)5 stock-related expenditures (9.4
%) and mineral fertilisers (7.5 %). Humphrestsal. (2012) stressed the importance of
expenditure on mineral N fertiliser in relation tarm profitability by comparing
mineral fertilised grass systems with white cloldased dairy production systems. This
expenditure was €156 fahigher on the fertilised grass systems. Howevee th
profitability was similar for the two types of sgsts (€1,274 h8, mostly due to

similar returns (€2,094 Ha.
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It can be concluded that different managementesji@s can generate different levels of
profitability on grass-based Irish dairy productiegstems. Generally, on grazed
grass-based dairy production systems, the praitialis increased by controlling the
expenditures on buildings, plant, machinery and gromgsed, and making maximum use
of cheap grazed and conserved forages (Chambez@i2).

2.7.2. Economic factors affecting Irish dairy systems

There are a number of identified factors influegcinish dairy production systems,
such as targeted milk yields, SR, input (concees;amineral fertilisers) and output
(milk) market prices, milk quotas, milk quota syste and agricultural and

environmental policies.

2.7.2.1. Targeted milk yields

Typically, on dairy farms, the levels of purchasegplements and ration balancing are
dictated by targeted milk output per cow (Nousiaigeal.,2011; Chamberlain, 2012).
From an economic point of view, this is relevanttérms of feed use efficiency,
reflected by the milk production response to sumgletation (Shalloet al.,2004c) and
expenditures. For example, Shalleb al. (2004c) found an overall milk production
response to increased concentrate supplementdtiom 876 kg cow to 1,540 kg
cow™) of 1.06 litres milk per cow per additional kg @fncentrate, which is at the high
end of the normal response range. However, in bloyeastudy there were differences
between the different strains in terms of respoosenilk production to imported
concentrates. The increase in supplementation eaglalso associated with an increase
of 1.7 c litré* milk in the expenditure on purchased feeds. Sitgjl@attonet al.(2012)
found a milk production response to increased aatngte supplementation (from 578
to 1,365 kg cow year') of 1.53 kg of milk additional kg of concentratdowever,
increased feed supplementation was associatedawithcrease of €16,355 y&an the
expenditure on purchased feed. These two studidsrlime the influence of on-farm
management on expenditures, which ultimately impadiarm profitability.
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2.7.2.2. Stocking rate

The SR may have economic implications on milk nmesuron one hand, and
expenditures on purchased feeds, herd maintenanoeal housing and labour on the
other hand. McCarthet al (2007) found that an increase of 0.27 LU'Ha SR,
without increasing the level of supplementationg&§ cow'), was associated with an
increase of €248 Hain milk returns but also €360 Han total expenditure. However,
the profitability was similar (€630 Ha at lower and higher SR, suggesting that when
land is a limiting factor to dairy production, asoiften happens on Irish dairy farms
(Donnellanet al.,2011; Pattoret al.,2012; Kellyet al.,2013), higher stocked systems
will be the most profitable, due to their capabpilior low-cost high milk productivity
per hectare (McCarthgt al, 2007).

Pattonet al. (2012) reported that an increase of 0.47 LU' firm SR, coupled with
increased level of supplementation (by 787 kg thwas associated with an increase
of €348 h& in milk returns but also €335 fhan total expenditure. However, similar to
McCarthyet al (2007), the profitability was similar (€1,218 Baat lower and higher
SR. This was because increased feed, stock turnabeur, and animal housing-related
expenditures were compensated by the increasedetilkns achieved at higher SR.
These two studies partially support the argumerBrehnan and Patton (2010) that in
grazed grass-based dairy production systems, sEsda SR can determine increases in
farm profitability when there is a good match betweSR and the grass growing
potential of the farm, to allow increased grasksatiion, if at the same time there are no
major additional imports of either concentrate aneral fertilisers, associated with

increased expenditures.

2.7.2.3. Input costs and output prices

Animal feeds and mineral fertilisers are the maiputs which affect the cost of milk
production (Donnellaret al., 2011). Relatively high milk prices (€0.29 litte on
average; CSO, 2012) between 2001 and 2011 andeldiliser N prices (€0.80 kg N

on average; CSO, 2012) between 2000 and 2010lanttdrave encouraged high use of
inputs in the form of mineral N fertilisers (238 kgha!, Treacyet al, 2008; 178 kg N
ha®, Buckleyet al, 2013), and concentrate feeds (between 699 ank@TIM cow,
Shallooet al.,2004c; McCarthet al.,2007; Pattoret al.,2012) on grazed grass-based
dairy production systems. These high fertiliser l@ppons may often be attributed to
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risk aversion to lower yields or incentive emergfr@m fertiliser pricing. The lower the
relative price of fertiliser, the greater the intte@ to apply it to offset potential risk and
yield uncertainty (Buckley and Carney, 2013). Daedlte fact that herbage yields are
not stable during the season and that there ig letgr-annual grass growth variability
(Peyraucet al., 2010), intensive grass-based milk production sgstgenerally rely on
strategic concentrate supplementation during tiofeserbage deficit, to sustain milk
output per hectare at economically viable levelyafRet al., 2011). However, the
volume of bought-in feeds is often driven more by tdesire to produce specific
volumes of product rather than by the most efficiese of inputs. Concurrently, there
has been a general tendency to overlook the impeetaf the ‘free’ resource (pasture)
(Ridler, 2010).

Labour is another important and costly input omydéarms. Farm labour requirement
on dairy farms includes milking, maintenance, dgeass management, calf care,
cleaning, and veterinary as main tasks. The lalependiture, calculated assuming
1,848 hours yedrfor one labour unit, may be equated with an exjerelof €22,855
year! (Shallooet al., 2004b). Finneraret al. (2012) emphasised the importance of
contractor expenditure on grass-based Irish livasproduction systems by comparing
the expenditures on a grazed grass-based with ailage-based livestock production
system. The fertiliser expenditure was €236 higher on the cut silage-based system
due to the contractor spreading expenditure. Timéractor charge alone was €528'ha
higher on the cut silage-based system. These chaggelted in a total feed expenditure
which was €1,156 hhhigher on the cut silage-based system, with patenggative
impacts on the profitability. Therefore, dairy fagre can only keep labour expenditure
under control by questioning and justifying anyraxtoutines undertaken, as well as
relying more on family rather than hired labour &Btberlain 2012), because they have
no control on the size of agricultural wages far tlifferent tasks on their farms.

For any business, a primary economic key drivéhéesdemand for its products and the
resulting price from sales (Von Keyserlingk al., 2013). For the dairy farmer, this
driver is mainly the milk and processed dairy prdduultimately purchased by
consumers. However, the existence of many produmargeting for the sale of milk
means that in today’s market, there is limited pmiy for dairy farmers to influence
the price they receive (Von Keyserlingdt al., 2013). Moreover, due to increasing
instability of milk prices and increasing expend#sion inputs (Soder and Rotz, 2001),

as well as rising labour expenditures (MacDonaldal., 2008), dairy farmers are
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searching for ways to decrease expenditures onpralduction, and grazed grass-based
dairy systems offer opportunities to reduce thegeerditures (Soder and Rotz, 2001;
MacDonaldet al.,2008).

Among the strategies that can be considered tocesdxpenditures on grazed
grass-dairy production systems are the increasesesource (grassland, labour,
supplements) use efficiency (through size of geaskland herd, targeted herbage and
milk yields, quality of supplements and animal k&a (Ridler, 2008; Finneraat al.,
2011; Pattoret al.,2012; Kellyet al.,2013), increases in N-eco-efficiency (the amount
of milk produced per kg of N surplus, Nevegtsal., 2006; Beuket al., 2012), and
accounting for NFRV of organic N contained in aatlurry (Lalor, 2008) or Nfixed

by white clover in pastures (Humphregs al., 2012). Therefore, there has been a
rejuvenated interest in grazed grass-based damgugtion systems internationally
(MacDonaldet al.,2008)

2.7.2.4. Milk quota system

The introduction of milk quotas took place in 1984the EU, as an instrument for
regulating milk production, which had increasednaméically along with associated
expenses for subsidised exports and storage. &nadroduction, the milk quota has
become a scarce production factor, and, as a coeseg, allowed profitable milk
producer prices and maintained dairy activitiedess competitive regions (Kempeh
al., 2011). In Ireland, milk quota is allocated in amts ranging between <50,000 litres
and >450,000 litres per farm, depending on the arsed for milk production.
Supplementarily, dairy farmers lease in milk quabasween 151,109 and 8,487,765
litres (DAFM, 2013a).

In 2008, the “Health Check” decisions of CAP in@ddthe expiry of the milk quota
system after 2014 and an increase of quotas by dnfually from 2009 to 2013 to
allow for a “soft landing” of the milk sector witkxpiring quotas (Kempeet al.,2011;
Gearyet al, 2010, McDonalcet al, 2013). In Ireland, the on-going EU dairy sector
policy reform will result in quota abolition by 1pAl 2015, while milk quotas are being
expanded between 2008 and 2014 to facilitate tladet transition (O’Donnekt al.,
2011). Therefore, the Irish dairy industry is tdngg a 50 % increase in dairy output by
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2020, as set out in the Food Harvest 2020 regoetnational strategy for sustainable
growth of the agricultural sector (DAFM, 2013b).

It is anticipated that the abolition of milk quotasdl create an imbalance between milk
supply and milk demand and therefore high milk @nolatility (Kelly et al.,2012). In
fact, in the EU 27 countries, milk price has beayhly volatile since 2007, ranging
between 27 and 35 c liffe(CSO, 2013). Moreover, the adoption of market gwic
without any subsidy would increase the pressuistémsify, making the intensive dairy
production systems unviable (Gouldiegal., 2008). The economic viability of farms
refers to the ability to generate sufficient fundssustain their production potential in
the long run (European Comission, 2001).

Where quota is not limiting, output from the farsmnaximised through increasing milk
sales until marginal revenue from additional miéites is equal to the marginal cost of
the additional milk produced (McCarthst al, 2007). For example, Shalloet al.
(2004c) reported a €642 hanet profit in a non-quota situation. This profitasv
associated with €254 fidower milk returns caused by a decline in milk price by 4
litre™, which can occur in a market not being constraimganilk supply (Gearet al.,
2012).

2.7.2.5. Agri-environmental legislation

In many developed countries, much of commerciahifiag operates under the influence
of society’s increasingly multifunctional expectats. Such farming must thus be
sustainable within a range of economic and enviemal criteria (Crossomet al.,
2007). Therefore, a comprehensive evaluation ofagement effects on dairy farms
must consider farm performance, environmental irtgpaand potential profit (Rotet
al., 2005).

As grasslands are recognised to have various noleproviding regulating and
supporting services (Peyraad al., 2010), in the EU, grass-based milk production is
regulated by a number of agricultural and environtakpolicies. One of them was the
Luxembourg Agreement, introduced in 2003, whichluded Single Farm Payments
(SFP) to directly support dairy farm incomes. Then avas the reduction in the
intervention support prices for butter and skimmatk powder, which was anticipated
to determine a reduction in the farm-gate milk @siin future years (Donnellast al.,
2011). Due to the Mid Term Review of CAP, SFP haeen decoupled from
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production. The decoupling of SFP was implementedanuary , 2005 in Ireland.
From this date, SPF is applicable to farmers whoelg farmed during the reference
years 2000, 2001 and 2002, who were paid LivesRreimia or Arable Aid in one or
more of those years and who will continue to famihe current year of claiming the
payment (Hennessgt al., 2005). After decoupling, SFP are based on theageer
number of animals or the average number of hect@methe case of Arable Aid) on
which payments were made in the three references {€onnollyet al., 2009). With
decoupling, the farmers still receive these paysiemtgardless of production levels, as
long as land is maintained in accordance with gfaoohing practice (Hennesst al.,
2005).

The GAP Regulations limit the SR and N and P uselr@in farms (European
Communities, 2010a). Additionally, some of theHhrdairy farmers chose to participate
in the Rural Environment Protection Scheme (REFBis was a programme co-funded
by the EU and the Irish government whereby farmersre rewarded financially for
operating to a set of guidelines consistent witlagn-environmental plan drawn up by
an approved planner. Important conditions for naogi REPS financial support were to
limit SR to 2 LU h& and to apply fertilisers to the farming area actwdo fertiliser
plans drawn up for their farms (DAFM, 2013c).

All these regulations have economic implicationdrish dairy farms. For example, the
limits on N and P use imposed through GAP Regulatend REPS, together with any
good farming practice allowing for SFP aids, arestiixely to lower the herbage yields
and the profitability of Irish dairy farms. This liecause the application of N fertilisers
on grass-based dairy production systems is requoesupport DM yields of grass
(Hennessyet al.,2008), and, therefore, assuming maximum grassation by the herd
and all other factors being equal, to increasesgidd intake by the herd, and in turn, to
increase milk production (Stakelum and Dillon 20@hlemanet al., 2010). The P
fertilisation is needed in amounts ensuring that hlerbage fed to animals has high
enough P concentration to satisfy the dietary requents of grazing livestock
(Haygarthet al., 1998). Also, concentrated feeds, which might batéd under good
farming practices, were found to contribute to @ases in milk yields and profitability
on lrish dairy production systems (Shallebal, 2004c; McCarthyet al, 2007; Patton
et al, 2012).
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Moreover, the limit on SR may be associated wittost of compliance, representing
the number of animals that need to be removed ttoamfarm and associated loss of
profit. This cost can reach €2,000’H#&iennesset al, 2005).

On the other hand, the limit on N use may contaliat increased N-eco-efficiency on
dairy farms. Nevenst al. (2006) found that the threshold of maximum 150N\kda*
for N surplus, considered safe for complying whik timit of <50 mg N@ litre” in the
groundwater, can be attained at production levilgodo 10,000 litres milk h§ which
were reached by 18 progressive Flemish farms. getavalue of 85 (range: 60-110)
litres milk kg N* surplus was also established. In Ireland, Dillowd ®elaby (2009)
calculated a mean N-eco-efficiency of 48 litresknkity N* surplus for a range of Irish
dairy production systems recording a mean milkdyifl 7,736 litres haand a mean N
surplus of 162 kg N ha

Another positive aspect of N limit is the possiilto save on expenditures on N
fertilisers. This can be done through the introdurcof white clover in swards, which
can help lowering expenditures on mineral fertibseby €148 hd due to the
replacement of mineral fertiliser N by biologicafixed N in white clover (Humphreys
et al.,2012). Also, in Ireland, there is a price premiuaidpvhen 50 % of annual milk
produced on organic farms is supplied between &dme and March (Keoghbt al,
2010). If this opportunity for niche market (Von y&erlingket al., 2013) is added to
reduction in expenditures on mineral N fertilisetee white clover-based dairy
production systems represent a profitable alteredt mineral N fertilised grass-based
dairy production systems in Ireland (Keogfhal, 2010).

2.7.3. Economic comparison of Irish dairy systems to thosgher countries

Donnellanet al. (2011) conducted a study on the competitivenesth@flrish dairy

sector at farm level under the circumstances « psvalent EU policy supports and
expected abolition of milk quota in 2015. The aushéound that among EU dairy
specialist producers (Belgium, Denmark, France,n@ery, Italy, Netherlands, UK),
Ireland has expenditure disadvantage in terms oferal fertilisers (6.3 % of total
output, compared with 2.32 %, on average, forEkhkproducers), and expenditure
advantage in terms of purchased feedstuffs (3.& %tal output, compared with 4.05

%, on average, for the EU producers).
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As part of GREENDAIRY project, concerned with impements of environmental
performance and competitiveness of dairy farmssdteet al. (2006) studied nutrient
management and economic performance on 139 faroaeld in 9 regions on the
Atlantic seaboard of Europe for three years. Amadingse farms, 47 farms in the
northern regions (Scotland, South of Ireland, aadtlsWest England) and 28 French
farms were grazed grass, maize silage-based daodugption systems, 9 French farms
were <10 % grazed grass, maize silage-based daidugtion systems, while 55 farms
in the southern regions (Basque Country, Galiand, ldorth Portugal) were completely
in-door zero-grazing dairy systems. Mean milk rptei{€1,804 h4) on 24 Irish dairy
farms were lower than mean milk receipts (€2,391) len the Scottish and English
farms and similar to mean milk receipts (€1,812)han the French farms. The average
milk price (27 c litré") received on the Scottish and English farms wagtaccompared
with the Irish farms (30 c lit®, but the average milk yields (8,501 litres*havere
higher compared with the Irish farms (7,757 littes'). Conversely, on the French
farms, the average milk price of the sold milk (3ftre™) was higher but the average
milk yields (5,401 litres h5 were lower compared with the Irish farms.

In the same study, mean concentrate expenditure8285 hd on the Irish farms, with
concentrate inputs of 580 kg cdwompared with €449 Ha on average, on Scottish
and English farms, with 1,890 kg concentrate ¢oan average, and €1,593han
average, on the Spanish and Portuguese farms,38tt6 kg concentrate cowon
average. This reflects the lower input Irish daggtem, with low use of concentrates
and high reliance on grazed grass.

Also, mean net profit on the Irish farms (€643 haas higher than that on Scottish and
English farms (€444 R, French farms (€311 Hand Spanish and Portuguese farms
(€215 hd). It is noticeable that the net margin was thedstvon the Spanish and
Portuguese farms, which were confined dairy fanwwit) zero-grazing, as opposed to
the Irish, Scottish and English farms, which in@dddyrazed grass as an input for milk
production. This is very likely because of the clative effect of much higher feed,
housing, herd maintenance, and labour expenditureése confined farms.

On a unit product basis, mean milk receipts in vgh studies were lower (25 cents kg
milk™®, McCarthyet al, 2007; 28 cents kg mitk Pattonet al, 2012) than mean milk
receipts (35 cents litt® on English dairy farms (DairyCo, 2013). This wasstly
because of higher price (34 cents lfireeceived for sold milk on the English farms
(DairyCo, 2013) compared with the Irish farms (2hts kg milk', McCarthyet al.,
2007; 26 cents kg milk Pattoret al.,2012).
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Mean feed expenditure on Irish dairy farms (6.1dtsd&g milk*, Shallooet al, 2004c;
5.17 cents kg milk, McCarthyet al, 2007) was found to be similar to English dairy
farms (6.23 pence litte Chamberlain, 2012). This was most likely becanfssimilar
mean milk yields (6,625 litres cotwShallooet al.,2004a; 6,576 litres coly McCarthy

et al, 2007; 6,996 litres coly Chamberlain, 2012) associated with similar fesibns.
Wilson (2011) showed that net profit per litre mik linked to milk price and total
expenditure. The author found that the averageeisighet profit (4.00 pence litfeon

50 dairy farms in England was associated with & milce of 23.6 pence litteand a
total expenditure of 18.5 pence lifreDairyCo (2013) emphasised that there is little
impact of milk price on profit, considerable vaitat in profit between farms being
present at any given milk price. Therefore, tharecope to increase profit at any milk
price. This report indicated that total expenditbad the strongest impact on net profit,
with an increase of 11 pence lifrén total expenditure determining a decrease o5 10.
pence litré" in net profit. The highest net profit in the stud Wilson (2011) was
similar to Irish studies (3.37 cents litteShalloo et al, 2004a; 4.15 cents litfe
McCarthy et al., 2007). This illustrates the similarities in protlon systems and
operational management.

It can be concluded that the lower milk yields kalso lower expenditures on
concentrates reflect low input system that is mgpécal in Ireland, with seasonal milk
production (compact spring calving), low use of arted concentrates and forages, and
high use of grazed grass. Comparatively, on contal€Europe (except Britain), it is
common to operate a high input system of dairy peadn, characterised by year-round
milk production, high use of imported concentrated forages, and lower use of grazed
grass. The profitability of dairy farms largely @gls on inputs and outputs prices, but
ultimately on the ability of farmers to identify dmontrol the highest expenditures on
their farms.

Comparatively, the present study, as part of DAIRMW project (Plant Research
International, 2013) focussed on identifying patiasvéor efficient use of increasingly
expensive resources (mineral fertilisers and feadd)for increasing competitiveness of
128 intensive dairy farms in ten regions from newtkstern Europe, of which 21 farms
were Irish dairy farms. This research was conductdtde context of high potential for
nutrient losses due to low efficiency of the useniieral fertilisers and feeds on dairy
farms (Steinshamret al., 2004; Nousiaineret al., 2011) posing threats on their
economic viability (Buckley and Carney, 2013).
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Summary

There is an increasing concern about balancingnagne and environmental gains
from nitrogen (N) usage on dairy farms. Data frord gear (2009-2011) survey were
used to assess farm-gate N balances and N uséemdfic(NUE) on 21 intensive
grass-based dairy farms operating under the GoodcWtyral Practice (GAP)
regulations in Ireland. Mean stocking rate (SR) @& LU ha, mean N surplus was
175 kg h&, or 0.28 kg N kg M3 (milk solids), and mean NUE was 0.23. Nitrogen
inputs were dominated by inorganic fertiliser (386N ha') and concentrates (26.6 kg
N ha'), while outputs were dominated by milk (40.2 kch&') and livestock (12.8 kg
N ha'). Comparison to similar studies carried out befve introduction of the GAP
regulations in 2006 would suggest that N surpleghlper ha and per kg MS, have
significantly decreased (by 114 kg N*hand 0.013 kg N kg M§ respectively) and
NUE increased (by 0.06), mostly due to decreasedganic fertiliser N input and
improvements in N management, with a notable dbiftards spring application of
organic manures, indicating improved awarenesshef fertiliser value of organic
manures and good compliance with the GAP regulatiegarding fertiliser application
timing. These results would suggest a positive chpdthe GAP regulations on dairy
farm N surplus and NUE, indicating an improvememt both environmental and
economic sustainability of dairy production througiproved resource use efficiencies.
Such improvements will be necessary to achieveonatkitargets of improved water
qguality and increased dairy production. The weagaaot of SR on N surplus found in
this study would suggest that, with good managemecrteased SR and milk output per
ha may be achievable, while decreasing N surplushaeMean N surplus was lower
than the overall mean surplus (224 kg NYhdrom six studies of northern and
continental European dairy farms, while mean NUE wiailar, largely due to the low
input system that is more typical in Ireland, w#asonal milk production (compact
spring calving), low use of concentrates, impoffesst and forages, high use of grazed
grass and lower milk yields per ha.
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3.1. Introduction

Irish dairy production systems tend to be relayivetensively managed compared to
other Irish grassland agricultural production syseand are pasture-based, with the
objective of producing milk in a low cost systematligh maximising the proportion of
grazed grass in the cows’ diet. Increasing the gmagn of grazed grass reduces milk
production costs and can increase the profitabiitygrass based milk production
systems in Ireland and other temperate regiondofbgt al., 2005; Dillon, 2011).
Nitrogen (N) inputs, in the form of fertiliser amncentrate feeds, are key drivers of
increased herbage yields and milk saleable outputost dairy farms (Treaost al.,
2008; Ryaret al, 2011; Gourleyet al., 2012). However, N inputs typically exceed N
outputs in milk and livestock exported off the farif@arvis, 1993; Van Keulest al,
2000; Goodlas®t al., 2003; Aarts, 2003; Humphreyt al, 2008). This imbalance
results in surplus N that is either accumulatedaorgst from, the dairy farm (Gourley
et al, 2010; Cherret al.,2012).

As N surplus is commonly associated with excessnedficient N use on farms, as well
as harmful environmental impacts (Leach and Rop&®02; Eckardet al., 2004;
Powell et al, 2010), it is considered to be an indicator ofeptial N losses and
environmental performance (Schroder al, 2003; Carpanet al., 2008). Nitrogen
surplus potentially accumulates in soil organic tera(SOM) (Jarvis 1993) or is lost
through denitrification, nitrate (N§p leaching, ammonia (N volatilisation (Pain,
2000; Jarvis and Aarts, 2000; Del Pradal, 2006) or through runoff to surface waters
(De Vrieset al.,2001). Denitrification is naturally facilitated Ineland, due to common
anaerobic soil conditions and the generally highteot of organic carbon (C) in soils
(between 2 and 7 %; Dillon and Delaby 2009) engbtievelopment of denitrifying
bacteria. These N losses can have negative envaatain impacts such as
eutrophication of surface waters, pollution of grdwater aquifers, ozone depletion,
and anthropogenic climate change (in the case,6f &mnissions) (Leach and Roberts,
2002; Eckardet al., 2004; O'Connelkt al., 2004). It has been emphasised that dairy
production should ideally be achieved in a sustdeananner, without impairing
natural capital (soils, water, and biodiversityo@land, 1997). Improved nutrient use
efficiency has a significant role to play in thevdlepment of more sustainable dairy
production systems (Gouldingt al., 2008). Among the nutrient imports in dairy
production systems, N is particularly importanitas used in large quantities, between
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172 and 301 kg N Ha(Grootet al, 2006; Nevengt al., 2006; Robertst al., 2007;
Ryanet al, 2011; Cherryet al., 2012) but with generally low efficiency (Gouldireg
al., 2008). In Europe, N use efficiency (NUE; propantiof N imports recovered in
agricultural products (Ryaet al., 2012)) values of between 0.17 and 0.38 have been
recorded (Mounsegt al, 1998; Grookt al., 2006; Nevengt al, 2006; Raisoret al.,
2006; Robertset al., 2007; Treacyet al., 2008; Cherryet al., 2012; Oenemat al.,
2012).

In grass-based dairy production systems, thereaarember of factors limiting NUE,
such as N losses from manure, slurry and minersliser management and application
to land (Webket al., 2005), losses from dung and urine deposited bgimgaanimals,
the ability of grass plants to convert N from apgdlimineral fertiliser and manure into
biomass in herbage, utilisation by animals of gradage grown and the biological
potential of cows to convert N from concentratedfeand herbage into milk (Powell
al., 2010). More effective use of N imports in ferglisN and concentrate feeds can
potentially contribute to decreased imports andeased rates of NUE (Groet al,
2006). Irish dairy production systems benefit fromtd winters (5.1°C in January) and
annual rainfall between 800 and 1200 mm, allowiragg growth all year around and an
extended grazing season that can be as long asdfglio November (Humphreyt
al., 2009a), varying with location and soil type. Irdiry farms are unique in Europe
in that the majority operate a seasonal milk prtidacsystem with compact spring
calving (from January to April) so that milk prodio@ matches grass growth. The
proportion of grazed grass in the diet of dairyckts hence maximised (Humphresfts
al., 2009a), allowing for the maximum amount of milk be produced from grazed
grass and reducing requirements for feeding coratenfeeds post-calving (Dilloet
al., 1995). For these reasons, the potential for méfectere use of N on-farm and
management strategies to achieve improved NUE raagxpected to differ from those
of the year-round feed-based dairy production systenore typical of continental
Europe and Britain.

In this context, farm-gate N balances, as the diffee between total N input and total
N output passing the farm-gate (Aarts, 2003), awseful tool for farmers, scientists
and policy-makers to: (i) understand N flows ashehtify potential N losses (Watson
and Atkinson, 1999); (ii) understand factors affegt and develop strategies to control,
potential N losses (Gourlest al, 2007; Beukest al, 2012); and (iii) increase farmers’

awareness of environmental regulations on farms anglementation of these
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regulations to control N losses to the environn{@gnemeet al.,2003; Carpanet al.,
2008).

In the European Union (EU), the Nitrates Direct{@&/676/EEC) (European Council,
1991) has established guidelines in relation tmiiag practices to reduce N@aching
that are implemented in each member state throu@jatsonal Action Programme
(NAP). In Ireland, these are legislated as the Gdaplicultural Practice (GAP)
Regulations (European Communities 2010), first @assn 2006. Under the
Regulations, farms are limited to a stocking ra®&R) of 170 kg organic N Ha
equivalent to 2 livestock units (LU) haor 2 dairy cows ha The Regulations also
establish the quantity of available N that can peliad to grass and other crops
(depending on factors such as SR or crop type)yaheme of slurry and slurry storage
required (depending on factors such as rainfall stndk type and number) and closed
periods in winter months during which spreadingoganic and inorganic fertilisers is
restricted (depending on location in the countag)well as other measures on farm yard
and field management aimed at minimising N lossewater. Farmers can apply for
derogation to stock at up to 250 kg organic N' K29 LU ha'), subject to more
stringent requirements, and this derogation isgyadly taken up by the more intensive
dairy farms.

Although explicitly aimed at decreasing N lossesvater, these Regulations might be
expected to have improved NUE on farms, as mosh®fmeasures aim to decrease
losses by increasing retention of N within the pr@en systems. However, most of the
existing data on dairy farm N balances in Irelaradedfrom the period before the
implementation of the Regulations in 2006 (Mounetwl., 1998; Treacyet al., 2008).
Ryanet al. (2011) and Ryaet al. (2012) examined N balances and use efficiencies in
Irish dairy production systems but these were basednodelling and experimental
studies. In the European context also, there avefdem-gate N balances on grassland-
based dairy farms post the implementation of thealkis Directive (e. g. Groett al.,
2006; Nevengt al, 2006; Raisomrt al.,2006; Robertgt al, 2007; Cherret al.,2012;
Oenemeet al, 2012).

Therefore, the objectives of the current study wéjeto assess farm-gate N balances
and use efficiencies on 21 commercial intensiveydarms operating under the Nitrate
Regulations in Ireland and compare these to pratfaagns studies to investigate the
impact of the Regulations; (ii) to identify the facs influencing NUE on these farms;

(i) to explore potential approaches to increas¢ENand decrease N surpluses on these
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farms. For this purpose, data on N imports and ggpeere recorded on 21 dairy farms
participating in the INTERREG-funded DAIRYMAN prajeover 3 years, from 2009
to 2011.

3.2.Materials and Methods

3.2.1. Farm selection and data collection

Twenty-one commercial intensive dairy farms werleced, located in the South of
Ireland, in counties Cork, Limerick, Waterford, perary, Kilkenny, and Wicklow.
These farms were pilot farms involved in the INTERRfunded DAIRYMAN project

(www.interregdairyman.gufocusing on improving resource use efficiency aairy

farms in Northwest Europe. Farm selection was basethe likely accuracy of data
recording, 8 of the farms in the current study hgween involved in a previous similar
study (GREENDAIRY; Treacyet al., 2008), and all the farmers being willing to
provide data. The selected farms were known agyh@iagressive in their approach to
farm management and, therefore, may not be fulyesentative for the Irish dairy
industry as a whole. However, comparing farm astacking rate and milk yield per
cow showed that the farms were close to, but dlighibove, the national average for
dairy farms. Grass-based milk production from gproalving cows was the main
enterprise on all the selected farms.

Key farm characteristics are given in Table 3.1.aNld¢otal utilised agricultural area
(TUAA) was 71 (S.D. = 24.8) ha, mean SR was 2.08(S 0.32) LU hd, and mean
milk yield was 5,308 (S.D. = 464) litres () cdwbetween 2009 and 2011, whereas
national mean values for dairy farms were 52 halldAA, 1.90 LU ha' for SR, and
4,956 litres cow for milk yield, between 2009 and 2011 (Connody al, 2009;
Hennessyet al., 2010; Hennessgt al., 2011). Seventeen of the farms in the current
study participated in the Rural Environment PratectScheme (REPS). This was a
program co-funded by the EU and the Irish goverrntmdrereby farmers were rewarded
financially for operating to a set of guidelinesnsstent with an agri-environmental
plan drawn up by an approved planner. Importantdtmms for receiving REPS

financial support were to limit SR to 2 LU hand to apply N fertilisers to the farming
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area according to fertiliser plans drawn up forhelazm (DAFM, 2013c). Eight of the
21 farms had a SR higher than 170 kg organic Ndra2 LU h&'. According to GAP
regulations and REPS conditions (for the partiagngatarms), these farms had to apply
for a derogation allowing a maximum SR of 250 kgamic N h& or 2.9 LU h&.
However, the 17 farms closely adhering to GAP ragohs were not fully
representative of the Irish dairy farms and thiy m@s the interpretation of the results
of the current study.

Data were collected on a monthly basis between 2002011 on the selected farms.
The information collected included grassland aegaa under crops, type of crops and
percentage of crops fed to livestock, livestock harma and type of livestock, number of
days spent grazing, and imports of manure, congenteeds, bedding material, silage,
mineral N fertilisers and other agro-chemicals, vesl as exports of milk, crops,
manure, and silage. For mineral N fertilisers, anteumported onto farms as well as
amounts applied to land were recorded on a mofitasys. For year 2009, similar data
were obtained from farm records and farm advidoega collected for the 3 years were
cross-checked with secondary data sources suchnge $rarm Payment forms and
Nitrates’ Declaration forms (data forms requirednfr farmers for participation in state
schemes) (DAFM, 2013a, b). Data on livestock impahd exports were extracted
from the Dairy Management Information System (DANRNS) (Crosse, 1991). Values
for amounts of milk sold off the farms were extemttfrom the reports on milk
deliveries coming from the cooperatives suppliedthy farmers. Data on soil types
were extracted from REPS forms for the particigaferms and from the national soil
survey (Finch and Gardiner, 1993) for the remainBata on mean annual rainfall and
temperature were extracted from an Irish MeteololddgService database for different
weather stations located in, or close to, the afestiudy, at Cork airport, Roche’s point,
Gurteen, Johnstown Castle and Oak Park (Irish Melagical Service, 2013).
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Table 3.1. Total utilised agricultural area (andpcarea), annual air temperature, annual
rainfall, stocking rate, milk yields, milk solidxorts, concentrate feeds, and estimated
harvested grass through grazing and silage; sod tgr 21 Irish dairy farms between
2009 and 2011

TUAA Temp. Rainfall Soil SK Milk MS Conc Gras:
Farm (crops) (°C) (mm type (LU ha') yield exports (kg DM (kg DM
(ha) year?) (Icow®) (kgha') LUM LU

1 85 9.€ 1,071 CL 2.1% 5,31¢ 61¢ 26¢ 4,13¢
2 67 9.6 1,12¢ C 2.4]1 6,01( 782 49¢ 4,16¢
3 73 9.6 1,12¢ C 2.07 5,68¢ 664 221 4,304
4 50 10.1 1,37: L 2.6¢ 5,30¢ 70¢ 571 3,691
5 74 (1.2 10.1 1,37: L 1.82 5,14¢ 51C 611 3,891
6 63 (3.9 10.1 1,37: L 1.92 5,672 61z 56¢ 3,632
7 47 9.€ 1,077 L 2.4] 5,08( 781 471 3,92:
8 58 10.1 1,37: C 2.5 5,671 74¢ 58( 4,03
9 51 9.€ 1,077 C 2.01 5,431 62( 46¢€ 4,08¢
10 130 10.1 1,37: L 1.97 5,207 544 394 3,89¢

(5.5)
11 40 10.1 1,37: L 2.3¢ 4,22¢ 562 61t 3,50¢
12 52 101 1,37: L 1.7 5,61 527 604 3,88¢
13 81 9.€ 1,077 C 1.8¢4 5,29( 531 71C 3,73(
14 96 (6.7 9.€ 1,12¢ SL 1.8(¢ 4,41¢ 437 30z 3,472
15 12¢ 9.€ 1,12¢ L 1.8¢ 4,671 44¢ 484 3,85¢
16 78 10.z 1,45: C 1.5¢ 6,03¢ 474 801 3,74¢

(13.4)
17 72 9.€ 1,077 C 2.4% 4,92¢ 707 463 4,00z
18 48 9.6 1,12¢ CL 1.92 5,54¢ 53z 732 3,56
19 71 (2.3 9.6 1,12¢ C 2.22 5,50( 362 251 2,91¢
20 76 (6.2 10.1 1,37: SL 1.97 5,17¢ 584 26t 4,011
21 48 (1.6 10.1 1,37: L 1.4C 5,522 442 38¢ 4,10¢
Mear 71 (5.6 9.¢ 1,23¢ - 2.0€ 5,30¢ 581 488 3,83
S.D 24.8 0.2z 14t - 0.32 464 11¢ 16€ 30¢

(3.91)

TUAA, total utilised agricultural area; temp., teengture; CL, clay-loam; L, loam; C, clay; SL, sandy
loam; SR, stocking rate; LU, livestock unitslitres; MS, milk solids; conc., concentrate feg®M, dry
matter; S.D., standard deviation.
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The annual amount of pasture harvested throughngrand silage on each farm was
modelled using the Grass Calculator (Teagasc, 2044¢d on the difference between
the net energy (NE) provided by imported feeds ¢eotrates and forages) and the net
energy requirements of animals for maintenancek mibduction, and body weight
change (Jarrige, 1989). It was assumed that 1 kgndtter (DM) of grass equals 1 feed
unit for lactation (UFL).

Stocking rate was expressed as LU per ha for TUBAe dairy cow was considered
equivalent to 1 LU and 1 bovine less than 1 yedregjuivalent to 0.3 LU (Connoligt

al., 2009).

3.2.2. Farm-gate nitrogen inputs, outputs, balances arelefficiencies

Nitrogen inputs and outputs were calculated bothaamonthly and an annual basis.
Nitrogen in fertiliser N was calculated by takimgd account the N content of fertilisers
applied to land. Monthly imported amounts of coricate feeds and forages were
assumed to be exhausted in the end of each moittlogdh imports in concentrate
feeds, forages and bedding material onto farms walilated by multiplying the total
quantity by its crude protein (CP) concentratiomidbdd by 6.25 (McDonalcet al,.
1995). Nitrogen fixed by clover was not includedaasinput due to the low prevalence
of clover on the farms and resultant small contidsuto the N budget (Gourlest al.,
2007). Nitrogen in livestock imported onto, or lewy the farms was calculated by
using standard values for live weight (Treacy, 208@8d multiplying it by 0.029 for
calves and by 0.024 for older animals (ARC, 19%Mjrogen in exported milk was
calculated by dividing the milk protein concentoatby 6.38 (ARC, 1994).

The farm-gate N balance was calculated as therelifée= between total N input and
total N output and was expressed on both an aeesis$ kg N hd) and a unit product
basis (kg N kg milk solids (MS)) (Ryaret al., 2012). Nitrogen use efficiency was
calculated as the ratio between total N output &otdl N input, expressed as a

proportion (Swensson, 2003).
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3.2.3. Statistical analysis

Descriptive statistics were applied using SPSSaloutate means and standard errors
(Darren and Mallery, 2008). Normal distributionretiduals was tested using Shapiro-
Wilk, with values lower than 0.05 indicating a noormal distribution. The log
transformation was required to ensure homogendityadance (Tunneyet al, 2010)
for some of the variables. Therefore, TUAA, milk fand protein concentration, N
inputs per ha from fertiliser N, concentrate feeltwages, bedding material and
livestock, NUE, N inputs per kg MS from fertilis®rand concentrate feeds, MS exports
per cow, comparative N inputs from concentrate, ¥doets in sold milk, and NUE
between the current study and two previous sinstadies were transformed using a
log10 base (y=log10(x)).

Differences in mean TUAA, SR, milk yields, milk pein and fat concentration,
concentrate feed imports, N inputs, N outputs, ilss, NUE and surplus N per kg MS
between years and farms were analysed using repea@sures NOVA. A significance
level of 0.05 or less (0.01 and 0.001) indicateakisically significant differences
among the means. A significance level of 0.05 ghér indicated a 95 or higher percent
of certainty that the differences among the meagsewot the result of random chance
(Darren and Mallery, 2008). Such results were pregkas not significant (NS).

The statistical models included farm and year ¢df@mn each of the tested variables.
The 21 farms were considered as replicates. Theelmoded were:

1. Y= 4 + a+ g where Y = tested variable, & the effect ofith farm
(i=1,....,21), and;e= the residual error term;

2. Yi= W + b+ @ where Y = tested variable,; b the effect ofth year [ = 2009,
2010, 2011), and; e the residual error term.

Multiple stepwise linear regression was undertakeimvestigate relationships between
key dependent and independent variables present&a@ble 3.2. The choice of the
statistical models was dependent on the potengalfeance of independent variables
and their potential impact on the dependent vagbNon-significant (P > 0.05)
independent variables were automatically removedifthe models (Table 3.2). The
probability for acceptance of new terms (F) wasO0(Groot et al, 2006) and the
confidence interval was 0.95. All relationshipsvie¢n variables were assessed for
outliers, normality and colinearity. Any identifiexiitliers were diminished through log
transformation.
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Table 3.2. Investigated and digant multiple stepwise linear regression models

Investigated Significant

LgFN = n +BLgTUAA + BSR +BMSE +BGD + Gest LgFN = i1 + SR Hoest

LJCN = n +BSR +BMSE+BGD + cest NS

MN = p +BSR +BMSE +BGD + BLgFN +BLJCN + cest MN = H + SR+0egt

LN = p +BSR +BGD +BLgFN +BLGCN + cegt NS

NSR = p #LgTUAA + BSR +BMSE +BGD+ BLgFN +BLgCN +0est NSR = H3SR +BLgFN + BLGCN + cest
LgNUE = u +BSR +BMSE +BGD +BLgFN +BLGCN + cest LgNUE = - LgFN +oest

NMS = p +BLgMS +BGD + BLgFNMS +BLJCNMS +Gest NMS = p +LgFNMS +BLGCNMS - BLGMS Gest

LgFN, mean log transformed fertiliser N input; LgQbg transformed concentrate N input; MN, milk dtgut; LN, livestock N output; NSR, N surplus
per ha; LQNUE, log transforni¢dise efficiency; NMS, surplus N per kg milk solitlg TUAA, mean log transformed total utilised agiiaral area;
SR, stocking rate; MSE, milkide exports per ha; GD, number of days spent gtaigMS, log transformed milk solids exports pewg LgFNMS,
log transformed fertiliser Npint per kg milk solids; LQCNMS, log transformed centrate N input per kg milk solid8; standardized coefficient of
regressiongs, standard error of the estimate; NS, not sigmifica
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Uncertainty analysis was carried out by calculating coefficient of variation as the
ratio between standard deviation and mean valuai(®pet al., 2010) for each N
input, N output, N balance and NUE on the 21 fabetsveen 2009 and 2011, expressed
as a proportion.

3.3.Results

3.3.1. Nitrogen inputs

There was a high degree of variation in mean Ntspwetween years and farms (Table
3.3). Mean total N input was 228 kg N “h4Table 3.3.). There were significant
differences in mean total N input between farmsgirg from 118 to 301 kg N Ha
over the 3 years (Table 3.3.). The coefficient afiation (mean value divided by
standard deviation) for mean total N input betwéems was 0.25 over the 3 years.
There were also significant differences in meamltdt input between years, ranging
from 191 kg N hd to 265 kg N ha (Table 3.3.). The main sources of N input onto
farms were mineral N fertilisers and concentraed$ accounting for 0.81 and 0.11,
respectively, of total N input. Mean fertiliser Nput was 186 kg N Ha(Table 3.3.).
There were significant differences in mean feeilidN input between farms, ranging
from 101 to 261 kg N Khover the 3 years (Table 3.3.). The coefficienvariation for
mean fertiliser N input between farms was 0.27 aver 3 years. There were also
significant differences in mean fertiliser N infhétween years, ranging from 160 kg N
ha® to 209 kg N ha (Table 3.3.). On a monthly basis, mean fertiliseinput was
highest between March and June, at 40 (S.D. = 44N ha" (Fig. 3.1). Mean
concentrate N input was 26.6 kg N'h@ able 3.3.). There were significant differences
in mean concentrate N input between farms, ranfyjong 7.7 to 40.3 kg N Khover the

3 years (Table 3.3.). The coefficient of variation mean concentrate N input between
farms was 0.39 over the 3 years. There were algoifisant differences in mean
concentrate N input between years, varying betv@e8 kg N hd and 34.4 kg N h&
(Table 3.3.).
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Table 3.3. Mean values (and standard €xrgrand means between years and ranges betwesnfta N inputs in mineral
fertilisers, concentrate feeds, foragesiding material and livestock, N outputs in solékrand livestock, farm-gate N
balances, N use efficiencies and surplggiNkg milk solids for 21 Irish dairy farms betwe2009 and 2011; standard
error of the means for transformed datlarackets; P-values from ANOVA are included

Granc Rang

Year mean S.E.M. farms P-value
200¢ 201( 2011 Y F
N inputs (kg N h™)
Mineral fertilisers 16C 20¢ 191 18¢€ 7.50(0.01 101- 261 <0.0t <0.00:
Concentrate fee 25.2 34.¢ 20.1 26.€ 1.70(0.03 7.7-40.2 <0.0¢ <0.00:
Foragt 0.C 14.% 10.¢ 12.¢ 2.94(0.06 0.6-41.¢ <0.0¢ NS
Bedding materi 0.C 4.7 3.4 4.C 0.63(0.04 0.9-12.¢ <0.00: NS
Livestock 5. 2.2 3.€ 3.€ 1.41(0.04 0.1-11.1 NS NS
Total 191 265 22¢ 22¢ 8.4: 118- 301 <0.01 <0.00:
N outputs (kg N h?)
Milk 37.4 43.% 39.¢ 40.2 1.1 26.8-55.2 NS <0.00:
Livestock 112 139 13.¢ 12.¢ 0.6¢ 6.7-23.2 NS <0.01
Total 48 57.2 53.2 53.( 1.62 37.1-75.2 <0.0t <0.00:
N balance (kg N ') 14z 207 17¢€ 17¢ 7.4C 69 - 23¢ <0.01 <0.00:
N use efficiency 0.2¢ 0.21 0.2:¢ 0.2:¢ 0.009(0.01< 0.18-0.4- NS <0.01
Surplus N kg kg M™ 0.2¢ 0.32 0.2¢ 0.2¢ 0.001 0.16-0.44 NS <0.0¢

N, nitrogen; MS, milk solidS;E.M., standard error of the mea¥syear; F, farm; NS, not significant.
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There was a significant positive relationshig €R0.49; P < 0.001) between mean log
transformed fertiliser N input and mean SR. An éase of 0.07 LU Kain mean SR
was associated with an increase of 0.01 (9, noistvamed) kg N ha in mean log
transformed fertiliser N input. There was no sigaift relationship between mean log
transformed concentrate N input and mean SR, M®réxpnd number of days spent
grazing (Table 3.2).

3.3.2. Nitrogen outputs

Mean total N output was 54.3 kg N*hérable 3.3.). There were significant differences
in mean total N output between farms, ranging f@#rl to 75.3 kg N haover the 3
years (Table 3.3.). The coefficient of variatiom foean total N output between farms
was 0.19 over the 3 years. There were also significlifferences in mean N output
between years, ranging from 48.7 kg N'ha 57.2 kg N ha (Table 3.3.). The main
sources of N output were sold milk and livestockeaunting for 0.76 and 0.24,
respectively, of total N output. Mean milk N outpuas 40.2 kg N h§ ranging from
37.4 kg N hi to 43.3 kg N ha (Table 3.3.). There were significant differenaesriean
milk N output between farms, ranging from 26.8 ®&3%kg N h# over the 3 years
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(Table 3.3.). The coefficient of variation for meanlk N output between farms was
0.19 over the 3 years. Mean livestock N output %28 kg N hd, ranging from 11.3
kg N ha' to 13.9 kg N ha (Table 3.3.). There were significant differencesniean
livestock N output between farms, ranging from ®.23.3 kg N ha over the 3 years
(Table 3.3.). The coefficient of variation for mebwestock N output between farms
was 0.31 over the 3 years.

There was a significant positive relationshig €R0.49; P < 0.001) between mean milk
N output and mean SR. An increase of 0.07 LU inamean SR was associated with an
increase of 1.43 kg N Han mean milk N output. There was no significanatienship
between mean livestock N output and mean SR, numbeiays spent grazing, log
transformed fertiliser N input and log transforneeshcentrate N input (Table 3.2.).

3.3.3. Nitrogen balance and nitrogen use efficiency

The N balance on all farms was in surplus. Mearuiylas (N inputs less N outputs)
was 175 kg N ha (Table 3.3.). There were significant differencesriean N surplus
between farms, ranging from 69 to 239 kg N'fwver the 3 years (Table 3.3.). The
coefficient of variation for mean N surplus betwdamms was 0.29 over the 3 years.
There were also significant differences in mearulplsis between years, ranging from
142 kg N hi to 207 kg N ha (Table 3.3.). Mean NUE (N outputs divided by Nitg)
was 0.23, varying from 0.21 to 0.25 (Table 3.3hefe were significant differences in
mean NUE between farms, ranging from 0.18 to Ovkt the 3 years (Table 3.3.). The
coefficient of variation for mean NUE between farwss 0.20 over the 3 years. Mean
surplus N per kg MS was 0.28 kg N kg MSanging from 0.25 kg N kg M5to 0.32
kg N kg MS! (Table 3.3.). There were significant differencesriean annual surplus N
per kg MS between farms, ranging from 0.16 to &kgd\ kg MS' over the 3 years
(Table 3.3.). The coefficient of variation for meamrplus N kg MS between farms
was 0.24 over the 3 years.

There was a significant positive relationshiff €0.91; P < 0.001) between mean N
surplus and mean log transformed fertiliser N inffut 0.91), mean log transformed
concentrate N inputp(= 0.14), and mean SB & 0.02). An increase of 0.01 (9, not
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transformed) kg N Hain mean log transformed fertiliser N input, 0.0R63, not
transformed) kg N Hain mean log transformed concentrate N input ab@ QU ha’ in
mean SR was associated with an increase of 8 kg*NhtN surplus.

There was a significant negative relationship £/0.42; P < 0.001) between mean log
transformed NUE and mean log transformed fertildanput 3 = -0.42). An increase
of 0.01 (9, not transformed) kg N han mean log transformed fertiliser N input was
associated with a decrease of 0.019 (0.012, nmtfoemed) in NUE.

There was a significant relationship?@R0.88; P < 0.001) between mean surplus N per
kg MS and mean log transformed fertiliser N inpet gg MS $ = 0.90), mean log
transformed concentrate N input per kg MiS=(0.17) and mean log transformed MS
export per cowff = -0.15). An increase of 0.018 (0.012, not tramsfed) kg N kg MS

in mean log transformed fertiliser N input and 0(0203, not transformed) kg N kg
MS? in mean log transformed concentrate N input wasaated with an increase of
0.01 in surplus N per kg MS. An increase of 0.03, (iot transformed) kg MS cohin
log transformed MS exports per cow was associatidd avdecrease of 0.01 in surplus
N per kg MS.

3.4.Discussion

Total N input, output and surplus in the currenidgtwere close to, but slightly above,
the national average for dairy systems and NUEche=e to the national average found
by Buckleyet al (2013) (mean total N input of 178 kg N'hanean total N output of 41
kg N ha', mean N surplus of 139 kg N hand mean NUE of 0.24) for a nationally
representative sample of 195 specialist dairy falon®2009-2010. This would suggest
that results from this study can be taken as inveaf the national situation.

The overall coefficient of variation for N inputsutputs, balances and NUE, of 0.27,
was above the generally accepted limit of 0.10 {dfdt al., 2003) but within the limit
of 0.30 reported in other studies on farm-gate ientrbalances (Swensson, 2003;
Nevenset al, 2006; Fangueiret al.,2008).
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3.4.1. Factors affecting N balances and use efficienceess farms

Differences in fertiliser N input between farms weprincipally associated with
differences in SR, with a significant positive telaship between fertiliser N and SR.
In a grazed grass-based dairy production systesrgased SR requires increased grass
DM intake by the herd (Stakelum and Dillon, 2007¢lé€nan et al., 2010) and
therefore, assuming maximum grass utilisation l®/hbrd and all other factors being
equal, increased DM vyields of grass and, in turareased requirement for fertiliser N
input (Hennessgt al.,2008). However, overall available N input can posdly exceed
pasture N requirement and factors such as applicasites, forms and timings can lead
to inefficient use of N. Stocking rate explainedlyo.49 of the variation in mean
fertiliser N input. The remaining variation may é&eplained by factors such as advisory
impact and understanding and planning on the pértthe farmer, economic
considerations and weather and grass growth conditi

Concentrate N input was closely associated withomgal concentrate feeds, ranging
between 221 and 801 kg DM [lbetween farms. Feed imports were likely determined
by harvested grass, ranging between an estimagd® Znd 4,304 kg DM LU and
targeted milk yields per cow, ranging between 4,286 6,038 litres cow Targeted
milk yields per cow were included in developmerdrd introduced in 2009 for each
farm by farm advisors. One of the goals in the @gv@aent plans was increased milk
yield per cow by amounts ranging between 100 arfdlli@s cow’ between 2009 and
2011.

Differences in milk N output were associated wiiffedences in SR between farms.
The significant positive relationship between mik output and SR implies that
increasing SR is an effective strategy to increadk N output. Further, this could
positively affect N surplus and NUE, because N afdsanilk was the main form of
exporting N inputs off the farms. However, from 228N ha' of mean total N input,
only 40.2 kg N hd or 0.17, on average, was exported in sold milkamirey that the
impact of milk N output on N surplus and NUE wathea low. The N content of sold
milk is very unlikely to increase and, therefotgere is a need to optimise the use of N
inputs relative to N outputs in milk, especiallytigser N, to decrease N surplus and
increase NUE.
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The fact that N surplus increased principally widntiliser N input, but also with
concentrate N input and, to a much lesser exteith 8R, suggests that decreasing
fertiliser N and concentrate N inputs may be thestnadfective strategy to decrease N
surplus. The weak impact of SR on N surplus woulgigest that SR can be increased
without considerably affecting N surplus. This aportant implications in the context
of achieving increased dairy production as is eagesl in the Food Harvest 2020
targets for Ireland (DAFM, 2013d), in that it sugtgethat, with good management, the
SR increases that may be necessary on some farashieve these targets, may be
achieved without increasing N surplus. While NUErgased with increasing fertiliser
N input, fertiliser N input explained only 0.42edriation in NUE. The remainder could
be attributed to farm-specific efficiency of N retigg and N losses between soil,
pasture, animals, and milk and livestock for exgbiielsen and Kristensen, 2005) and
other factors such as improved animal breeds (Rytaal, 2011), farmers’ level of
education, improved grass cultivars. A decreaséeirtiliser N input combined with
improved on-farm N recycling can increase NUE. loyad nutrient recycling on farms
is one of the targets in the Food Harvest 202@natistrategy for sustainable growth of
the agricultural sector (DAFM, 2013d).

Results suggest that a combination of decreaséilstsr N and concentrate N inputs
and increased MS exports per cow can contributeetinced surplus N per kg MS.
However, this situation is difficult to achieveangrazed grass-based production system
because, all other factors being equal, increased intake is required to increase MS
production per cow (Horan, 2009) and this is tyjhycachieved through increased
fertiliser N (to increase grass yields) and coneaatN inputs (Colemaat al., 2010).
However, increased MS production per cow may beeaable while minimising
fertiliser and concentrate N use by optimising otheanagement aspects such as
grazing management, grass utilisation (O’'Donogtal., 2002; Kennedt al., 2005),
management of all on-farm nutrient sources (Peyramd Delaby, 2006), and
management of herd genetic potential (Beetyal., 2007). On the other hand, an
increase in MS production per cow can lead to emed N surplus per ha and
potentially higher N losses.
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3.4.2. Factors affecting N balances and use efficienamsss years

Nitrogen inputs and N surplus were greater and NS lower in 2010 compared to
2009 and 2011. The increased inputs were probabsupport a SR that was 0.18 LU
ha' greater than 2009 and 0.19 LU'hgreater than 2011 and were mainly in fertiliser
N (mean of 0.81 of N input), being 49 kg N“hgreater than 2009 and 18 kg N’*ha
greater than 2011. The higher fertiliser N inpu610 might also be partially due to
lower mean temperatures between March and May 0 48.5°C) compared with
2009 (9.1°C) and 2011 (9.6C) (Irish Meteorological Service, 2013), associateth
poorer grass growth rates between March and Ma30iD (52.1 kg DM haday?)
compared with 2009 (57.5 kg DM Tday) and 2011 (63.3 kg DM Halay") (Teagasc,
2013) so that additional N fertiliser may have bespplied later in the year to
compensate. These results highlight the necesditpssessing balances and use
efficiencies in aggregate over a number of yeaseaults from a single year can reflect
variability in weather and other factors.

The higher SR in 2010 was also associated withenifged imports, both in kg per ha
and in kg per LU, and with higher milk yields peng of 5,411 litres cow in 2010
compared with 5,120 litres colin 2009 and 5,291 litres cawin 2011. This equates to
a response of 2.40 litres milk kg DWbf additional concentrate feed compared with
2009 and 0.69 litres milk kg DMcompared with 2011. A similar response in milk
production, of 1.06 kg cow per additional kg of imported concentrate feedasw
reported by Shalloet al. (2004).

Despite increased output in milk and livestock @1.@, the increase in fertiliser N and
concentrate N inputs resulted in an increase inuiylgs (207 kg N HY of 32 %
compared with 2009, and 15 % compared with 201deaease in NUE, and also an
increase in surplus N per kg MS. Others have faimdlar results (Treacgt al.,2008;
Humphreyset al., 2008). The principal reason would appear to beaiggahs in the
efficiency of N use associated with the increasteitiliser N input.
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3.4.3. Nitrogen balance and use efficiency before and #fie GAP regulations

The results of the current study were compared siithlar studies, completed between
2003 and 2006 (Treaost al., 2008) and in 1997 (Mounsest al., 1998), before the
introduction of the GAP regulations, to investigap@ssible impacts of these
Regulations on N balances and NUE on Irish dairgné&a The study of Treacst al.
(2008) was carried out on 21 intensive dairy farofisyhich 8 were also involved in the
current study, whereas the study of Mounséyal. (1998) was on 12 intensive dairy
farms. These intensive farms had SRs of 2.37 LU(fiaeacyet al.,2008) and 2.58 LU
ha® (Mounseyet al., 1998), respectively, compared with the nationatrage SR of
1.85 LU h& in 2005-2006 (Connolhet al, 2006; 2007) and 1.47 LU han 1997
(Fingleton, 1997) (Table 3.4.). Mean N surplus wagnificantly lower (P < 0.001) in
the current study, at 175 kg N hathan Treacyet al. (2008) (227 kg N h8 and
Mounseyet al. (1998) (289 kg N H3), while NUE was significantly higher (P < 0.001),
at 0.23, compared to Treaeyal. (2008) (0.19) and Mounsey al. (1998) (0.17) (Table
3.4.). Similarly, mean surplus N per kg MS was Higantly lower (P < 0.001), at 0.28
kg N kg MS!, compared to Treaost al. (2008) (0.37 kg N kg M%) and Mounseet
al. (1998) (0.41 kg N kg MY (Table 3.4.). Results suggest a trend for deerkas
surplus per ha and per kg MS and improved NUE @ ldairy farms over the period
covered by these studies (1997 to 2011) and fotigwhe introduction of the GAP
regulations in 2006. This trend would have botloagmic and environmental benefits,
indicating a move towards improved sustainabilifydairy production, at least with
regard to N. This demonstrates that is possiblémorove both environmental and

economic sustainability of dairy production througtproved resource use efficiencies.
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Table 3.4. Comparative mean values (and standaodsgrfor total utilised agricultural
area, stocking rate, national average stocking, naitk yield, milk protein and fat
concentration, concentrate feed, imports of N imeral fertilisers, concentrate feeds,
forages, bedding material, and livestock, expofts an milk and livestock, farm-gate
N balances, N use efficiencies, and surplus N gemkk solids on dairy farms before
and after the implementation of Good Agriculturab®ice regulations in Ireland;
standarderror of the means for transformed data in bracketgalues from ANOVA

are included
corent oo Vear . sem 0
2008 1998

TUAA (ha) 71 59 65 3.27(0.02 NS
Stocking rate (LU %) 2.0¢ 2.31 2.5¢ 0.04¢ <0.001
National stocking rate 1.90 1.85 1.47 - -
(LU ha?)
Milk yield (I cow™) 5,30¢ 5,167 5,58¢ 65.4 NS
Milk protein (%) 3.4 3.4 3.8 0.01(0.001  <0.001
Milk fat (%) 4.C 3.6 3.7 0.02(0.002  <0.001
Concentrate fed (kg DM L) 48¢ 54¢ 48C 29.4 <0.0t
N inputs (kg N h™)

Minera fertiliser 18¢ 23¢ 317 9.t <0.001

Concentrateeec 26.¢ 43.¢ 32.¢ 2.30(0.02 <0.01

Forag: 12.¢ 0.C 0.C - -

Bedding materic 4.C 0.C 0.C - -

Livestock 3.6 0.C 0.C - -

Total 22¢ 28¢ 35C 10.¢ <0.001
N output: (kg N he?)

Milk 40.2 43.€ 52.2 1.60(0.01 <0.0t

Livestock 12.¢ 123 8.2 0.5¢4 <0.01

Total 53.C 55.¢ 60.5 1.5¢ NS
N balance (kg N ') 17t 227 28¢ 10.1 <0.001
N use efficienc 0.2t 0.1¢ 0.17 0.007(0.01¢ <0.001
Surplus N kg kg M™ 0.2¢ 0.37 0.41 0.007 <0.001

TUAA, total utilised agricultural area; LU, livesto units; |, litres; DM, dry matter; N, nitrogen; 3/

milk solids; S.E.M.,,

standard

error of
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There are a number of factors determining thederdiices between the three studies.
The first factor was a significantly lower (P < 01) mean SR in the current study, of
2.06 LU h&, in comparison with 2.37 LU Hain Treacyet al. (2008) and 2.58 LU ha

in Mounseyet al. (1998). The lower SR in the current study hadhterrtimpacts on
fertiliser N, concentrate N inputs and milk N outpu

The second factor was a significantly lower (P 80Q) mean fertiliser N input, of 186
kg N ha', in the current study, compared with 239 kg Nt mTreacyet al. (2008) and
317 kg N h& in Mounseyet al. (1998). While some of this decrease in fertiliseinput
was doubtless associated with lower SRs, SR wa%o dawer in this study than in
Mounseyet al. (1998) while fertiliser N input was 42 % lower dipating that the
decrease in fertiliser N input was not only asgecdiavith changes in SR. It would also
seem likely that fertiliser N input decreased daamiproved N management such as
more appropriate rates and timing of applicatiod hetter use of on-farm organic N
fertilisers.

The third factor differing between the studies ®gig that this was indeed the case, as
57 % of annual mineral N fertiliser was appliednfré-ebruary to May in the current
study, compared with 59 % in Treaey al. (2008) and 45 % applied mid-January in
Mounseyet al. (1998). There was no application of mineral Niliegr after September
in the current study and in Treaeyal. (2008) while in Mounsegt al (1998) mineral

N fertilisers were applied up until the end of dmo Also, 58 % of annual organic
fertiliser N (farm yard manure and slurry) was aggblbetween mid-January and April
in the current study, compared with 55 % in Treacgl (2008) and 14 % in Mounsey
et al. (1998). There was no application of organic feseils after October in the current
study and in Treacgt al. (2008), whereas in Mounsey al. (1998), 31 % was applied
between November and January. This significant shithe timing of organic N
fertiliser application is consistent with advice lo@st practice indicating better fertiliser
replacement value for spring application (Alexanderal., 2008) and with the GAP
regulations (European Communities, 2010), introduda 2006, that prohibit
application of organic fertilisers during the ‘chuk period’, from mid-October to
mid/end January. The concurrent decrease in mifentdlser N use and shift towards
later application of this mineral fertiliser N batidicate an improved awareness of the
fertiliser value of organic manures and accounfmgthem in nutrient management

planning.
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The fourth factor was the significantly lower (PFO01) concentrate N input per ha in
the current study (26.6 kg N fiacompared to Treacst al (2008) (43.6 kg N h§ and
Mounseyet al. (1998) (32.8 kg N H. While some of this decrease in concentrate N
input was doubtless associated with lower SRs, @R anlly 14 % lower in this study
than in Treacyet al. (2008), while concentrate N input was 39 % lowewould seem
likely that concentrate N input also decreased tduienproved feed management with
increased grass and decreased concentrate feddJpdest practice in the seasonal
grazed-grass-based production model, as would besext by Teagasc (Irish state
Agriculture and Food Development Authority), woldd to minimise such feed inputs
and maximise the proportion of grass in the dielidD et al.,1995; Horan, 2009).
Despite the decreases in fertiliser N and concentdainputs per ha, milk N output in
the current study was only 3.4 kg N'hawer than in Treacegt al. (2008) and 12 kg N
ha lower than in Mounsegt al. (1998). The 21 % lower SR compared to Moursey
al. (1998) was matched by a 23 % lower milk N oufpar ha.

3.4.4. Nitrogen balance and use efficiency of Irish daiggms in an international

context

The results of the current study were compared \gitimilar European studies
completed after the implementation of the Nitrddg®ctive and with a study from New
Zealand, as outlined in Table 3.5. In this compuarighe term ‘continental European
farms’ refers to the Dutch farms in Groet al. (2006) and Oenemet al. (2012), the
Flemish farms in Nevenst al. (2006), and the French farms in Raisginal. (2006),
while ‘northern European farms’ refers to the Esigland Irish farms in Raiscet al.
(2006), the Scottish farms in Robeetsal. (2007) and the English farms in Cheetyal.
(2012).

Fertiliser N input in the current study (186 kg Bi'hwas similar to the Dutch farms in
Grootet al. (2006) (186 kg N h3, lower than the English and Irish farms in Raison
al. (2006) (205 kg N HY), the Flemish farms in Nevewrs al. (2006) (257 kg N hY
and the Scottish farms in Robegsal. (2007) (301 kg N HY, but higher than the
French farms in Raisoet al. (2006) (90 kg N hd), the Dutch farms in Oenene al
(2012) (142 kg N h), the English farms in Cherat al. (2012) (172 kg N h§ and the
New Zealand farms in Beukes al. (2012) (121 kg N h).
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Table 3.5. Comparative number of farms, type ofesys grassland area, crop area and type of crogkiag rate, milk yield, N input from
mineral fertilisers, N balances, and N use efficieim different regions

Referenc Regior No. Type Grasslan Crog Sk Milk Fertiliser N N balanc  NUE
Farms of (proportion (proportion (LU yield input (kg N ha')
system  of TUAA) of TUAA) ha?) (I ha) (kg N ha')
Current stud South of Irelan 21 G/C 0.9: 0.07 2.0¢ 7,56¢ 18¢ 17t 0.2:
(MS/WITIK)

Grootet al (2006 The Netherlanc 45 G/C 0.9t 0.05(MS 1.91 11,32: 18¢ 21¢ 0.2t

Nevenset al (2006  Flander 12 G/C 0.6¢ 0.3¢ 3.0C 9,90¢ 257 29t 0.1¢
(W/B/O)

Raisonet al (2006 Scotlant 1C G/C 0.9¢ 0.06(MS 1.6C 7,15t 11¢ 13¢ 0.2¢

South of Ireland 24 G/C 1.00 0.00 2.10 7,757 269 240 0.20

SW England 13 G/C 0.84 0.16(MS) 2.20 9,847 234 266 0.19

Brittany 15 G/MS 0.7¢ 0.30(MS 1.4C 5,31¢ 57 113 0.3¢

Pays de la Loire 13 G/IMS 0.65 0.35(MS) 1.30 4,837 66 93 0.40

Aguitaine 9 C/MS 0.39 0.61 1.20 6,053 147 155 0.35
(MS/MG)

Basque count 16 0G 0.8¢ 0.12(MS 2.7C 15,30: 28 257 0.27

Galicie 18 0G 0.5¢ 0.42(MS 3.0C 19,72: 13¢ 34¢ 0.24

North Portugz 21 0G 0.0c 1.00(MS 6.1(C 34,76( 21z 50z 0.3:

Robertset al. (2007 Scotlant 9 G/C 0.8¢ 0.12(MS 2.0¢ 14,14° 301 357 0.1¢

Cherryetal (2012  SW Englan 5 G/C 0.9C 0.10(MS N/A N/A 172 25¢ 0.1¢

Oenemeet al (2012 The Netherlanc 16 G/C 0.7¢ 0.24(MS 1.8¢ 15,86( 142 191 0.3¢

Beukeset al (2012  New Zealan 241 G/C 0.9¢ 0.0¢ 2.8( 11,90: 121 15t N/A
(MS/B/O)

No., number; G/C, grazing-cutting; G/MS, grazingkmador silage; C/MS, cutting-maize for silage; ®@ro grazing; TUAAtotal utilised agricultural area; MS, maize
silage; W, wheat; B, barley; O, oat; K, kale; Toltpon; MG, maize for grain; SR, stocking rate; Lilgstock units; I, litres; N, nitrogen; NUE, Neusfficiency.
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Concentrate N input in the current study (26.6 kdndy) was much lower compared
with Nevenset al. (2006) (90 kg N hd), Grootet al. (2006) (100 kg N hH3) and Raison
et al (the French farms) (2006) (59 kg N'haThe main reason for higher concentrate
N inputs in these studies was the high input systémairy production that is more
typical of dairy production in continental Europeharacterised by year-round milk
production, high use of concentrates, imported desaatl forages, lower use of grazed
grass and high milk yields per ha. In contrastpw input system is more typical in
Ireland, with seasonal milk production (compact irgpr calving), low use of
concentrates, imported feeds and forages, highofisgazed grass and lower milk
yields per ha. The continental European studiesrhadh higher milk yields per ha
(11,321 litres hd, Grootet al., 2006; 9,906 litres kg Nevenset al., 2006), compared
with the current Irish study (7,569 litresHaThe French farms in Rais@n al. (2006)
had lower mean milk yields per ha (5,401 litresY)haue to mixed agricultural
production (milk, maize for export) on some of taems. The higher milk yields per ha
were also associated with higher mean milk N owstper ha (73.6 kg N Ha Grootet
al., 2006; 48.0 kg N H§ Nevenset al.,2006) compared with the current study (40 kg N
ha'). On the French farms in Raisenal. (2006), the mean milk N output, of 29.0 kg N
ha', was lower than in the current study, likely daetheir lower milk yields, SR and
fertiliser N input.

In the study of Beukest al. (2012), in New Zealand, the farms were considéoeely
on home-grown low protein supplements (maize, lpaaled oat), with low imports of
concentrate feeds. These farms had a mean conteefeted import of 474 kg DM cotv
and higher milk vyields, of 11,904 litres ha These values were considered
representative for the Waikato region in New Zedlarhis indicates that dairy farmers
in New Zealand operate milk production systemslainto the Irish, albefvith higher
output per ha due to much higher SRs.

Despite the relatively low milk N output per ha,aneN surplus (175 kg N Hain the
current study was lower than the mean N surplusrteg by Groott al. (2006) (218
kg N ha'), Raisoret al. (the English and Irish farms) (2006) (213 kg N'haNevenset

al. (2006) (295 kg N hHY, Robertset al. (2007) (357 kg N HY, Cherryet al. (2012)
(255 kg N hd) and Oenemat al (2012) (191 kg N H. This reflects the low
input/ouput model of dairy production in Irelandedh N surplus in the current study
was higher than Raisaet al. (the French farms) (2006) (122 kg N'hand the New

Zealand farms in Beukes al. (2012) (155 kg N h8. Mean NUE in the current study
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(0.23) was higher than that reported by Neveial. (2006) (0.19), Raisoat al. (the
English and Irish farms) (2006) (0.21), Robestsal. (2007) (0.18), and Chermt al.
(2012) (0.18), but lower than the mean NUE showgdGhoot et al. (2006) (0.25),
Raisonet al. (the French farms) (2006) (0.38) and Oeneshaal. (2012) (0.34).
However, the overall mean NUE (0.24) for the costiial and northern European farms
was similar to mean NUE in the current Irish st@@y23).

The above values for N surplus and NUE in the oemiial and northern European
studies represent the means for the period of stddwever, in these studies deliberate
efforts were made to improve N surplus and NUE asda result, N surplus decreased
and NUE increased over time. It is notable thatitisé dairy farms in this study had an
average fertiliser N input, N surplus and NUE, with intensive additional advisory
and practice change efforts (beyond the usual adviservices and GAP regulations),
that was within the range of the improved figunemnf the European studies following
such advisory intervention. It is also worth notihgt the dominance of fertiliser N on
the input side of the Irish low input system me#ra efficient use of fertiliser N, and
on-farm organic N sources, will play an even margartant role in improving N
balances and NUE.

It can be concluded that Irish dairy farms tendoperate with lower concentrate N
inputs, relatively low fertiliser N inputs and lowBl surpluses per ha than most other
European dairy farms at lower output (litres mi&‘hand that this is largely due to the
low input system that is more typical in Irelandiwseasonal milk production (compact
spring calving) (Buckleyet al., 2000), low use of concentrates, imported feeds and
forages (Dillonet al., 1995), high use of grazed grass (Horan, 2009) reladively low
milk yields per cow (Humphreyat al.,2009a). All other factors being equal, one might
expect less N losses to the environment under tiondiof lower N surplus.

The dairy farms in New Zealand, that operate aegtagrass-based production system
similar to Ireland, tend to operate with lower ilesér N and concentrate N inputs and
lower N surpluses than continental and northernopean and Irish farms. On
commercial dairy farms from 8 different locations New Zealand, the mean N
fertilisation rate was 137 kg N faat a much higher mean SR (2.71 cowd){®alley
and Geddes 2012; Dally and Gardner, 2012) thandhgnental and northern European
studies, and the Irish farms in the current stddys may be due to the typically high
white clover content in New Zealand pastures. koxaby white clover is the main

source of N input on New Zealand dairy farms (Ledga al., 2001), fixing up to 300
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kg N ha' (Ledgardet al., 2009) and resulting in relatively low recommendsd
fertilisation rates of between 50 and 150 kg N {Roberts and Morton, 2009). For
comparison, the recommended N fertilisation ratesgfazed pasture in Ireland range
from 75 to 306 kg N h5 with increasing SR from 1 to 2.4 LU h#&Alexanderet al.,
2008).

However, under experimental conditions, N fertfiisa rates as low as 90 kg N ha
have been maintained with grass/clover grazed pmststocked at 2 LU Ha
(Humphreyset al., 2008; 2009b; Keogkt al., 2010). This compares very favourably
with the 252 kg N haon fertilised grazed pastures stocked at 2.13 &Uih the same
studies and indicates the potential for Irish ddagyms to reduce fertiliser N use and
improve NUE through incorporation of clover in sdsy while also increasing farm
profitability through reduced fertiliser costs (Hphmeyset al., 2012). Moreover, the
high protein content of grass-clover pastures diwahe greater use of low-protein
home-grown supplements to dilute N intake withoopairing milk production (Beukes
et al.,2012).

3.5.Conclusions

A survey of 21 Irish dairy farms from 2009 to 20bLnd a mean N surplus of 175 kg
ha®, or 0.28 kg N kg M3, and a mean NUE of 0.23. Farm-gate N inputs were
dominated by inorganic fertiliser (186 kg Naand concentrates (26.6 kg N'ha
while outputs were dominated by milk (40.2 kg N'hand livestock (12.8 kg N Hx
Comparison to similar studies carried out before thtroduction of the GAP
regulations in 2006 would suggest that N surplueghlper ha and per kg MS, have
significantly decreased (by 114 kg N*hand 0.013 kg N kg M§ respectively) and
NUE increased (by 0.06) following the introductioh the GAP regulations. These
improvements have mostly been achieved throughedsed inorganic fertiliser N input
and improvements in N management, with a notalfe tekvards spring application of
organic manures, consistent with advice on besttipmthat indicate better fertiliser
replacement value for spring application, and wite GAP regulations that prohibit
application of organic fertilisers during the ‘cémb period’ from mid-October to
mid/end January. A concurrent decrease in minerdilier N use and shift towards
later application of this mineral fertiliser N batidicate an improved awareness of the

fertiliser value of organic manures and accounfmgthem in nutrient management
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planning. These results would suggest a positiy@monof the GAP regulations on dairy
farm N surplus and NUE.

Taking surplus N per ha as an indicator of localiremmental pressure, this indicates
that the environmental sustainability of milk pretlan has improved. The
improvement in NUE also indicates that agronomiafggenance has improved
concurrently. This demonstrates that it is possiblémprove both environmental and
economic sustainability of dairy production througiproved resource use efficiencies.
Such improvements will be necessary to achieveonakitargets of improved water
quality under the EU Water Framework Directive, arateased dairy production, as set
out in the Food Harvest 2020 Report. The weak imph&R on N surplus found in this
study would suggest that, with good managementinitreases in SR and milk output
per ha that may be necessary on some farms tovacthiese production targets, may be
achieved while decreasing N surplus per ha. Theirtlime of fertiliser N on the input
side of the Irish low input dairy production systemeans that efficient use of fertiliser
N, and other on-farm N sources, plays an even nmpertant role in determining N
balances and NUE and will, therefore, play a cémtia in improving N balances and
NUE. These improvements may be achieved througimgig management aspects
such as nutrient management planning, grazing nesmext and grass utilisation, and
use of clover in swards, for example.

Mean N surplus (175 kg N Hawas lower than the overall mean surplus (224 kg N
ha') from six studies of northern and continental B@an dairy farms, while mean
NUE was similar. It can be concluded that Irishrgg@roduction systems, on average,
tend to operate with lower concentrate N inputitreely low fertiliser N and lower N
surpluses than other European dairy productioresystand that this is largely due to
the low input system that is more typical in Ireamwith seasonal milk production
(compact spring calving), low use of concentrateported feed and forages, high use
of grazed grass and lower milk yields per ha. AHev factors being equal, one might
expect less N losses to the environment under gesditions of lower N surplus.
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Summary

Given the finite nature of global phosphorus (Pjoreces, there is an increasing concern
about balancing agronomic and environmental gaims fphosphorus usage on dairy farms.
Data from a 3 year (2009-2011) survey were useaksess farm-gate P balances and P use
efficiency (PUE) on 21 intensive grass-based ddagyms operating under the Good
Agricultural Practice (GAP) regulations in IrelaMean stocking rate (SR) was 2.06 LU'ha
mean P surplus was 5.09 kg'har 0.004 kg P kg M and mean PUE was 0.70. Phosphorus
imports were dominated by inorganic fertiliser (716g P hd) and feeds (7.62 kg P fa
while exports were dominated by milk (6.66 kg PYhand livestock (5.10 kg P fia
Comparison to similar studies carried out befor itiiroduction of the GAP regulations in
2006 would suggest that P surplus, both per hapankg MS, have significantly decreased
(by 14.41 kg P haand 0.017 kg P kg M5 respectively) and PUE increased (by 0.33),
mostly due to decreased inorganic fertiliser P ih@md improvements in P management,
with a notable shift towards spring application arfanic manures, indicating improved
awareness of the fertiliser value of organic maswaed good compliance with the GAP
regulations regarding fertiliser application timinghese results would suggest a positive
impact of the GAP regulations on dairy farm P suspdnd PUE, indicating an improvement
in both environmental and economic sustainabilifydairy production through improved
resource use efficiencies. Such improvements wilhbécessary to achieve national targets of
improved water quality and increased dairy produrctiResults suggest that optimising
fertiliser and feed P imports combined with improwen-farm P recycling may be the most
effective way to increase PUE. Equally, continuednitoring of STP (soil test P) and P
management will be necessary to ensure that adegodtP fertility is maintained. Mean P
surplus was lower and PUE was much higher thamteeall mean surplus (15.92 kg P'ha
and PUE (0.47) from three studies of continental Bnglish dairy farms, largely due to the
low import system that is more typical in Irelavdith seasonal milk production (compact
spring calving), low use of imported feeds and higk of grazed grass.
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4. 1. Introduction

Given the finite nature of global phosphorus (Bpreces and the need to reduce P losses to
the environment (Simpsoet al., 2011; Huhtanert al., 2011; Cordelket al., 2011), there is
great concern for efficient P use in intensive fagrsystems. Irish dairy production systems
tend to be relatively intensively managed compa@dther Irish grassland agricultural
production systems and are pasture-based, witbhljeetive of producing milk in a low cost
system through maximising the proportion of grageass in the cows’ diet (Shalla al,
2004; McCarthyet al., 2007; Ryaret al., 2011). Increasing the proportion of grazed grass
reduces milk production costs and can increase pileditability of grass based milk
production systems in Ireland and other temperg®ns (Dillonet al., 2005; Dillon, 2011).
Phosphorus imports, in the form of concentrate deadd fertilisers, are key drivers of
increased herbage yields and saleable milk expomast dairy farms (Aarts, 2003; Speats
al. 2003;Gourleyet al, 2012). More precisely, mineral P fertilisers twdoute to increases in
herbage yield to the extent to which they supply B readily available form for plant uptake,
which enhances root development (Lynch and Cafft€9,7) and photosynthesis (Alexander
et al., 2008). These improved processes positively impacbverall development of grass
plants and, therefore, herbage yields. Howevempbrts typically exceed P exports in milk
and livestock exported off the farms (Van Keuknal., 2000). This imbalance results in
surplus P that is either accumulated in soil ot faem the dairy farms (Arriagat al, 2009;
Gourleyet al, 2010).

Farm-gate P surplus is commonly used as an enveotahindicator for the risk of P losses
to the environment (Swensson, 2003; Huhtagteal., 2011; Weaver and Wong, 2011). Even
if surplus P does not predict the actual losses lasd pathways, it is a long-term risk
indicator of P losses (Jarvis and Aarts, 2000). elmv, unlike N surpluses which are seen,
necessarily, as an economic waste and potentiagogmeental problem, P surpluses may be
necessary, for a period of time, on farms wherenarease in soil P content is required to
achieve agronomic optimal soil P (Culleteh al., 1999) without posing a risk to the
environment, if managed correctly. Surplus P padéiptaccumulates in the soil (Gourley

al., 2010), building soil fertility, or is lost in ered material containing particulate P or P
adsorbed on to organic-rich clay soil fractions (Xet al, 2005) or in soluble forms through
leaching (Heathwaite, 1997) or runoff. Grass-baseohs can be sources of diffuse P losses

(Kiely et al., 2007), because, by fertilising grassland with mahend organic fertilisers,
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high concentrations of potentially mobile P (PMP¢ @laced at or near the soil surface,
where it may be susceptible to mobilisation anchdpart to water bodies (Herlihgt al,
2004). These P losses can have negative enviroamempacts such as eutrophication of
surface waters (Clenaghan al., 2005), and pollution of groundwater aquifers (Heatite,
1997). In Ireland, phosphorus is the major limitingtrient in surface fresh waters and
increased additions may result in algal blooming@4rrigle, 2009). Losses of P also incur
economic costs in two ways; the cost of wasted tNRunputs, at farm level, and the cost of
clean-up associated with pollution caused as dtreksuch losses, more typically at regional
to national levels (Buckley and Carney, 2013).ds lbeen emphasised that dairy production
should ideally be achieved in a sustainable manmignput impairing natural capital (soils,
water, and biodiversity) (Goodland, 1997). Therefan the current study, P surplus, as an
indicator of potential for P losses, which can bsogiated with environmental and economic
implications, is referred to as an indicator of iemmwmental and economic (farms’ ability to
generate sufficient funds to sustain their proaurctpotential in the long run; European
Commission, 2001) sustainability.

Nutrient use efficiencies indicate farms’ resourse and related management decisions,
therefore being considered more as an indicatdarofs’ agronomic performance (Halberg,
1999; Oenemat al., 2003; Gourleyet al., 2012). However, due to the potential economic
implications of P that is not used on farms (Buglkdad Carney, 2013), in the current study,
PUE is also considered as an indicator of econmustainability, along with P surplus.
Hence, improved nutrient use efficiency has a ficant role to play in the development of
more sustainable dairy production systems (Gouldih@l., 2008). The P use efficiency
(PUE; proportion of P imports recovered in agriotdl exports (Aarts, 2003)) in dairy
production systems is highly variable. For exampieiurope, PUE values of between 0.37
and 0.85 have been recorded (Mounskwl., 1998; Van Keuleret al, 2000; Steinshamet

al., 2004; Nielsen and Kristensen, 2005; Raisbal.,2006; Huhtaneet al, 2011).

Irish dairy production systems benefit from mildnters (5.1°C in January) and annual
rainfall between 800 and 1,200 mm, allowing grassmh all year around and an extended
grazing season that can be as long as Februaryot@mber (Humphreyet al., 2009),
varying with location and soil type. Irish dairyfias are unique in Europe in that the majority
operate a seasonal milk production system with @mtgpring calving (from January to
April) so that milk production matches grass grawthe proportion of grazed grass in the
diet of dairy stock is hence maximised (Humphreysal., 2009), allowing for the maximum
amount of milk to be produced from grazed grass m@alicing requirements for feeding
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concentrate feeds post-calving (Dillehal., 1995). For these reasons, the potential for more
effective use of P on-farm and management strategieachieve improved PUE may be
expected to differ from those of the year-rounddfeased dairy production systems more
typical of continental Europe and Britain. In grdssed dairy production systems, there are a
number of factors affecting PUE, such as soil B@n capacity in relation to soil P inputs,
uneven dispersal of excreta leading to uneven Badontent (in grazing enterprises), the
ability of grass plants to convert P from applieshenal P fertiliser and manure into biomass
in herbage, utilisation by animals of grass herbggevn and the biological potential of cows
to convert P from concentrate feeds and herbage rmtk (Gourleyet al., 2010). More
effective use of P imports in concentrate feeds faemtlliser P, and soil P resources, can
potentially contribute to decreased imports andeased PUE (Nielsen and Kristensen, 2005;
Huhtaneret al.,2011).

The on-going debate over P supply and demand tegetith the concern for water quality
affected by P lost from agricultural land suppdhs need to ensure that P is used efficiently
on farms (Pieterset al,, 2003; Syergt al. 2008; Weaver and Wong, 2011; Simpsaral.,
2011). In the EU, the Water Framework Directive @YF2000/60/EC) was introduced with
the objective of protecting and improving groundevaind surface water bodies’ quality. In
Ireland, the WFD was first implemented as the WakRalicy Regulations (European
Communities, 2003), in 2003. To ensure water gyalbese regulations established a
concentration limit of 0.03 mg Molybdate ReactivieoBphorus (MRP) litréor 35 ug PQ
litre™ (European Communities, 2009). Additionally, thetrAties Directive (91/676/EEC)
(European Council, 1991) has established guidelmeslation to farming practices to reduce
nitrate (NQ) leaching that are implemented in each membee shabugh a National Action
Programme (NAP). In Ireland, these are legislatetha Good Agricultural Practice (GAP)
Regulations (European Communities, 2010), firstspdsin 2006. The GAP Regulations
establish farming practices to reduce nitrate {N€aching but also limit P use on farms and
establish soil P indices. Under the Regulationandaare limited to a stocking rate (SR) of
170 kg organic N H equivalent to 2 livestock units (LU) haor 2 dairy cows h& The
Regulations also establish the quantity of avadlalthat can be applied to grass and other
crops (depending on factors such as SR, soil t¢STP) and crop type), the volume of slurry
storage required (depending on factors such agsidog¢docal rainfall, and stock type and
number), closed periods in winter months duringcohtspreading of organic and inorganic
fertilisers is restricted (depending on locationtire country) and other restrictions on
spreading based on soil conditions, topographytheeand distance to water features.
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The GAP Regulations established a P index systengrimssland soils based on soil test P
(STP). Index 1 (0.0-3.0 mg P litre f)) and 2 (3.1-5.0 mg P litf@ soils are considered
deficient in P and require a build-up of soil Préach agronomic optimum. The target index
is 3 (5.1-8.0 mg P litrd, at which the soil is considered to have optimRno meet crop
demand without having negative impacts on the enwrent (Ryan and Finn, 1976; Herlihy
et al., 2004; Poweet al., 2005). Soils within index 4 (>8 mg P litte with high P status, are
considered in excess of agronomic optimum and eatgr risk of P loss to water. The new
index system involved the lowering of the uppetritlifor index 2 from 6 to 5 mg P litte and
the upper limit for index 3 from 10 to 8 mg P lifrehan was previously advised for grassland
soils. The aim was to reduce P losses from gragsiahile maintaining agricultural
production (Treacy, 2008). Soil P status is asskssery five years on Irish farms (European
Communities, 2010). For SRs up to 2 LU*hthe maximum allowed P fertiliser application
ranges between 39 kg hdor soils in index 1 to 0 kg Hafor soils in index 4 (European
Communities, 2010).

The GAP measures are intended to increase PUE etedtion of N and P within the
production systems and minimise losses from famgdter. However, most of the existing
data on dairy farm P balances in Ireland date fitoeperiod before the implementation of the
Regulations in 2006 (Mounsey al., 1998; Treacy, 2008). There is no study on farnedat
balance on Irish dairy production systems aftenii@ementation of GAP regulations. In the
European context also, there are very few farm-gatealances on grassland-based dairy
farms (e. g. Van Keuleat al, 2000; Aarts, 2003; Swensson, 2003; Nielsen anstdfisen,
2005; Raisoret al.,2006; Gamer and Zeddies, 2006). Steinshatral (2004) and Huhtanen
et al. (2011) examined P balances and use efficienciesiity production systems but these
were based on modelling and experimental studies.

Therefore, the objectives of the current study wgydo assess farm-gate P balances and use
efficiencies on 21 commercial intensive dairy faroperating under the GAP Regulations in
Ireland and compare these to pre-Regulations stutheinvestigate the impact of the
Regulations; (ii) to identify the factors influengi PUE on these farms; (iii) to explore
potential approaches to increase PUE and decreasgrpfuses on these farms. For this
purpose, data on P imports and exports were redayde?1 dairy farms participating in the
INTERREG-funded DAIRYMAN project over three yeaiigm 2009 to 2011.

129



4. 2. Materials and Methods

4.2.1. Farm selection and data collection

Twenty-one commercial intensive dairy farms wereaed, located in the South of Ireland,
in counties Cork, Limerick, Waterford, Tipperaryilkénny and Wicklow. These farms were
pilot  farms involved in  the INTERREG-funded DAIRYMM  project

(www.interregdairyman.gufocusing on improving resource use efficiencydanry farms in

Northwest Europe. Farm selection was based ornkélky bccuracy of data recording, 8 of the
farms in the current study having been involvea previous similar study (GREENDAIRY;;
Treacy, 2008), and all the farmers being willingp@vide data. The selected farms were
known as being progressive in their approach tomfaranagement and, therefore, may not be
fully representative of all Irish dairy farms. Howveg, the farm area, stocking rate and milk
yield per cow showed that the participating farmsravclose to, but slightly above, the
national average for dairy farms. Grass-based pritikduction from spring calving cows was
the main enterprise on all the selected farms.

Key farm characteristics are given in Table 4.1aNéotal utilised agricultural area (TUAA)
was 71 (S.D. = 24.8) ha, mean SR was 2.06 (S.D32)QU ha', and mean milk yield was
5,308 (S.D. = 464) litres colbetween 2009 and 2011. For comparison, nationahmalues
for dairy farms were 52 ha for TUAA, 1.90 LU hdor SR, and 4,956 litres cotfor milk
yield, during the same timeframe (Connody al, 2009; Hennesset al., 2010; 2011).
Seventeen of the farms in the current study ppeied in the Rural Environment Protection
Scheme (REPS). This is a program co-funded by theaiid the Irish government whereby
farmers are rewarded financially for operating tee& of guidelines consistent with an agri-
environmental plan drawn up by an approved plan@iggncy (DAFM, 2013b). Important
conditions for receiving REPS financial support evép limit SR to 2 LU hd and to apply
mineral fertilisers to the farming area accordiongdfértiliser plans drawn up for their farms
(DAFM, 2013b). However, the 17 farms closely adhgrio GAP regulations were not fully
representative of the Irish dairy farms and thiy oias the interpretation of the results of the
current study.
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Table 4.1. Total utilised agricultural area (andpcarea), annual air temperature, annual
rainfall, soil test phosphorus, pH, stocking ratalk yields, concentrate feeds, and
estimated harvested grass through grazing andesitagl type for 21 Irish dairy farms
between 2009 and 2011

TUAA Tem Rainfall Soil STP SR Milk Conc Grass

Farm  (crops) (Oc)p' (mm vpe  (mg o pH o (LU yield (kg DM (kg DM
(ha) year)  YP€ el ha') (I cow?) LU LUY

1 85 9.6 1,077 CL 6.4z 5.8¢ 2.1°F 5,31¢ 26¢ 4,13¢
2 67 9.6 1,12¢ C 4.4¢ 6.4 241 6,01( 49¢ 4,16¢
3 73 9.6 1,12¢ 8.9¢ 6.47 2.0i 5,68¢ 221 4,304
4 50 10.1 1,37: 6.5C 6.4¢ 2.6¢ 5,30¢ 571 3,691
5 74 (1.2 10.1 1,373 L 6.50 5.65 1.82 5,149 611 3,891
6 63 (3.9) 10.1 1,373 L 336 529 1.92 5,672 568 ,633
7 47 9.€ 1,077 L 22¢ 564 241 5,08( 471 3,92-
8 58 10.1 1,37: C 6.61 5.9¢ 2.5 5,671 58( 4,03
9 51 9.€ 1,077 C 584/ 591 2.01 5,431 46¢€ 4,08¢
10 130 (5.5 10.1 1,37: L 6.5C 5.6t 1.9 5,207 394 3,89¢
11 40 10.1 1,37: L 3.7¢ 53z 2.3¢ 4,22¢ 61t 3,50¢
12 52 10.1 1,37: 7.71 6.0 1.7 5,61 604 3,88¢
13 81 9.€ 1,071 C 7.9t 571 1.8 5,29( 71C 3,73(
14 96 (6.7 9.6 1,12¢ SL 49¢ 597 1.8(C 4,41¢ 30z 3,472
15 12¢ 9.€ 1,12¢ L 454 6.17 1.8¢ 4,671 484 3,85¢
16 78 (13.4) 10.2 1,453 C 6.65 6.49 1.58 6,038 801 3,746
17 72 9.€ 1,077 C 581 6.1& 2.4 4,92¢ 463 4,00z
18 48 9.6 1,12¢ CL 3.5 59t 1.92 5,54¢ 732 3,56
19 71 (2.3 9.6 1,12¢ C 7.2¢ 6.2z 2.2z 5,50( 251 2,91¢
20 76 (6.2 10.1 1,37: SL 851 57¢& 1.9 5,17¢ 26t 4,011
21 48 (1.6) 10.1 1,373 L 2.80 556 140 5,522 386 4,108
Mear 71 (5.6 9.¢ 1,23¢ - 57¢ 594 2.0¢ 5,30¢ 48¢ 3,83
S.D. 24.8 0.22 145 - 1.89 0.35 0.32 464 166 309

(3.91)

TUAA, total utilised agricultural area; temp., teengture; CL, clay-loam; L, loam; C, clay; SL, sandy
loam; STP, soil test phosphorus; SR, stocking tatke;livestock units], litres; conc., concentrate feeds;
DM, dry matter; S.D., standard deviation.
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On the selected farms, data were collected on ahtyohbasis between 2010 and 2011 and
included grassland area, area under crops, typeragfs and percentage of crops fed to
livestock, livestock numbers and type of livestankmber of days spent grazing, and imports
of manure, concentrate feeds, bedding materiahgail mineral P fertilisers and other
agro-chemicals, as well as exports of milk, manareps and silage. For mineral P fertilisers,
amounts imported onto farms as well as the amoapydied to land were recorded on a
monthly basis. For year 2009, similar data wereaioled from farm records and farm
advisors. Data collected for the 3 years were ecbssked with secondary data sources such
as Single Farm Payment forms (data forms requirech farmers for participation in state
schemes) (DAFM, 2013a). Data on livestock importd axports were extracted from the
Dairy Management Information System (DAIRYMIS) (Gse, 1991). Values for amounts of
milk sold off the farms were extracted from theasp on milk deliveries coming from the
cooperatives supplied by the farmers. Data ontgpds were extracted from REPS forms for
the participating farms and from the national sailvey (Gardiner and Radford, 1980) for the
remainder. Data on mean annual rainfall and temperawere extracted from an Irish
Meteorological Service database for different weasitations located in, or close to, the area
of study, at Cork airport, Roche’s point, Gurtedohnstown Castle and Oak Park (lrish
Meteorological Service, 2013).

The annual amount of pasture harvested and utibsethrm through grazing and silage on
each farm was modelled using the Grass Calculdagasc, 2011) based on the difference
between the net energy (NE) provided by importesti$e(concentrates and forages) and the
net energy requirements of animals for maintename#k production, and body weight
change (Jarrige, 1989). It was assumed that 1 kgnaiter (DM) of grass equals 1 feed unit
for lactation (UFL).

Stocking rate was expressed as LU per ha for TUBAe dairy cow was considered
equivalent to 1 LU and 1 bovine less than 1 yedregjuivalent to 0.3 LU (Connollgt al,
20009).
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4.2.2. Soil sampling and analysis

Eleven soil samples, on average, were taken pemn tam one occasion during the study
period, the farmers being required to sample tlfeims at least once every five years
(European Communities, 2010). Samples were takery ws standard soil corer (50 mm
diameter), sampling to a depth of 100 mm. Each &a@ga was not greater than 4 ha, with
sample areas evenly distributed across each dathes. The sample areas were also carefully
selected to ensure areas used for grazing anc lagluction were both represented. At least
50 soil cores were taken from each sample areazigzag pattern. Care was taken to avoid
unusual spots in the sample area, such as olddeditehes, and around gateways and feed
troughs (Treacy, 2008). Each sample was carefuliyedy before smaller representative
bulked samples were extracted and sent for analgsigagasc Johnstown Castle Research
Centre. Samples were analysed for soil pH and Musg&oil P concentrations using the
standard laboratory procedures for Ireland, asrdest by Byrne (1979). Soil samples were
dried for 16 hours at 48C in a forced draught oven with moisture extractiSnil pH was
determined by mixing 10 ml of dried sieved (2 mmijl svith 20 ml of HO and, after being
allowed to stand for ten minutes, measuring theoptthe suspension using a digital pH meter
with glass and calomel electrodes. For soil P cotmagons, soil samples were extracted in a
one part soil to five parts solution ratio with @ % sodium acetate solution buffered at pH
4.8 (Morgan’s solution). Six millilitres (ml) of ohd soil were extracted with 30 ml of
Morgan’s solution using a Brunswick Gyratory shaker30 minutes at constant temperature
(20 °C). The suspension was then filtered using No. Ztan filter paper. Analysis for P
content was then carried out on the clear extracdpg®ctrophotometry (Treacy, 2008). The
same sampling procedure and soil analyses were fasetivo similar previous studies

(Treacy, 2008; Mounsest al.,1998), which the current study was compared to.
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4.2.3. Farm-gate phosphorus imports, exports, badarand use efficiencies

Phosphorus imports and exports were calculated botla monthly and an annual basis.
Phosphorus in mineral fertiliser was calculatedtaking into account the P content of
fertilisers applied to land. Monthly imported amtaiof concentrate feeds and forages were
assumed to be exhausted in the end of each mouathtdthe fact that P content of imported
concentrates and forages onto farms was not diresthsured, it was assumed to be 5 kg P
per tonne of concentrate and forage (European Carities) 2010).

Phosphorus in livestock imported on, or exportef] tfe farms was calculated by using
standard values for live weight (Treacy, 2008) amdtiplying it by 0.01 (McDonalcet al.,
1995). Phosphorus in exported milk was calculateddmsidering a P content of 0.0009 kg P
per kg of milk (McDonalcet al.,1995).

The farm-gate P balance was calculated as thereliite between total P import and total P
export (Weaver and Wong, 2011) and was expressdmtnan areal basis (kg Phaand a
unit product basis (kg P kg milk soliti§MS)) (Fangueircet al, 2008) for years 2009-2011.
Phosphorus use efficiency was calculated as the batween total P export and total P
import, expressed as a proportion (Huhtageal, 2011) for years 2009-2011.

The same principles for calculating P inputs, otgpbalances and PUE were followed in two
similar previous studies (Treacy, 2008; Mounsgal., 1998), which the current study was

compared to.

4.2.4. Statistical analysis

Descriptive statistics were applied using SPSSatoutate means and standard errors (Darren
and Mallery, 2008). Normal distribution of residsiakas tested using Shapiro-Wilk, with
values lower than 0.05 indicating a non-normalrdistion. The log transformation was
required to ensure homogeneity of variance (Turetegl, 2010) for some of the variables.
Therefore, TUAA, milk fat and protein concentratiéhimports per ha from fertiliser P, feeds

and livestock, total P import, milk P export, Pdvade per ha and per kg MS, PUE, P imports
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per kg MS from fertiliser P and feeds, MS expor& pow, comparative STP values, P
imports from fertilisers and feeds, P exports ildsuilk, P balance per ha and per kg MS,
and PUE in the current study and the studies o&dy€2008) and Mounsest al. (1998)
were transformed using a log10 base (y=log10(x)).
Differences in mean STP, TUAA, SR, milk yields, knprotein and fat concentration,
concentrate feed imports, P imports, P exportsalBnce per ha and per kg MS, and PUE
between years and farms were analysed using repeaasures ANOVA. A significance
level of 0.05 or less (0.01 and 0.001) indicatedistically significant differences among the
means. A significance level of 0.05 or higher iraded a 95 or higher percent of certainty that
the differences among the means are not the reSudindom chance (Darren and Mallery,
2008). Such results were presented as not signif(tés).
The statistical models included farm and year ¢ffen each of the tested variables. The 21
farms were considered as replicates. The modetbwsee:
1. Yi=u + a+ g where Y = tested variable, a the effect ofth farm { = 1,....,21), and
e = the residual error term, and;
2. Y= pu + b+ g where Y = tested variable,jb the effect ofith year [ = 2009, 2010,
2011), and ie= the residual error term.

Multiple stepwise linear regression was undertakemvestigate relationships between key
dependent and independent variables presented ble Ba2. The choice of the statistical
models was dependent on the potential significamicendependent variables and their
potential impact on the dependent variables. Ngn#scant (P > 0.05) independent variables
were automatically removed from the models (Tabk)4The probability for acceptance of
new terms (F) was 0.10 (Groet al, 2006) and the confidence interval was 0.95. All
relationships between variables were assessedufitiers, normality and colinearity. The

identified outliers were diminished through logniséormation.

Uncertainty analysis was carried out by calculating coefficient of variation as the ratio

between standard deviation and mean values (Goetlel., 2010) for each P import, P

export, P balance and PUE on the 21 farms betw@f® 2and 2011, expressed as a
proportion.
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Table 4.2. Investightand significant multiple stepwise linear regressnodels

Investigate Significan

LgFrtP = p 3LgTUAA + BSTP +BSR +BMSE +BGD + cest LgFrtP = p- STP +0est
LgFdP = p SR +BMSE+BGD + Geqt LgFdP = p 8SR- BGD + Gest
LgMP = p +BSR +BMSE +BGD + BLgFrtP +BLgFdP +cest LgMP = p + SR Hoest

LP = u +BSR +BGD +BLgFrtP +BLgFdP +oest NS

LgPbal = g #3STP +BSR +BMSE +pGD+ LgFrtP +BLGFAP +oest NS
LgPUE = P 3SR +BMSE +BGD + BLgFrtP +BLYFdP +ces LgPUE = p- BLOFrtP- BLGFAP +0es

LgPMS = p +8LgMS +BGD + BLGFItPMS +BLgFAMS +0es LgPMS = - BLGMS + Gest

LgFrtP, log transformed mineral fertiliser P apglite land; LgFdP, log transformed feeds phosph@@®ygnport;
LgMP, log transformed milk P export, LP, livestdelexport, LgPbal, log transformed P balance petLg§RUE, log
transformed P use efficiency, LgPMS, log transfatrearplus P per kg milk solids; LgTUAA, log transfred total
utilised agricultural area; STP, soil test P; SBclking rate; MSE, milk solids export per ha; Ghmber of grazing
days; LgMS, log transformed milk solids export pew; LgFrtPMS, log transformed mineral fertiliseapplied to
land per kg milk solids; LgFdMS, log transformeeéds P import per kg milk solidg;= standardized coefficient of
regressiong.s; standard error of the estimate; NS, not significa
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4.3. Results
4.3.1. Phosphorus imports

There was a high degree of variation in mean P risgmtween years and farms (Table 4.3.).
Mean total P import was 16.85 kg P'h@ able 4.3.). There were significant differences i
mean total P import between farms, ranging from# 36626.94 kg ha over the three years
(Table 4.3.). The coefficient of variation for me@atal P import between farms was 0.39 over
the 3 years. There were also significant differencemean total P import between years,
ranging from 15.21 to 19.99 kg h4Table 4.3.). The main sources of P import ontonfa
were imported feeds and mineral fertilisers, actiagnfor around 0.50, each, of total P
import. Mean P import from feeds was 7.62 kg P fEable 4.3.). There were no significant
differences in mean P import from feeds betweemg$aTable 4.3.). There were significant
differences in mean P import from feeds betweensyeanging from 4.69 to 11.13 kg ha
(Table 4.3.). Mean fertiliser P import was 7.61Fkda' (Table 4.3). There were significant
differences in mean fertiliser P import betweemrfgrranging from 1.69 to 20.15 kg haver
the three years (Table 4.3.). The coefficient afateon for mean fertiliser P import between
farms was 0.64 over the 3 years. There were ndfisigmt differences in mean fertiliser P
import between years (Table 4.3.). On a monthlyshasean mineral fertiliser P applied to
land was the highest between April and June, & @S&. = 3.14) kg P Ha(Fig. 4.1.).
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Table 4.3. Mean values (and standard errors), graeahs between years and ranges between farmgreraiiP fertilisers applied

to land, P imports in feed stuffs and livestoclexports in sold milk and livestock, farm-gate Pabaks, P use efficiencies per ha and
P balance per kg milk solids for 21 Irish dairynfsrbetween 2009 and 2011; standard error of thasrfea transformed data in
brackets; P-values from ANOVA are included.

Yeal Granc S.E.M Rarge P-value
mean farms
200¢ 201( 2011 Y F
P imports (kg P I')
, . _ 8.43 7.91 6.50 7.61 0.783(0.054) 1.69-20.15 NS k0.0
Mineral fertiliser applied
Feed 4.6¢ 11.18 7.04 7.62 0.602(0.03< 2.52-13.4¢ <0.00: NS
Livestocl 2.2¢ 0.9t 1.67 1.61 0.134(0.041 0.0€-4.62 NS NS
Total 15.3¢ 19.9¢ 15.27 16.8¢ 1.040(0.03z 3.64-26.9¢ <0.01 <0.0¢t
P exports (kg P )
Milk 6.22 7.2z 6.5¢€ 6.6¢€ 0.204(0.01< 4.271-9.52 NS <0.00:
Livestock 4.4¢ 5.52 5.32 5.1C 0.27: 2.6%-9.4: NS <0.01
Total 10.6¢ 12.7¢ 11.8¢ 11.7¢ 0.41: 7.44-17.4f NS <0.00:
P balanct 4.6¢ 7.2t 3.3¢ 5.0¢ 1.073(0.067 -7.42- +19.4¢ <0.0¢t 0.01
(kg P hd)
P use efficiency 0.6¢ 0.6: 0.7¢ 0.7¢ 0.096(0.034 0.3C-1.5¢ NS 0.01
P balanct 0.0004 0.011 0.003 0.004 0.001(0.062) -0.01 - +0.03 NS NS
(kg kg MS’)

P, phosphorus; MS, milk solids; S.E.M., standardresf the meansy, year; F, farm; NS, not significant.
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Fig. 4. 1.Monthly application rates of minerél___) and organic (-—-) P fertilisers
(kg P h&) on 1 Irish dairy farms between 2009 and 2011

There was a significant negative relationshif €R0.21; P < 0.05) between mean log
transformed mineral fertiliser P applied to landl &TP § = -0.46). An increase of 0.34 mg
litre in mean STP was associated with a decrease 0f(0.93, not transformed) kg than
mean log transformed mineral fertiliser P appledand.

There was a significant relationship?(R0.20; P < 0.01) between melag transformedeed

P import and mean SR & 0.34) and mean number of days spent graging {0.24). An
increase of 0.07 LU Hain mean SR was associated with an increase of @5, not
transformed) kg Hain mean log transformed feed P import. An increas€.20 days per
year in mean number of days spent grazing was a$sdavith a decrease of 0.02 (0.55, not
transformed) kg Hain mean log transformed feed P import.
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4.3.2 Phosphorus exports

There was a high degree of variation in mean P rgdmetween farms (Table 4.3.). Mean
total P export was 11.76 kg P"héTable 4.3.). There were significant differencesriean
total P export between farms, ranging from 7.44%al5 kg hd over the 3 years (Table 4.3.).
The coefficient of variation for mean total P exploetween farms was 0.24 over the 3 years.
There were no significant differences in mean tBta&xport between years (Table 4.3.). The
main sources of P export were sold milk and livelstoaccounting for 0.56 and 0.44,
respectively, of total P export. Mean milk P expoes 6. 66 kg P Ha(Table 4. 3.). There
were significant differences in mean milk P exgmetween farms, ranging from 4.27 to 9.52
kg ha' over the three years (Table 4.3.). The coeffic@ntariation for mean milk P export
between farms was 0.21 over the 3 years. There meesignificant differences in mean milk
P export between years (Table 4.3.). Mean liveskekport was 5.10 kg P héTable 4. 3.).
There were significant differences in mean livekt&cexport between farms, ranging from
2.63 to 9.43 kg h& over the 3 years (Table 4.3.). The coefficientvafiation for mean
livestock P export between farms was 0.32 over 3hgears. There were no significant
differences in mean livestock P export betweens/€Bable 4.3.).

There was a significant positive relationship? @ 0.45; P < 0.001) between mean log
transformed milk P export and mean @R= 0.67). An increase of 0.07 LU han mean SR
was associated with an increase of 0.008 (0.26, trastsformed) kg h& in mean log
transformed milk P export.

There was no significant relationship between loek P export and mean SR, number of
days spent grazing, log transformed mineral fediliP applied to land or log transformed
feed P import (Table 4.2.).

4.3.3Phosphorus balance and phosphorus use efficiency

There was a P deficit on 8 farms and a P surpluk3oiarms. Mean P balance (P imports less
P exports) was 5.09 kg P h4Table 4.3.). There were significant differencasniean P
balance between farms, ranging from -7.42 to +1%gi®a’ over the 3 years (Table 4.3.).
The coefficient of variation for mean P balancenssn farms was 1 over the 3 years. There

were also significant differences in mean P baldreteeen years, ranging from 3.33 to 7.25
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kg ha' in 2010 (Table 4.3.). Mean PUE (P exports divitlgdP imports) was 0.70 (Table
4.3.). There were significant differences in medrERetween farms, ranging from 0.30 to
1.58 over the 3 years (Table 4.3.). The coeffic@ntariation for mean PUE between farms
was 0.40 over the 3 years. There were no signifiddferences in mean PUE between years
(Table 4.3.). Mean P balance per kg MS was 0.0@bl€r4.3.). There were no significant
differences in mean P balance per kg MS betweensfaind years (Table 4.3.).

There was a significant negative relationshig €R0.71; P < 0.001) between mean log
transformed PUE and mean log transformed minerélider P applied to landp(= -0.75)
and mean log transformed feed P impditH{ -0.30). An increase of 0.03 (0.92, not
transformed) kg Hain mean log transformed mineral fertiliser P apglto land and of 0.02
(0.55, not transformed) kg P hin mean log transformed feed P import was asstiaith a
decrease of 0.03 (0.13, not transformed) in megrramsformed PUE.

There was a significant negative relationship” €R 0.20; P<0.01) between mean log
transformed P balance per kg MS and mean log wamstd MS export per cow (= -0.45).
An increase of 0.02 (13, not transformed) kg MS ¢awmean log transformed MS export
per cow was associated with a decrease of 0.0930:ot transformed) kg P kg M3n
mean log transformed P balance per kg MS.

There was no significant relationship between Fatiz@ per ha and mean STP, SR, MS
export, number of days spent grazing, log transéarmmineral fertiliser P applied to land and
log transformed feed P import (Table 4.2.).

4.4. Discussion

Total P import, export and surplus in the curréntlg were close to, but slightly above, the
national average for dairy farms and PUE was diigbtver than the national average found
by Buckleyet al. (2013) (mean total P import of 13 kg P*hanean total P export of 8.9 kg P
ha', mean P surplus of 4.1 kg P"hand mean PUE of 0.83). This would suggest thatlts

from this study may be taken as indicative of thgamal situation. However, caution must be

taken in this regard due to the relatively low nemof farms involved (21).
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The overall coefficient of variation for P imporesports and balances and PUE, of 0.54, was
within the range reported in other studies on fgate nutrient balances (0.64, Mounsty
al., 1998; 0.51, Nielsen and Kristensen, 2005; 0.48ady, 2008).

4.4.1. Factors affecting Phosphorus balances and useieffiities across farms

Differences in mean mineral P fertilisers applied land per ha between farms were
principally associated with differences in mean SWiean STP content varied between 2.29
and 8.99 mg P litr& between farms. For the scope of this study (asssssof farm-gate P
balances on dairy farms operating under GAP regulg), we investigated the relationship
between mineral fertiliser P applied to land antdl Bostatus to illustrate the extent to which
the farmers complied to the GAP regulations imppdigher P fertilisation rates for soils
with low P status and lower P fertilisation rates soils with higher soil P status; the
compliance with GAP regulations in terms of P fesdtion rates is one reason explaining the
mineral fertiliser P imports and the actual P aggtlon to land. The results showed
differences between recommended amounts of minerdértilisers, in line with GAP
regulations, and the actual amounts of P appliddrid. More precisely, in the fertiliser plans,
the recommended mineral fertiliser P applicatiotesaranged between 0 and 37.50 kg P
ha®, the higher rates corresponding to farms withgléi proportion of Index 1 and 2 soils.
In practice, P fertiliser application rates, avexd@cross the farm area, ranged between 1.69
and 20.15 kg P Habetween farmsThe actual values and the negative relationshipeset
mean mineral fertiliser P applied to land and mesRP indicate compliance with
recommended fertilisation rates and the GAP remulat The difference between the
recommended and actual P fertilisation rates indgcdhat farmers with high P soils are
relying more on soil P reserves to support herhyagjes, and are not fully replacing P being
removed in herbage. The actual P fertilisationgatere lower than the rates between 14 and
40 kg P hd, which can be taken up by pastures in one grows@ason, in Ireland (Ryan and
Finn, 1976; Poweet al.,2005). Of course, there are also P inputs to pastiiom imported
feeds and recycling to soil of P taken up in tharslvThis trend will save money on inputs in
the short term and can be expected to reduce tipgion of high P (Index 4) soils, reducing
the risk of P loss to water, as was intended inGA€ regulations. At the same time, it will

be necessary to monitor soil P contents and Pagin rates to ensure adequate soll fertility
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is maintained in the future (Lal@t al, 2010).The fact that STP explained only 0.21 of the
variation in mean mineral fertiliser P applied amd indicates that a number of other factors
are important, such as use of organic P fertiljseosicentrate P imports (affect the overall
farm mineral fertiliser P allowance under the GARulations), economic considerations,
weather and grass growth conditions, advisory irnpad understanding and planning on the
part of the farmer, for example.

The significant positive relationship between feRdimport and SR suggests increased
requirement for feed imports to support higher lstay rates. Concentrate feed imports per
animal varied significantly between farms, from 281801 kg DM LU". These imports were
likely determined by harvested grass, ranging betwen estimated 2,919 and 4,304 kg DM
LU and targeted milk yields per cow, ranging betwde229 and 6,038 litres col
Targeted milk yields per cow were included in depehent plans introduced in 2009 for each
farm by farm advisors. One of the goals in the tgument plans was increased milk yield
per cow by amounts ranging between 100 and 408 litpw* between 2009 and 2011. The
decrease in feed P import with number of days gopasuggests that extending the grazing
season is an effective strategy to decrease feedpBrt, by increasing the proportion of
grazed grass in the diet. The fact that SR and giagmng explained only 0.20 of the variation
in feed P import suggests that other factors apomant, such as advisory impact, economic
and environmental factors.

The significant positive relationship between mik export per ha and SR implies that
increasing SR is an effective strategy to increasle P export. Further, this could decrease P
surplus and increase PUE, because P in sold miiktiae main form of exporting P off the
farms. However, from 16.85 kg P haf mean total P import, only 6.66 kg P*har 0.39, on
average, was exported in sold milk, meaning thairipact of milk P export on P surplus and
PUE was rather low. The P content of sold milk esyvunlikely to increase, and therefore
there is a need to optimise the use of P imporiacipally feed, and on-farm P resources
relative to P exports in milk, to decrease P swlnod increase PUE. It is also notable that
livestock exports accounted for a large proportbPR exports and there may also be scope to
improve P balances and PUE here.

The fact that PUE decreased principally with mihé#iliser P applied to land but also feed
P import, explaining 0.71 of the variation in PUdtiggests that decreasing fertiliser P and
feed P imports may be the most effective strategintrease PUE. The remainder of the
variation in PUE could be attributed to factorstsas differences in soil P status relative to

the agronomic optimum (between 5.1 and 8.0 mgrE*jitRyan and Finn, 1976; Herlihgt
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al., 2004; Poweet al.,2005) and farm-specific efficiency of P recycliamgd P losses between
soil, pasture, animals and milk and livestock fepat (Spearet al.,2003). At farm level, P
recycling can contribute to increases in PUE byrezding the imbalance in soil P status
across fields, which indicates legacy of past manamnt with over- and under-applications of
fertiliser P causing either soil P build-up or d8ifall below agronomic optimum levels (Wall
et al, 2012). However, farms with high soil P statusendow requirement for P fertilisers
(Wall et al,, 2012) in the long term, as P can be immobilisgdoil particles and can remain
stored in the soil, being sparingly available tarmp$ (Buckleyet al, 2013). This low P
requirement means decreased P imports which ctirefuresult in apparent increases in PUE.
A decrease in fertiliser and feed P imports comibwéh improved on-farm P recycling may
increase PUE. Improved nutrient recycling on farsnsonsistent with one of the targets in the
Food Harvest 2020 national strategy for sustaingteith of the agricultural sector (DAFM,
2013c). On a global scale, increases in PUE owerahg term, along with P recovery and
reuse from all waste streams throughout the fooduymtion system (from animal excreta to
crop wastes) are suggested to contribute to sastiaif® use (Cordedt al.,2011).

Results suggest that an increase in MS exportggercan contribute to reduced P surplus
per kg MS. In grazed grass-based production systemieased MS production and exports
per cow may be achievable with low fertiliser aedd P use by optimising other management
aspects such as grazing management, grass uiig@iDonovanet al., 2002; Kennedet
al., 2005), and management of herd genetic potentedr{&t al,. 2007). On the other hand,
an increase in MS production per cow can lead ¢oegsed P surplus per ha and potentially
higher P losses, if it is not achieved in an edintimanner.

4.4.2. Factors affecting Phosphorus balances and useiefiities across years

Phosphorus feed P imports and P surplus per hagrveater in 2010 compared with 2009 and
2011. The increased feed P imports were probablsumport a SR that was 0.18 LU ha
greater than 2009 and 0.19 LU hgreater than 2011. The higher SR in 2010 was &sdc
with higher feed imports, both in kg per ha andgnper LU, and with higher milk yields per
cow, of 5,411 litres cowin 2010 compared with 5,120 litres coun 2009 and 5,291 litres
cow” in 2011. This equates to a response of 2.40 limék kg™ DM of additional feeds

compared with 2009 and 0.69 litres milk kg DMompared with 2011. A similar response in
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milk production, of 1.06 kg cow per additional kg of imported feeds, was reporbgd
Shallooet al. (2004).

The increase in mean feed P import in 2010 coredbuo increased mean total P import,
which was 4.63 kg P Hagreater compared with 2009 and 4.78 kg P tieater compared
with 2011. The increased total P import resultedririncrease in P surplus (7.25 kg P)haf

36 % compared with 2009, and 55 % compared witll 2Qthers have found similar results
(Smith et al., 2003). The principle reason would appear to beiceans in PUE associated
with the increase in feed P imports. These resudfislight the necessity of assessing balances

and use efficiencies in aggregate over a numbgeafs.

4.4.3. Phosphorus balance and use efficiency before &ed the GAP regulations

The results of the current study were compared wiithlar studies, completed between 2003
and 2006 (Treacy, 2008) and in 1997 (Mounegwl., 1998), before the introduction of the
GAP regulations, to investigate possible impactthese Regulations on P balances and PUE
on Irish dairy farms. The study of Treacy (2008swarried out on 21 intensive dairy farms,
of which 8 were also involved in the current studihereas the study of Mounsey al.
(1998) was on 12 intensive dairy farms. Howeveesghintensive farms had SRs of 2.37
LU/ha (Treacy, 2008) and 2.58 LU h&Mounseyet al., 1998), respectively, compared with
the national average SR of 1.85 LU'ia 2005-2006 (Connollet al, 2006; 2007) and 1.47
LU ha' in 1997 (Fingleton, 1997) (Table 4.4.). Therefoteey may not be fully
representative of all Irish dairy farms. Also, ttaems in those studies were stocked more
intensively than the mean SR of 2.06 LU'ha the current study.
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Table 4. 4. Comparative mean values (and standaodsg for total utilised agricultural
area, stocking rate, national average stocking s test P, milk yield, milk protein
and fat concentration, concentrate feeds, minefattifisers applied to land, imports of
P in feed stuffs, and livestock, exports of P itknaind livestock, farm-gate P balances
per ha, P use efficiencies, and P balances perilkgsolids on dairy farms before and
after the implementation of Good Agricultural Piegtregulations in Irelandstandard
error of the means for transformed data in brackBtsalues from ANOVA are
included

Current Treacy Mounsey

study 2008 etal19og oM Pvalie
TUAA (ha) 71 59 65 3.27(0.02 NS
Stocking rate (LU hd) 2.06 2.37 2.58 0.049 <0.001

National stocking rate (LU A% 1.90 1.85 1.47 - -

STP (mg liré) 564 820 1168 0463(0.025) <0.001

Milk yield (I cow™?) 5308 5,167 5,588 65.4 NS
Milk protein (%) 3.4 3.4 3.3 0.01(0.001)  <0.001
Milk fat (%) 4.0 3.8 3.7 0.02(0.002)  <0.001
Concentrate feed (kg DM LY 48¢ 54¢ 48C 29.4 <0.0t

P imports (kg P h§

Mineral fertiliser applied 761 1022 2345  1.405(0.067)  <0.01

Feeds 762 758 782  0.456(0.025 NS
Livestock 1.6] 0 0 - -
Total 16.8¢ 17.8( 31.2% 1.552(0.03¢ <0.0-

P exports (kg P h3

Milk 6.66  7.35 9.13  0.296(0.016)  <0.01
Livestock 510  4.84 2.64 0.241 <0.001
Total 11.76 1219 1177 0.338 NS
P balance (kg P H 509 561 19.50  1.282(0.084)  <0.001
P use efficiency 0.70 068 0.37  0.078(0.034) <0.001
P balance kg kg M5 0.004 0.017  0.021 0.0153(0.0629) <0.01

TUAA, total utilised agricultural area), livestock units; STP, sail test phosphorudifies; DM, dry
matter; MS, milk solids; S.E.M., stardlarror of the means; NS, not significant.
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Mean P surplus was significantly lower (P < 0.081}he current study, at 5.09 kg P*ha
than Treacy (2008) (5.61 kg P Haand Mounseet al. (1998) (19.50 kg P Ha, while PUE
was significantly higher (P < 0.001), at 0.70, tAaeacy (2008) (0.68) and Mounset/ al.
(1998) (0.37) (Table 4.4.). Similarly, mean P suspper kg MS was significantly lower
(P < 0.01), at 0.004 kg P kg MScompared to Treacy (2008) (0.017 kg P)hand Mounsey
et al.(1998) (0.021 kg P Ha (Table 4.4.). Results suggest a trend for deetk&ssurplus per
ha and per kg MS, and improved PUE on Irish daarynk over the period covered by these
studies (1997 to 2011) and following the introdotiof the GAP regulations in 2006,
associated with a trend for decreasing stockingsidenThis trend would have both
agronomic and environmental implications. From amoaomic perspective, it will be
necessary to monitor soil P to ensure adequatefestiity for sward growth (Laloret al.,
2011). From an environmental perspective, this Eh@ad to less potential for P loss from
the system.

There are a number of factors determining thederdifices between the three studies. The
first factor was a significantly lower (P < 0.00hean SR in the current study, of 2.06 LU
ha®, in comparison with 2.37 LU Hain Treacy (2008) and 2.58 LU han Mounseyet al.
(1998). The lower SR in the current study had frtimpacts on mineral P fertiliser applied
to land and milk and livestock P exports.

Second factor was a significantly lower (P < 0.00Ean mineral fertiliser P applied to land,
of 7.61 kg P h3, in the current study, compared with 10.22 kg P imaTreacy (2008) and
23.45 kg P hain Mounseyet al. (1998). It would seem likely that this decreases wae to
improved awareness of management of soil P statuarms (Laloret al., 2010) and good
agricultural practices in P management such as rappgopriate rates of application and
better use of on-farm organic P fertilisers, asoutiiced in the GAP regulations.

The third factor differing between the studies sglg that this was indeed the case, as 42 %
of annual organic fertiliser P (farm yard manurd alurry) was applied between mid-January
and April in the current study, compared with 55i86Treacy (2008) but only 14 % in
Mounseyet al. (1998). There was no application of organic feseils after October in the
current study and in Treacy (2008), whereas in Meymet al. (1998), 31 % was applied
between November and January. This significant shihe timing and percentage of organic
P fertiliser application is consistent with advica best practice indicating better fertiliser
replacement value for spring application (Alexanddral., 2008) and with the GAP
regulations (European Communities, 2010) that pibhapplication of organic fertilisers

during the ‘closed period’, from mid-October to rieidd January. Also, spring application of
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organic P, besides reducing the requirement foromspof inorganic P, coincides with the
development phase of grass plants and, therefareingprove PUE in grasslands (Alexander
et al.,, 2008) The concurrent decrease in mineral fertiliBeuse indicates an improved
awareness of the fertiliser value of organic masumad accounting for them in nutrient
management planning. This was illustrated in Figlrevhich indicates the appreciation of
on-farm organic sources of P, and also presentienfyas in terms of the ability of farmers to
target P, as there is more uncertainty in appboatates for organic P fertilisers, and the
ability to apply it can be more limited spatiallgcatemporally in comparison with the mineral
P fertilisers.

The farms in this study had a significantly lowBr< 0.001) mean STP content of 5.64 mg P
litre compared to Treacy (2008) (8.20 mg lityeand Mounse\et al. (1998) (11.68 mg P
litre™). This is in line with the historical variatian STP in agricultural Irish soils, with an
increase from about 1 mg littdn the early 1950s to 9 mg littdn 1990s (Tunney, 1990),
and a fall down to 6.7 mg litfein 2003 (Bourkeet al, 2008) and from 7.3 to 4.0 mg litre
between 2007 and 2011 (Wall al., 2012). In the current study, the implementatiorié{P
regulations obliged the farmers to operate STPertstconsidered optimal for response in
herbage yields, of between 5.10 and 8.00 mglitEeuropean Communities, 2010). The fact
that the farms in this study were operating at lo&&P combined with lower surpluses and
higher PUESs than the previous studies suggests mocé efficient P cycling with much less
potential to lose P to water.

4.4.4. Phosphorus balance and use efficiency of Irishydé@rms in an international

context

The results of the current study were compared siithlar European studies completed after
the implementation of the Nitrates Directive andhwa study from Australia, as outlined in
Table 4.5. In this comparison, the term ‘continéBtaropean farms’ refers to the Dutch farms
in Aarts (2003), the Danish farms in Nielsen andstensen (2005), and the French farms in
Raisonet al. (2006).

Mineral fertiliser P applied to land in the currestudy (7.61 kg P hd was lower than the
Dutch farms in Aarts (2003) (8.50 kg Phathe English and Irish farms (12.46 kg P*ha
and the French farms (11.29 kg P*hin Raisonet al. (2006), and the Australian farms in
Gourley et al. (2012) (16.60 kg P Ha, but higher than the Danish farms in Nielsen and

Kristensen (2005) (5.00 kg P Ha
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Table 4. 5. Comparative number of farms, type stey, grassland area, stocking rate, milk yieldnports from mineral fertilisers and
feed stuffs, P exports in milk, P surpluses, angé®efficiencies in different regions

Reference Region No. Type of Grasslan( Sk Milk Fertiliser f Feed | Milk P P surplu PUE
Farms system  (proportion (LU yield import import export (kg P
of TUAA) ha') (lthay) (kgPhd) (kgP hd) (kglP ha')
ha")
Current stud South of Irelan 21 G/C 0.9: 2.0¢ 7,56¢ 7.61 7.62 6.6¢€ 5.0¢ 0.7¢
Aarts (2003) The Netherlands 17 G/C 0.76 1.74 ’,52 8.50 24.00 19.00 13.50 0.58
Nielsen and Denmark 25 D+A 0.59 1.54 12,631 5.00 22.00 07.0 16.00 0.46
Kristensen (2005)
Raisonet al (2006 Scotlant 1C G/C 0.9¢ 1.6C 7,15¢ 13.2( 12.7¢ 7.92 17.6( 0.3:
South of Ireland 24 G/C 1.00 2.10 7,757 11.00 7.04 7.48 7.92 0.62
SW England 13 G/C 0.84 2.20 9,847 13.20 11.88 9.68 15.40 0.44
Brittany 15 G/MS 0.7¢ 1.4C 5,31¢ 4.4C 17.1¢ 5.2¢ 15.8¢ 0.4¢
Pays de la Loire 13 G/IMS 0.65 1.30 4,837 5.72 10.12 4.84 9.68 0.57
Aguitaine 9 C/IMS/MG 0.39 1.20 6,053 23.76 13.20 5.72 21.56 0.43
Basque country 16 0G 0.88 2.70 15,304 10.1: 45.3: 16.2¢ 39.9¢ 0.3t
Galicia 18 0G 0.58 3.00 19,723 35. 57.2( 18.0¢ 71.7: 0.2¢
North Portugal 21 0G 0.00 6.10 34,760 29.97 66.0( 32.1% 51.0¢ 0.4¢
Gourleyet al. (2012 Australie 37 G/C 0.8: 1.7¢ 13,97! 16.6( 9.2( 10.0( 25.8( 0.32

No., number; G/C, grazing-cutting; D + A, dairy table crops; G/MS, grazing-maize for silage; C/M&Mutting-maize for silage-maize for grain; 0Graze

grazing; TUAA, total utlised agricultural area; SRtocking rate; LU,

livestock units; |,
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Feed P import in the current study (7.62 kg P)hsas much lower compared with Aarts
(2003) (24.00 kg P H3, Nielsen and Kristensen (2005) (22.00 kg P)h#he English and
Irish farms (10.56 kg P Ha and the French farms (13.49 kg P*hin Raisonet al. (2006).
The main reason for higher feed P imports in thetadies was the high import system of
dairy production that is more typical of dairy puation in continental Europe, characterised
by year-round milk production, high use of importeéds, lower use of grazed grass and
high milk yields per ha and per cow. In contrasipwa import system is more typical in
Ireland, with seasonal grass-based milk producf{mmpact spring calving), low use of
imported feeds, high use of grazed grass and lowilr yields per ha and per cow. The
continental European studies (14,528 litreg, hsarts, 2003; 12,631 litres fiaNielsen and
Kristensen, 2005) and the English and Irish fanmRaisoret al. (2006) (8,253 litres Ha
had much higher milk yields per ha compared with ¢hrrent study (7,569 litres a The
French farms in Raisoet al. (2006) had lower mean milk yield per ha (5,40fe$ithd) due

to mixed agricultural production (milk, maize foxp®rt) on some of the farms. The higher
milk yields per ha were also associated with highean milk P exports per ha on the Dutch
farms in Aarts (2003) (19.00 kg PHaand the English and Irish farms in Raisziral. (2006)
(8.36 kg P hd) compared with the current study (6.66 kg P)h&espite the higher milk
yields in Nielsen and Kristensen (2005), mean rRilkxport (7.00 kg P Ha was similar to
the current study, due to mixed agricultural prdaurc (milk, cereals for export). On the
French farms in Raisoet al. (2006), the mean milk P export, of 5.28 kg P',haas lower
than in the current study, likely due to their lowalk yields and SR.

In the study of Gourlet al. (2012), on Australian farms, year-round grazinigveg¢d for
high use of grazed grass and therefore lower irspoftfeeds (9.20 kg P Hathan the
continental European farms and the English and fesms in Raisoet al. (2006), but higher
than the Irish farms in the current study, due tecimhigher milk yields per ha (13,975 litres
ha').

Despite the relatively low milk P export per ha,amé® surplus (5.09 kg P Hain the current
study was much lower than that reported by Aar082 (13.50 kg P h4, Nielsen and
Kristensen (2005) (16.00 kg P Bathe English and Irish farms (13.64 kg Phand the
French farms in Raisoet al. (2006) (15.69 kg P H, and the Australian farms in Gourley
al. (2012) (25.80 kg P Ha. This reflects the low import model of dairy prmtion in Ireland.
Mean PUE in the current study (0.70) was much highan that reported by Aarts (2003)
(0.58), Nielsen and Kristensen (2005) (0.46), tmglish and Irish farms (0.46) and the
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French farms (0.49) in Rais@t al. (2006), and the Australian farms in Gourétyal. (2012)
(0.32).

It can be concluded that Irish dairy farms tendperate with lower feed P imports, relatively
low fertiliser P imports and lower P surpluses Ip@ithan most other European dairy farms at
lower exports (litres milk HY and that this is largely due to the low imporsteyn that is
more typical in Ireland with seasonal milk prodaatiicompact spring calving) (Bucklest

al., 2000), low use of imported feeds (Dillet al., 1995), high use of grazed grass (Horan,
2009), and relatively low milk yields per cow (Huhmpyset al., 2009). All other factors
being equal, one might expect less P losses tenki@#onment under conditions of lower P

surplus.
4.5. Conclusions

A survey of 21 Irish dairy farms from 2009 to 20iLind a mean P surplus of 5.09 kg'har
0.004 kg P kg M$, and a mean PUE of 0.70. Farm-gate P imports demgnated by feeds
(7.62 kg P ha) and inorganic fertiliser (7.61 kg P Ha while exports were dominated by
milk (6.66 kg P hd) and livestock (5.10 kg P fa Comparison to similar studies carried out
before the introduction of the GAP regulations @& would suggest that P surplus, both per
ha and per kg MS, have significantly decreasedl¢hytl kg P hd and 0.017 kg P kg M5
respectively) and PUE increased (by 0.33) followting introduction of the GAP regulations.
These improvements have mostly been achieved thralegreased mineral fertiliser P
applied to land and improvements in P managemeith, avnotable shift towards spring
application of organic manures, consistent withiehon best practice and with the GAP
regulations that prohibit application of organictifesers during the ‘closed period’ from mid-
October to mid/end January. A concurrent decreasaineral fertiliser P use indicates an
improved awareness of the fertiliser value of oilgananures and accounting for them in
nutrient management planning. The cumulative eftédhe improvement in management of
organic manures and the decrease in mineral gentdimay have led to the lower mean STP
values observed in the current study, closer taeslconsidered optimal for pasture
production. These results would suggest a positiyeact of the GAP regulations on dairy
farm P surplus, PUE and STP.

Taking surplus P per ha and STP as indicatorsaafl lenvironmental pressure, this indicates
that the environmental sustainability of milk pratlan has improved. Taking PUE as an

indicator of agronomic performance, the improvemanPUE also indicates that agronomic
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performance has improved concurrently. This demmatest that is possible to improve both
environmental and economic sustainability of dgrgduction through improved resource
use efficiencies. Such improvements will be neggdsaachieve national targets of improved
water quality under the EU Water Framework Direst@and increased dairy production, as set
out in the Food Harvest 2020 Report. Results sugdpas optimising mineral fertiliser P
applied to land and and feed P imports combinetl wiproved on-farm P recycling may be
the most effective way to increase PUE. Equallyntiomed monitoring of STP and P
management will be necessary to ensure that adeqaéP fertility is maintained.

Mean P surplus was lower and mean PUE was higherttie overall mean surplus (15.92 kg
P ha') and mean PUE (0.47) from three studies of contale€European dairy farms. It can be
concluded that Irish dairy production systems, werage, tend to operate with lower mineral
fertiliser P applied to land and feed P imports &wler P surpluses than other continental
European dairy production systems and that tHagely due to the low import system that is
more typical in Ireland, with seasonal milk prodont(compact spring calving), low use of
imported feed stuffs, and high use of grazed grAsther factors being equal, one might
expect less P losses to the environment under temnsliof lower P surplus.
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Summary

A three year (2009-2011) study found a mean N sarpf 167 kg N H4, P balance of
1.72 kg P hd, NUE of 0.26, PUE of 1.08, and net profit of €388' on 19 Irish dairy
farms. Between farms, the increase in mean nett prah mean milk receipts and the
decrease with mean expenditure on mineral fertifnseise implies that increasing milk
receipts while decreasing mineral fertiliser inpatl expenditure is an effective strategy
to increase net profit. Between years, the 86 %ease in mean net profit was not fully
explained by the 37 % increase in mean milk resgipticating that an increase in milk
receipts alone do not ensure the financial secwiftgairy farmers in the long term.
Mean net profit was not directly related to meanmaihd P surplus or N and P use
efficiency. However, there was an indirect link vibeén net profit and N and P use
efficiency, as indicated through significant redaiships between N and P use in the
form of mineral fertilisers and feeds and the awsded expenditures on mineral
fertilisers and feeds. The increase of mean expamdon feeds with mean SR and feed
P input and the decrease with TUAA highlights ti@artance of matching SR with the
feed (concentrate, fodders) imports on grass-bds@g farms, when there is limited
availability of grassland area, as the most effectstrategy to control the feed
expenditures, with potential positive impact on petfit. Results of the sensitivity
analysis indicated that milk price was the mairvelrifor changes in net profit in high
and low milk price situations investigated acrossemrice scenarios. The increase in
mean N-eco-efficiency (milk produced per kg N suspl(51.4 litres kg N) with mean
fertiliser N input implies that efficient on-farm Rhanagement of fertiliser N inputs,
aiming at supporting herbage and therefore milldpotion while making efficient use
of N, is an effective strategy to achieve increasesilk production and therefore
reduce N surplus per unit product (litre milk). &ial fertiliser N replacement values
of €317 hd for the spring and €64 Hafor summer slurry application may represent
strong incentives for farmers to make increased afserganic fertilisers, as part of
overall on-farm N management, with positive impamtsfarm nutrient use efficiency
and farm net profit. Nine farms exceeding the liofi2 LU ha', imposed through the
Nitrates Directive, had 1.63 times higher net proéimpared with the remainder, which
justified the cost of compliance associated witingpen derogation. The results of this
study generally indicate that Irish dairy farms,l@s input production systems, have

the potential to achieve both economic (as inda&caby net profit per ha) and
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environmental (as indicated by N and P balanceshpeiN and P use efficiency and
N-eco-efficiency) sustainability.

5. 1. Introduction

There is an on-going debate surrounding the usegbf or low-input systems in dairy
farming. The low-input systems are considered neamomically and environmentally
sustainable than the high-input systems (Ridle082@’Brienet al.,2012) as they are
less vulnerable to volatility in input and outpuices (Humphreyet al.,2012; Moreau
et al., 2012) and are associated with lower farm nutriemplases (Humphreyst al.,
2008; Ledgarekt al.,2009).

Relatively high milk prices between 2001 and 20£0.30 litré', on average; CSO,
2013) within the European Union (EU-27) have enagead increased use of inputs, in
the form of nitrogen (N) and phosphorus (P) minéediliser (Aarts, 2003; Raisoet
al., 2006; Grootet al., 2006; Nevenst al., 2006; Robertst al., 2007; Ryanet al,
2011; Cherryet al, 2012), and concentrate feeds in dairy productigsiems (Shalloo
et al., 2004; McCarthyet al., 2007; Delabyet al., 2009; Pattoret al., 2012). These
high fertiliser applications may often be attriite risk aversion to lower crop yields
or incentive emerging from fertiliser pricing. Thewver the relative price of fertiliser,
the greater the incentive to apply it to offset gmiial risk and yield uncertainty
(Buckley and Carney, 2013). Also, the volume of didtin feeds is often driven more
by the desire to produce specific volumes of prodather than by the desire to make
the most efficient use of inputs. Concurrently,réhédas been a general tendency to
overlook the importance of the ‘free’ resource {pesand soil nutrient supply) (Ridler,
2010).

The fertiliser and feed inputs are key drivers méreased herbage yields and milk
saleable output on most dairy farms (Treatwl.,2008; Ryaret al, 2011; Gourleyet
al., 2012) and therefore represent the main expenditofenilk production (Tozeet
al., 2003; Donnellaret al.,2011). However, the N (Jarvis, 1993; Goodkesal.,2003;
Aarts, 2003; Humphreyst al, 2008) and P inputs (Van Keule al., 2000) from
mineral fertilisers and feeds typically exceed atggn milk and livestock exported off
the farms. These imbalances result in surplus Nu(@p et al, 2010; Cherryet al.,
2012) or P (Arriag®t al, 2009; Gourleyet al, 2010) that are either accumulated on, or

lost from, the dairy farms. The excessive use oamd P may be associated with
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environmental damage. Nitrogen surplus is susdeiibbe lost through denitrification,
nitrate (NQ) leaching, ammonia (N volatilisation, NO emissions or through runoff
to surface waters (Pain, 2000; Jarvis and Aart8p20e Vrieset al., 2001; Schilset
al., 2005; Del Pradet al, 2006). Surplus P is potentially lost throughds=d material
containing particulate P or P adsorbed on to omyalay soil complexes (Kuret al,
2005) or through leaching (Heathwaite, 1997). LesseN and P also incur economic
costs in two ways; the cost of wasted N and P B)pat farm level, and the cost of
clean-up associated with pollution caused as atresisuch losses, more typically at
regional to national levels (Buckley and Carneyl30 The same study reported
average surpluses sourced from mineral fertilig$rg8.23 kg N hd and 3.38 kg P
ha®, which were found to be at least similar to logbesugh leaching and runoff for N
and P, respectively, from intensive dairy farms] aguated to €44.8 haon average. It
has been proposed that these environmental castiddsbe factored into the sale price
of milk (Von Keyserlingket al.,2013).

In addition, increasing instability of milk pricesd increasing input prices (Soder and
Rotz, 2001), as well as rising labour, machinerg @amimal housing expenditures
(MacDonaldet al.,2008) are leading dairy farmers to search for waydecrease milk
production expenditures, and grazed grass-basey siggtems offer opportunities to
reduce these expenditures during the grazing s€&smer and Rotz, 2001; MacDonald
et al.,2008). Strategies to reduce expenditures in grgeask-dairy production systems
include increasing resource use efficiency (Rid2608; Finneramet al.,2011; Pattoret
al., 2012; Kelly et al., 2013), nutrient use efficiency (Gourlegt al., 2010),
N-eco-efficiency (the amount of milk produced pey &f N surplus) (Nevenst al.,
2006; Beuke=t al., 2012), accounting for mineral nitrogen fertiliseplacement value
(NFRV) of organic N contained in slurry (Lalor, &)Oor fixed by white clover in
pastures (Humphreyst al., 2012). Therefore, there has been a rejuvenatedestt in
grass-based dairy production systems internatipr®lacDonaldet al., 2008) as a
low-input, low-cost system that may be less vulbkrao volatility in input and product
prices

In many developed countries, much of commerciahifiag operates under the influence
of society’s increasingly multifunctional expectats. Such farming must thus be
sustainable within a range of economic and enviemal criteria (Crossomet al.,
2007). Therefore, a comprehensive evaluation ofagament effects on dairy farm

performance must consider environmental impactwelsas potential profit (Rotet
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al., 2005). As N (Leach and Roberts, 2002; Ecletrdl.,2004; Powelket al, 2010) and

P (Jarvis and Aarts, 2000) surpluses are commoskoaated with excessive,
inefficient N and P use on farms, as well as hafrafivironmental impacts, they are
considered as indicators of potential N and P bss&l environmental performance
(Jarvis and Aarts, 2000; Schrodsral, 2003; Carpanet al., 2008). Therefore, in the
current study, N and P balances were used as todscaf environmental sustainability.
The economic sustainability of farms can be defirzexd their ability to generate
sufficient funds to sustain their production poigntn the long run (European
Comission, 2001). In the current study, the neftfiprgas used as an indicator of
economic sustainability.

In the EU, dairy production is strongly regulategl énvironmental and agricultural
policies. The Nitrate Directive (91/676/EEC) (Eueap Council, 1991) and Water
Framework Directive (WFD) (2000/60/EC) (Europearu@ail, 2000) have established
guidelines in relation to farming practices to reellNG leaching and improve water
quality. The Nitrate Directive was firstly implented in Ireland as the Good
Agricultural Practice (GAP) Regulations, in 2006uf(&pean Communities, 2006).
Under the GAP Regulations, farms are limited toomlsng rate (SR) based on organic
N ha', while fertiliser N and P application practice® ajoverned by soil conditions,
soil nutrient content and inputs from other soueasutrients.

Also, in 2008, the “Health Check” decisions of CoammAgricultural Policy (CAP)
included the expiry of the milk quota system a2@d4 and an increase of quotas by
1 % annually from 2009 to 2013 to allow for a “stafhding” of the milk sector with
expiring quotas (Kempeet al., 2011). In Ireland, the removal of milk quotas is
expected in 2015. It is anticipated that this wileate an imbalance between milk
supply and milk demand that may lead to higher rpilice volatility (Kelly et al.,
2012), which is inherent in a market which is nohstrained by supply (Geagt al.,
2012). In fact, in the EU-27 countries, milk pricas been highly volatile since 2007,
ranging between €0.27 and €0.35 It(€S0, 2013).

Under these conditions, work has been undertakegrass-based dairy farms in Europe
with specific focuses on N (Groet al.,2006; Nevengt al, 2006; Robertst al.,2007;
Treacyet al., 2008; Cherryet al., 2012; Oenemat al., 2012) or P (Mounsewt al.,
1998; Van Keuleret al, 2000; Steinshamet al, 2004; Nielsen and Kristensen, 2005;
Huhtanenet al, 2011) use efficiency and the economic impactampiiementing the

Nitrate Directive (Van Calkeet al.,2004) and Water Framework Directive (Jacobsen,
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2009). In Ireland, the economic implications of gdiance with the Nitrate Directive
and decoupling of single farm payments (SFP) omyd@rms were investigated by
Hennessyet al. (2005) and those of milk quota abolition were stigated by
McDonald et al. (2013). Crossomt al. (2007) investigated economic beef production
systems in relation to N and P management strate@ackley and Carney (2013)
investigated economic impacts of the managemertl @nd P inputs from mineral
fertilisers and feeds on dairy farms based on e@e-gata. However, none of the above
studies included both economic impacts of N and 98 efficiencies, economic
implications of compliance with Nitrate Directiveegulations, and sensitivity to
volatility of milk and mineral fertiliser prices agrazed grass-based dairy farms.
Therefore, the objectives of this study were:dipssess the economic impacts of N and
P farm-gate balances and use efficiency on 19 comatentensive grass-based dairy
farms; (ii) to assess economic implications of cbamge with the Nitrate Directive
regulations on these farms; (iii) to assess thsigeity of the dairy production system
on these farms to volatility in milk and fertilisprices.For these purposes, data on N
and P imports and exports and farm receipts anérelfures were recorded on 19
intensive grass-based dairy farms in the south refahd participating in the
INTERREG-funded DAIRYMAN project over 3 years, frazf09 to 2011.

5.2. Materials and methods

5.2.1. Farm selection and data collection

Twenty-one commercial intensive dairy farms werkeced, located in the South of
Ireland, in counties Cork, Limerick, Waterford, perary, Kilkenny, and Wicklow.
These farms were pilot farms involved in the INTERRfunded DAIRYMAN project

(www.interregdairyman.gu focusing on improving resource use efficiency and

competitiveness of dairy farms in Northwest Eurdparm selection was based on the
likely accuracy of data recording, 8 of the farmsthe current study having been
involved in a previous similar study (GREENDAIRYr€kcyet al., 2008), and all the

farmers being willing to provide data. Grass-bas## production from spring calving
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cows was the main enterprise on all the selectadsfaKey farm characteristics are
given in Table 5.1.

Seventeen of the farms in the current study padted in the Rural Environment
Protection Scheme (REPS) (DAFM, 2013a). This isogm@mm co-funded by the EU and
the Irish government whereby farmers are rewaraehtially for operating to a set of
guidelines consistent with an agri-environmentanpldrawn up by an approved
planning agency. Important conditions for receiviREPS financial support were to
limit SR to 2 LU h& and to apply N fertilisers to the farming areacading to fertiliser
plans drawn for the farm (DAFM, 2013a). Nine of the farms had a stocking rate
higher than 170 kg organic N har 2 LU ha'. According to GAP regulations and
REPS conditions (for the participating farms), thé&'ms had to apply for a derogation
allowing a maximum stocking rate of 250 kg orgaNicha® or 2.9 LU h&, mainly
conditioned by prohibited application of organictifesers during the ‘closed period’,
from mid-October to mid/end January, planning ohenal and organic fertilisers’
application relative to SR (stocking rate), and aimum use of 279 kg N Heand 49
kg P h& (European Communities, 2010).
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Table 5. 1. Total utilised agricultural area (amdpcarea), annual temperature, annual
rainfall, number of days grazing, stocking rate,ne@ milk quotas, fat and protein
corrected milk, concentrate feeds, and estimatedekged grass through grazing and
silage for 19 Irish dairy farms between 2009 anti120

) Owned
TUAA Tem Rainfall SR milk FPCM  Conc. Grass
Farm (crops) (oc)p' (mm GD (LU quota output (kg DM (kg DM
(ha) year') ha') (litres) (kgha') LU™ LU™
1 80 9.€ 1,077 264 1.9¢ 67596z  8,35¢ 26¢ 4,13¢
2 59 9.t 1,12¢ 241 2.1¢ 603121 11,28 49¢ 4,16¢
3 68 9.t 1,12¢  26¢ 1.9 567,78  9,51¢ 221 4,30¢
4 37 10.1 1,37:  25¢ 197 389,828 13,15 571 3,691
5 61 10.1 1,37: 257 150 421,68  7,74( 611 3,891
(1.0)
6 58 10.1 1,372 25€ 1.8C 502,34¢  8,95% 56¢ 3,63:
(3.4)
7 44 9.€ 1,077 26¢ 228 622,73 10,36( 471 3,927
8 55 10.1 1,37: 254 2.3¢ 505,84t 10,03: 58( 4,03
9 50 9.€ 1,077 264 1.9¢ 358,60:  8,19( 46€ 4,08¢
10 115 10.1 1,37:  25¢ 1.7¢ 797,13t  8,76¢ 394 3,89¢
(5.3)
11 33 101 1,37: 26t 2.0 328,37 8487 61¢ 3,50¢
12 47 10.1 1,37 261 1.6C 330,03t 7,57¢ 604 3,88¢
13 70 9.€ 1,077 25€ 1.5¢ 532,700  8,11¢ 71C 3,73(
14 82 9.t 1,12¢  26¢ 154 364,990 7,63¢ 30z 3,47:
(7.4)
15 104 9.t 1,12¢ 267 15 587,76  6,85¢ 48¢4 3,85¢
16 63 9.6 1,077 252 2.11 447,32t  9,65! 46° 4,002
17 49 9.¢ 1,12¢  25C 1.9¢ 462,000  7,27¢ 73: 3,567
18 75 10.1 1,37: 27¢ 197 537,96  8,36¢ 26t 4,011
(12.0)
19 39 10.1 1,37: 25t 1.1€  240,94. 6,82¢ 38¢ 4,10¢
(1.7)
Mear 63 9.¢ 1,23  26C 1.88 488,48  8,79¢ 48t 3,89(
(5.1)
S.D 21.6 0.21 141 8.2t 0.3C 138,41t  1,59¢ 14¢ 23¢
(4.10)

TUAA, total utilised agricultural area; temp., teengture; GD, number of days grazing; SR, stocking
rate; LU, livestock unitd; litres; FPCM, fat and protein corrected milkneg concentrate feeds; DM,
dry matter; S.D., standard deviation.
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Data were collected on a monthly basis between 2002011 on the selected farms.
The information collected included grassland aegaa under crops, type of crops and
percentage of crops fed to livestock, livestock bams, number of days spent grazing,
family and hired labour hours, imports of manurenaentrates, bedding material,
silage, mineral N and phosphorus (P) fertiliserd ather agro-minerals, exports of
milk, crops, manure, and silage, amount of slupplied to land and the method of
application (splash plate or trailing shoe). Fon@nal fertilisers, amounts imported onto
farms as well as amounts applied to land were datbon a monthly basis. For year
2009, similar data were obtained from farm recadd farm advisors. Data collected
for the 3 years were cross-checked with secondatg sources such as Single Farm
payments (SFP) forms and Nitrate’ Declaration for(data forms required from
farmers for participation in state schemes) (DARX13Db, c). Data on livestock imports
and exports were extracted from the Dairy Managémiafiormation System
(DAIRYMIS) (Crosse, 1991). Values for amounts oflknsold off the farms were
extracted from the reports on milk deliveries cognirom the cooperatives supplied by
the farmers. Financial data on milk and livestostetpts, direct payments (SFP, REPS,
and payments for disadvantaged areas), owned aagbdemilk quota, variable
(concentrates, fodders, bedding materials, breedweierinary, sundry variable
expenditures (removal of dead animals), livestockcpases, land rental, seed and
agro-chemicals, mineral fertilisers, fences, emgilnaterials, and quota and land rental)
and fixed (gas, water, electricity, maintenance asdrance of buildings, hired labour,
maintenance of machinery, professional fees (fadmsar, accountant, soil analyses),
phone, depreciation of buildings and machineryergdgt repayments-term loan)
expenditures were extracted from the farmers’ d#pmoonitor records (Teagasc,
2012a) (a voluntary scheme for monitoring and imprg farm profitability) for years
2009-2011. There were 21 farms involved in the gmoput two farms did not provide
sufficient data for all 3 years. Therefore, data 1@ farms were used in the current
economic study.

Data on mean annual rainfall and temperature wetgacted from an Irish
Meteorological Service database for different weattations located in, or close to, the
area of study, at Cork airport, Roche’s point, @ern, Johnstown Castle and Oak Park
(Irish Meteorological Service, 2013).

The annual amount of pasture harvested throughngrand silage on each farm was

modelled using the Grass Calculator (Teagasc, 2044¢d on the difference between
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the net energy (NE) provided by imported feeds ¢eotrates and fodders) and the net
energy requirements of animals for maintenancek mibduction, and body weight
change (Jarrige, 1989).

Stocking rate was expressed as LU per ha for TUBAe dairy cow is considered
equivalent to 1 LU and 1 bovine less than 1 yedregjuivalent to 0.3 LU (Connoligt

al., 2009).

The calculation of N and P inputs, outputs, balanaed efficiencies are based on
methods described by Watson and Atkinson (1999) @ademaet al. (2003). The
results on N and P inputs, outputs, balances aficiegcies for the 19 farms in the
current study are presented in Table 5.6.

5.2.2. Economic model and analyses

The economic model in the current study was deweslolpy a team of experts in the
DAIRYMAN project (www.interregdairyman.guto facilitate comparative economic

analysis of dairy production systems across theiggaating regions of northwest
Europe. This economic model was validated on 1248/ darms participating in the
DAIRYMAN project. The inputs in the model includethta on milk exports, milk
protein and fat concentration, fat and protein ected milk (FPCM), dairy livestock
numbers, owned and rented TUAA, owned and rentdld quiota, family and hired
labour hours, milk and livestock receipts, direatyments, variable expenditures on
concentrates, fodders, bedding materials, breedimd) veterinary, sundry variable
expenditures (removal of dead animals), livestagicipases, land rental, seed and agro-
chemicals, mineral fertilisers, fences, ensilingtenals, and quota rental, and fixed
expenditures on gas, water, electricity, mainteeaaued insurance of buildings, hired
labour, maintenance of machinery, professional fdasm advisor, accountant, soil
analyses), phone, depreciation of buildings andhmacy and interest repayments on
loans for each farm between 2009 and 2011.

The price per litre of leased quota milk was oledifrom the cooperatives supplied by
the farmers and it ranged between 1 and 3 centitréc) in 2010, and 1 and 5 c littdn
2011. There was no milk quota rented in 2009.
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Land area was treated as an opportunity cost, adtitional land rented in when
required and leased out when not required for om-fl@eding of animals (McCartlet
al., 2007). Own land was assigned an opportunity cqgsileto the expenditure of
rented land (Donnellaet al., 2011). The cost of rented land represented theagee
regional cost of rented grassland, based on catsuls with experts, with values of
€355 hd in 2009, €348 hain 2010 and €343 Hain 2011. Also, family labour was
assigned an opportunity cost equal to the expereddn hired labour (Donnellaat al.,
2011), to ensure that this input was also accouoteVilson, 2011).

For the purpose of this study, profitability wagpessed as the net profit, which was
calculated as total receipts (milk, livestock, asubsidies) less total expenditures
(variables and fixed expenditures, opportunity sdst own land and family labour)
(Shallooet al., 2004b; Chamberlain, 2012). For the purpose ofghusly, the receipts,
expenditures, and net profit were expressed or basis (€ ha).

Specialist dairy farms are defined, in Irelandhasing at least two-thirds of the farm
total gross profit coming from dairying activiti¢@onnellanet al., 2011). Therefore,
whole-farm TUAA, SR, livestock receipts, direct pasnts, variable and fixed
expenditures, and net profit were allocated todduey enterprise according to the share
of milk receipts in total farm receipts. The avexadlocation values were 0.88 in 2009,
0.92in 2010 and 0.88 in 2011.

Nevenset al. (2006) measured the eco-efficiency of dairy fageshe amount of milk
produced (as measure of production) per kg N ssrgas measure of potential
environmental damage). This measure of eco-efitgierf dairy farms is in agreement
with Beukeset al (2012) but different than Basset-Meztsal. (2009), who used several
measures of environmental impacts per kg of milkobal Warming Potential (kg
COx-€eq), eutrophication (kg P&eq), acidification (kg S¢), energy use (MJ Lower
Heating Values), and land use(year')). In the current study, the eco-efficiency was
measured similar to Neverssal (2006) and Beukest al (2012), but it is referred to as
N-eco-efficiency, to differentiate from the definih of eco-efficiency (the ability of a
system to fulfil a function while minimising itsted impacts on the environment) used
by Basset-Menst al. (2009).

Accounting for NFRV of cattle slurry applied to gstand was considered as an
opportunity to reduce expenditures on mineral Niligers throughout the year in
grazed grass-dairy production systems (Lalor, 20B8) similar purpose, in the current

study it was considered important to calculategt@nomic value of mineral N fertiliser
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replacement potential of cattle slurry applied tasgland throughout the ‘open’ period
for slurry application (mid/end January-mid OctgbEuropean Communities, 2010).
For this purpose, there were considered valuesO&0E?® for the spring (January-
April) application and €0.18 thfor the summer (April-late July) application (Lalor
2008). The difference between the two values watatdid by the difference in the
amount of N susceptible to be lost throughsNidlatilisation (0.90 kg N / of applied
slurry in spring versus 1.62 kg Nhin the summer) and crop available N (0.90 kg N
m of applied slurry in spring versus 0.18 kg K in the summer).

A cost ofcompliance with the limit imposed through GAP Regioins was calculated
for nine farms that had exceeded this limit (Detmgafarms). The number of LUs that
would need to be removed from these farms to comytly the 2 LU hd limit was
calculated, as well as the associated potentialitoset profit (Hennessst al., 2005).

5.2.3. Sensitivity analysis

Given that volatility in mineral N fertiliser prisehas significantly affected expenditures
on production on Irish dairy farms in recent yeatswas considered important to
examine the impact of changing mineral N fertilipeice (Donnellaret al., 2011) on
farm profitability in the current study. Therefore, low (€0.825 kg N), medium
(€0.905 kg N, and high (€1.029 kg N price were used for a sensitivity analysis of
the economic effect of mineral N fertiliser prices these farms. The low price was
from 2010, the medium price was from 2009 and tigh Iprice was from 2011,
indicating an increase of 12 ¢ kg'Metween 2009 and 2011 (CSO, 2012). These prices
were applied to the actual amounts of mineral Nilfggrs used on each farm for each
year between 2009 and 2011.

Also, due to recent variation in milk price (CSA)12) and its expected increasing
volatility after milk quota abolition in 2015 (Geeet al.,2012), it seemed reasonable to
examine the impact of changing milk price on farrafpability in the current study.
Similar to the mineral fertiliser, a low (€0.24& "), medium (€0.309 litrd), and high
(€0.360 litré") price were used for milk. The low price was fr@®09, the medium
price was from 2010 and the high price was from12@ddicating an increase of €0.11
litre between 2009 and 2011 (CSO, 2012). These prices amplied to the actual

volume of milk sold off each farm for each yeantetn 2009 and 2011. A total of nine
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scenarios were investigated by combining the tdrerent fertiliser N and milk prices
(Table 5.2.).

Table 5.2. Price scenarios for milk and N fertilissed in the sensitivity analysis for 19
Irish dairy farms between 2009 and 2011

Scenario Fertiliser N price Milk price
S1 H H
S2 H M
S3 H L
S4 M H
S5 M M
S6 M L
S7 L H
S8 L M
S9 L L

Fertiliser N price (H=€1.029 kg'Nl M=€0.905 kg N'; L=€0.825 kg N), milk price

(H=€0.360 litr& M=€0.309 litre"; L=£€0.246 litre")
Sensitivity was determined as the differences inpnefit between the farms associated
with the 9 scenarios of milk and fertiliser N psc@Rotzet al.,2005; Humphreyst al.,
2012). The changes in net profit for each farmtnegato the actual net profit for years
2009-2011 are presented in Table 5.5. Mean valtiélseochanges between farms are
presented in monetary units (€ aand as percentages (Table 5.5.) also for each
scenario, to better illustrate the impact of chaggrices.
Due to the observed higher sensitivity of the nedfipto milk price compared to
fertiliser N price, the sensitivity of the net ptofvas analysed further by comparison
between the six farms with the lowest milk recegsl the six farms with the highest

milk receipts.
5.2.4. Statistical analysis

Descriptive statistics were applied using SPSSalowtate means and standard errors
(Darren and Mallery, 2008). Normal distributionretiduals was tested using Shapiro-
Wilk, with values lower than 0.05 indicating a noormal distribution. The log
transformation was required to ensure homogendityadance (Tunneet al, 2010)

for some of the variables. Therefore, own landsdealand, leased milk quota, milk
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output, N inputs from mineral fertiliser and concentratés,use efficiency, milk
produced per kg N surplus, P inputs from minergiligers and feeds, milk P output, P
balance, P use efficiency, livestock receipts,-aguironmental payments, expenditures
on feeds (concentrates, fodders), veterinary, lmgeteased land and quota, grass seed
and agro-chemicals (pesticides and herbicidesgirey, gas and water, hired labour
machinery operation and maintenance, phone, piofedsees, insurance for buildings,
and interest repayments-term loan, total fixed egfare, own land opportunity cost,
total expenditure, operating profit margin, andtcoscompliance were transformed
using a log10 base (y=log10(x)).
Differences in mean N inputs from mineral fertits@nd concentrates, N surplus, NUE,
amount of milk produced per kg N surplus, P indcdasn mineral fertilisers and feeds, P
balance, PUE, milk receipts, livestock receiptsP§Fagri-environmental payments,
total receipts, expenditures on mineral fertilisansl feeds, net profit, operating profit
margin, and cost of compliance between years amdsfavere analysed using repeated
measures ANOVA. A significance level of 0.05 orslg®.01 and 0.001) indicated
statistically significant differences among the m®aA significance level of 0.05 or
higher indicated a 95 or higher percent of cerjaittat the differences among the
means are not the result of random chance (DamednMallery, 2008). Such results
were presented as not significant (NS).
The statistical models included farm and year ¢df@m each of the tested variables.
The 19 farms were considered as replicates. Theelmoded were:

1. Yi= p + a+ @ where Y = tested variable, ;& the effect ofith farm

(i=1,....,19), and ;e the residual error term;
2. Yi= U + b+ @ where Y = tested variable,; b the effect ofth year [ = 2009,
2010, 2011), and; e the residual error term.

Multiple stepwise linear regression was undertakeimvestigate relationships between
key dependent and independent variables present&@ble 5.3. The choice of the
statistical models was dependent on the potengalfeance of independent variables
and their potential impact on the dependent vagbNon-significant (P > 0.05)
independent variables were automatically removedfthe models (Table 5.3.). The
probability for acceptance of new terms (F) wasO0(Groot et al, 2006) and the
confidence interval was 0.95. All relationshipsvie¢n variables were assessed for
outliers, normality and colinearity. The identifiedtliers were diminished through log

transformation.
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Uncertainty analysis was carried out by calculating coefficient of variation as the
ratio between standard deviation and mean valuair{®pet al., 2010) for N inputs
from mineral fertilisers and concentrates, N sulspINUE, milk produced per kg N
surplus, P inputs from mineral fertilisers, P banPUE, milk receipts, livestock
receipts, SFPs, agri-environmental payments, taekipts and for expenditures on
mineral fertilisers and feeds on the 19 farms betw2009 and 2011, expressed as a
proportion.
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Table 5. 3. Investigated and significamitiple stepwise linear regression models

Investigate

Significan

LgmlkNsur = p 4LgTUAA + BSR +BGD + LgFPCMha #BLgfrtN + BLgconcN +Gest
Expenditurefrt = p pLOTUAA + BSR +BGD + BLgNfrt + BLOPfrt +cest
Lgconcependiture = p BLJTUAA + BGD +BSR +BLICONCN +Gegt
Lgfeedexpenditure = p BLgTUAA + BGD +BSR+pLgfeedP +oes

Lgenvpay = p BNsurha H3LgNUE + pLgPbal +BLgPUE + Gest

NP = p $LgTUAA + BSR +BGD + pmilkrec +BSFP +pLgenvpay Hexpenditurefrt
BLgconcexpenditure $Nsur + LGNUE +oeg

NP = p +BLgTUAA + BSR +BGD + pmilkrec +BSFP +3Lgenvirpay +expenditurett +
BLgfeedexpenditure pLgPbal + LPUE Hoest

LgmlIkNsur = p LGN + Gegt

Expenditurefrtha = p $SR +BLgNfrt + BLGPfrt + Geg
Lgconcexpenditureha = pptgTUAA + BSR +BLJCONCN +0est
Lgfeedexpenditureha = pptgTUAA + BSR+pLgfeedP +oeg

NS

NP = p 4Bmilkrec + Bexpenditurefrt +ces

NS

LgmlkNsur, log transformed milk produced per kgiplus; LgTUAA, log transformed total utilizedragyltural area; SR, stocking rate; GD, number raizing
days; LgFPCMha, log transformed fad arotein corrected milk per ha; LgfrtN, log tréorened mineral fertiliser nitrogen input; Lgconddg transformed
concentrate N input; LgfrtP, log tséormed mineral fertiliser phosphorus input; Lgieetbg transformed feed P input; milkrec, milk ript& expenditurefrt,
fertiliser expenditure; Lgconcexpenik, log transformed concentrate expenditurepedéxpenditure, log transformed feed expendituRg;nét profit; SFP,
single farm payments; Lgenvirpay teansformed agri-environmental payments; Nsusuiyplus; LgNUE, log transformed N use efficiencgfPbalha, log

transformed P balance; LgPUE, logdfarmed P use efficiency.
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5.3. Results
5.3.1. Economic implications of nitrogen and phosphorus efficiency and net profit

Mean net profit was €598 Hawith no significant differences between farmst With
significant differences between years, ranging f&i85 h& to €958 h& (Table 5.4.).
There was a significant relationship?@0.50; P < 0.001) between mean net profit and
mean milk receiptsp(= 0.79) and fertiliser expenditur@ € -0.10) (Table 5.3.). An
increase of €58 fain mean milk receipts was associated with an emeeof €49 Hain
net profit. An increase of €6 fian mean fertiliser expenditure was associated with
decrease of €49 Han net profit.

There was no significant relationship found betwee@an net profit and mean N
surplus, NUE, P balances and PUE (Table 5.3.).

Mean feed expenditure was €256'H@able 5.4.), with significant differences between
farms and years, ranging from €152'ha €387 h# and €226 hato €323 ha for
farms and years, respectively (Table 5.4.).

Mean fertiliser expenditure was €201 havith significant differences between farms,
ranging from €111 Hato €286 hd, and no significant differences between years lFab
5.4.).
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Table 5. 4. Mean values (and standard errors),dgna@ans between years, ranges between farms, effitiemts of variation for milk receipts,
agri-environmental payments, mineral fertiliserd &eds (concentrates, fodders) expenditures,noét per ha and cost of compliance for 19 Irish
dairy farms between 2009 and 2011; milk receiptsafeerage national Irish dairy farms; net profit pa for average national Irish dairy farms;
standard error of the means for transformed dalb@aokets; P-values from ANOVA are included

Year Grand mean S.E.M. Range farms Coeff. vanatio P-value

200¢ 201( 2017 Y F
Milk receipts € he™) 1,517 2,34: 2,40¢ 2,08¢ 91.27 1,34¢-2,96( 0.2z <0.0¢ <0.0¢
National average milk receipts (€ha 1,344 1,866 2,213 1,807 - - - - -
Agri-environmental payments (€fa 199 179 125 170 24.78(0.04) 23-526 0.7¢ NS <0.01
Expendiureminera fertiliser (€ he™) 172 20C 212 201 18.9¢ 111-28¢ 0.27 NS <0.00:
Expenditure feeds€ he™) 22¢ 32¢ 231 25¢€ 29.14(0.0z 152-38i 0.32 <0.01 <0.01
Net profit (€ he™?) 13t 64z 95¢ 59¢ 73.91 74-1261 - <0.00: NS
National net profit€ he) 49¢ 507 1251 752 - - - - -

; 1

Cost of compliance€ he~) 1,771 1,874 2,292 1,900 361(0.13) 25-5826 - NS =0.07

S.E.M., standard error of the means; Coeff., coefiit; Y, year; F, farm; NS, not significant.
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There was a significant positive relationship® @® 0.56; P < 0.001) between mean
expenditure on mineral N and P fertilisers and m8Bn@3 = 0.11), fertiliser N input

(B = 0.62) and fertiliser P inpup (= 0.23) (Table 5.3.). An increase of 0.03 LU'la
mean SR, 4 kg N Hain mean fertiliser N input and 0.70 kg P'hia mean fertiliser P
input was associated with an increase of €6ihanean fertiliser expenditure.

There was also a significant relationship? (® 0.67; P < 0.001) between mean
concentrate expenditure and mean TUAA=(-0.12), SR[{ = 0.32) and concentrate N
input @ = 0.59) (Table 5.3.). An increase of 1.68 ha inAPUwas associated with a
decrease of €8.35 fian mean concentrate expenditure. An increaseGf DU ha' in
mean SR and 0.95 kg N hin concentrate N input was associated with anefme of
€8.35 hd in concentrate expenditure.

There was a significant relationship?(R 0.72; P < 0.001) between mean feed
(concentrates and fodders) expenditure and meanAT(3A= -0.31), SR[{ = 0.35) and
feed P input §f = 0.52) (Table 5.3.). An increase of 1.68 ha inamd@UAA was
associated with a decrease of €9.30 ilamean feed expenditure. An increase of 0.03
LU ha' in mean SR, and 0.36 kg P”hm mean feed P input was associated with an
increase of €9.30 Hain mean feed expenditure.

5.3.2. Sensitivity analysis

Mean net profit was most sensitive to changing npitice and, to a lesser extent,
changing fertiliser N price (Table 5.5.). In compan with the actual mean net profit
between farms for years 2009-2011, there was arageencrease of 81 % or €549'ha
in the scenarios (S1, S4, S7) with high (€0.366E1}t milk price and an average
decrease of 90 % or €-212hin net profit in the scenarios (S3, S6, S9) withv |
(€0.246 litré") milk price (Table 5.5.). In the scenarios withdiuen milk and fertiliser
N prices (S2, S5, S8), there was an average irexa29 % or €208 hain net profit as
compared to the actual mean net profit for yea928011 (Table 5.5.).
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Table 5. 5. Changes (and 3 year mean values) iproét (€ ha') relative to the actual
3 year mean net profit across nine price sceng®yscombining changing milk and
fertiliser prices for 19 Irish dairy farms betwe2d09 and 2011; mean values of changes
in net profit for all farms for each scenario areluded
Farn S1 Sz SE S4 St SE S SE S¢

328 -22 -45Zz 344 -4 -434 354 7  -42¢

17¢ -20€ -68C 20z -181 -65t 224 -16C -63:

665 24C -28: 69 267 -25¢ 717 291 -234

1
2
3
4 49¢ 121 -344 528 147 -31€ 541 164 -30z
5 41C 157 -157 42F 16¢ -144 431 177 -13¢€
6
7
8
9

83z 521 13€ 84c 534 14¢ 857 54¢ 161
1,337 72C -35 1,36z 751 -3 1,38: 77z 17
1,00¢ 575 46 1,031 60z 72 1,05¢ 628 95

91 -274 -724 11¢ -24€ -69€¢ 14: -22z -67z

1C 57z 35C 77 58¢ 36t 91 59¢ 377 104
11 40€ 15& -16C 42¢ 173 -14C 444 19C -12¢
12 73¢ 381 -61 757 39¢ -43 76€ 41C -32
13 676 36C -32 69C 37 -18 69¢ 381 -12
14 49¢ 22C -12z 517 24C -10z 534 257 -85
15 51z 271 -26 528t 284 -13 53¢ 29t -2

16 -282 -554 -89z -25¢ -53C -867 -24C -514 -851
17 20z -19€¢ -68¢ 21¢ -178 -66¢ 234 -16Z -654
18 88z 494 15 90¢ 521 42 92t 537 59

19 534 29z -7 544 30z 3 55C 30¢€ 9

Mean (E/ha) 53C 19C -231 551 21C -211 56€ 22% -19t
Change (%, 79 24 89 82 30 9C 83 34 92

When comparing the six farms with the lowest meaitk meceipts (€1,554 h9
(S. D. = 187) to the six farms with the highest meailk receipts (€2,559 Ha
(S. D. = 319), it was noticed that the net profitlee former would increase by €503
ha® in the scenarios with high milk price and wouldcdmse by €-87 Hain the
scenarios with low milk price, while the net prdfit the latter would increase by €653
ha' and decrease by €-312*a

5.3.3. Economic aspects of complying with the Nitrate Etie

Economic aspects relating to compliance with thedie Directive considered in this
study were the N-eco-efficiency or the amount ofknproduced per kg N surplus,
agri-environmental payments, N fertiliser replacamelue of slurry (NFRV), and cost
of compliance.

The mean amount of milk produced per kg N surplas 81.4 litres kg N (Table 5.6.),
with significant differences between farms, rangingm 30.3 to 84.8 litres kg N
surplus', and no significant differences between years IET&t5). Values close to the
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lower end of this range (36.4 litres kg N surpiusiere recorded on four farms, while
values close to the higher end (83.0 litres kg Misis’) were recorded on two farms.
There was a significant positive relationshig €R0.54; P < 0.001) between mean milk
produced per kg N surplus and mean fertiliser Niir{Fable 5.3.). An increase of 4 kg
N ha' in mean fertiliser N input was associated withirammease of 1.90 litres kg™Nin
milk produced per kg N surplus.
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Table 5. 6. Mean values (and standard errors) dgnaeans between years, coefficients of variatiod, ranges between farms for N and P inputs
from mineral fertilisers, concentrates, feeds (emiates and fodders), milk produced per kg N sstpN and P balances and N and P use
efficiencies for 19 Irish dairy farms between 2@0%1 2011; standard error of the means for transddrdata in brackets; P-values from ANOVA

are included
Year Grand mean S.E.M. Range farms  Coeff. variatiol P-value

200¢ 201C___ 2011 Y F
Fertiliser N input (kg N hd) 163 211 196 190 8.82(0.022) 85- 278 0.3 NS <0.001
Concentrate N input (kg N ) 25.¢ 35.1 20.1 27. 2.02(0.03% 7.5-60.€ 0.4¢ <0.01 <0.0¢
N surplus (kg N ) 13¢ 19t 16€ 167 8.7t 51-28€ 0.3 <0.0¢  <0.00
NUE 0.2 0.2t 0.2¢ 0.2¢ 0.010(0.01¢ 0.17-0.52 0.2¢ NS =0.01
Milk per N surplus (litres kg ™) 57.¢ 46.5 50.C 51.¢ 2.47(0.017 30.:-84.¢ 0.2¢ NS <0.01
Fertiliser P input (kg P ) 8.5: 8.5¢ 6.41 7.7¢ 0.927(0.04¢ 0.66-32.21 0.81 NS <0.01
Feed P input (kg P %) 4.7 10.4¢ 6.81 7.3¢ 0.689(0.041 1.3¢-21.7 - <0.01 NS
P balance (kg P \'1) -0.67 5.32 0.5¢ 1.72 1.225(0.07¢ -10.32- +33.2¢ 1.0C <0.0t 0.01
PUE 1.3¢ 1.0z 1.1¢ 1.0¢ 0.102(0.037 0.3C¢-2.0¢ 0.41 NS <0.00:

N, nitrogen; NUE, nitrogen use efficiency; P, phosius; PUE, phosphorus use efficiency; S.E.M.,daeth error of the means; Coeff., coefficient; Yager, farm; NS, not

significant.
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Mean agri-environmental payments were €170, hwith significant differences
between farms, ranging from €23 “h#o €526 hd, and no significant differences
between years (Table 5.4.).

There was no significant relationship between aguironmental payments N surplus,
NUE, P balance and PUE (Table 5.3.).

The average NFRV of slurry was €317'h¢8.D. = 149), ranging from €123 ‘hao
€636 hd between farms, for the spring (January-April) #gstlon, and €64 hh
(S.D. = 40), ranging from €12 Hato €156 hd between farms, for the summer
(April-late July) application.

Mean cost of compliance was €1,900 haith no significant differences between farms
and years (Table 5.4.).

5.4. Discussion
5.4.1. Economic implications of nitrogen and phosphorus efficiency and net profit

The increase in mean net profit with milk receiptgl decrease, albeit to a much lesser
extent, with mineral fertiliser expenditure impligat increasing milk receipts while
maximising the use of mineral fertiliser input is affective strategy to increase net
profit. This would be an ideal situation from anvieonmental point of view, as
decreases in inputs of mineral fertilisers andaases in milk exports, by improving
management of herd genetic potential for examplay significantly contribute to
decreases in N and P surpluses on farms. Fromaoexic point of view, this situation
can be difficult to achieve, because increased matleipts could be attained through
increased milk yields supported by increased ingpofipurchased feeds (Shallebal.,
20042) and increased herbage yields supported by inedeasineral fertilisers
(Hennessyet al., 2008), associated with increased expenditures pokkntially
decreased net profit. Therefor@ntrolling main input (fertiliser, feeds) expenas
while maintaining or increasing milk receipts woudd more effective for maintaining
or increasing net profit. Mean milk receipts anchenal fertiliser expenditure explained
only 0.50 of the variation in mean net profit. Themaining variation could be

explained by factors such as prices of inputs (mainéertiliser, feeds, labour, seed,
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agro-chemicals) and outputs (sold milk and livestpsubsidies, and farmer’s ability to
identify and control the highest expenditures artfarms (Chamberlain, 2012).

The significant differences in mean net profit betw years were partially due to a
13 % increase in the volume of milk sold off thenfia and an inter-annual increase in
milk price, from €0.246 litré in 2009 to €0.360 litréin 2011 (CSO, 2012) resulting in
a 37 % increase in mean milk receipts. Similandseewere observed on average
national Irish dairy farms, with milk receipts ieasing from €1,344 Hain 2009 to
€2,213 hd in 2011 and net profit increasing from €499'tia 2009 to €1,251 hain
2011 (Connollyet al.,2009; Hennessgt al.,2010; 2011). However, mean net profit in
the current study is not very different than th&taverage national Irish dairy farms
before the implementation of Nitrate Directive (P5Ha’; Burke and Roche, 2000)
indicating that the existing farm practices, witagards to milk yields, nutrient
management and associated expenditures, did nat havisible impact on farm
profitability of Irish dairy farms between 1998 aR@09, at least. In the current study,
the 37 % increase in mean milk receipts, 19 % deserén mean expenditure on mineral
fertilisers, and 32 % increase in milk price justifthe 86 % increase in mean net profit
between 2009 and 2011.

At European level, mean net profit in the curremtyg (€598 hd) was higher than 23
Scottish and English dairy farms (€444a37 French dairy farms (€311 Haand 55
Spanish and Portuguese farms (€213)ha Raisonet al. (2006). It is noticeable that
the net margin was the lowest on the Spanish antudleese farms, which were
confined dairy farms, with zero-grazing, as oppasethe Scottish and English farms,
which included grazed grass as an input for mitkdpiction. In a multi-annual project,
Grootet al. (2006) compared the gross margin in the first yewat the fourth year of 45
dairy farms grouped by their initial NUE valuescieases of €286 Haon average, for
two groups of farms, were associated with increasesilk production and associated
receipts (€310 h8, on one group, and re-balancing or moderatioheobage and milk
yields, achieved with moderate N inputs from mihelextilisers and feeds and
associated decreased expenditures (by €13Xdramineral N fertilisers and €283 ha
for concentrates and fodders), on the other griiup.notable that overall there was no
direct link between observed increases in mearsgrasgin and NUE.

In the current study, mean net profit was not diyeelated to mean N and P surplus or
N and P use efficiency. However, the relationshiqsd between N and P use in the

form of mineral fertilisers and feeds (concentrated fodders), as components of N and
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P balances, NUE and PUE, and the associated expersdbn mineral fertilisers and
feeds, known as two main factors impacting on pabfiity of dairy farms (Tozeet al.,
2003; Donnellaret al.,2011), indicate an indirect link between N andse afficiency
and net profit.

The increase in mean fertiliser expenditure wittaméertiliser N and P inputs and, to a
lesser extent, with mean SR, suggests that denge&R and fertiliser N and P input
may be an effective strategy to decrease fertiksgrenditure. However, on intensive
dairy farms, concerned with production levels amdfifability, a more achievable
objective may be to optimise the use of externgliia such as mineral fertilisers
(Arriaga et al., 2009; Kellyet al., 2013). Therefore, from an environmental point of
view, SR can be maintained, or even increasedevddtreasing N and P balances and
improving NUE and PUE, if good management of N Bnigesources (fertilisers, feeds)
and the overall dairy production system (grazinghaggment, fertility management,
management of herd genetic potential) are in pleo@em an economic point of view,
controlling fertiliser expenditures while maintaigi or increasing milk receipts would
be more effective for maintaining or increasing oretfit.

In the current study, SR and fertiliser N and Ruingxplained only 0.56 of the variation
in fertiliser expenditure. The remaining variatioray be explained by factors such as
levels of applied organic N and P, advisory anahpilag, and economic considerations.
The decrease in mean concentrate expenditure vanmMmUAA and the increase with
mean SR and concentrate N input implies that isingaTUAA while decreasing SR
and concentrate N input are effective strategiesldorease concentrate expenditure.
While an increase in area is very unlikely to happmonsidering the low availability
and high cost of agricultural land in Ireland (Deltanet al.,2011; Pattoret al.,2012;
Kelly et al., 2013), a decrease in SR and concentrate inpubeasssociated with a
decrease in milk production. For example, a deered®.10 cows hain SR and 387
kg DM cow in concentrate input were associated with a dsere846 kg hHain milk
yield (Shallooet al.,2004a). To avoid decreases in SR and milk yielgsefficiency of
concentrate use and associated expenditures canpoeved. For example, Buckley
and Carney (2013) reported excessive concentrateis of 7.44 kg N LG with an
associated expenditure of €84 tdn 89 Irish specialist dairy farms. This emphasise
the importance of matching animal feed requiremeatd concentrate imports to
maximise nutrient utilisation and farm profit. lhet current study, mean TUAA, SR,

and concentrate N input explained only 0.67 ofvéueation in concentrate expenditure.
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The remaining variation may be explained by factewsh as targeted milk yields,
grazed grass and silage intake and market pricpuothased concentrates. This
highlights significant potential to decrease com@e N use and associated
expenditures.

Increased concentrate expenditure associated natieased concentrate N input was
recorded also on 23 Scottish and English dairy $amoluding grazed grass as an input
for milk production and 55 confined, zero-grazirgjrg farms from Spain and Portugal
in Raisonet al. (2006). The Scottish and English farms had anagesconcentrate N
input of 59 kg N hd and an average concentrate expenditure of €449 dwmmpared
with 386 kg N h# and €1,593 Haon the Spanish and Portuguese farms and 26 kg N
ha' and €243 hdain the current study. The differences in conceath inputs and the
associate expenditures might have impacted on é#teprofit, as the Spanish and
Portuguese farms had €229*Hawer net profit compared to the Scottish and gl
farms, while all the farms had €268 han average, lower net profit than the Irish
farms in the current study. This reflects the lowgut Irish dairy system, with low use
of concentrates and high reliance on grazed grass.

The decrease in mean feed expenditure with meanAl dAd the increase with mean
SR and feed P input implies that increasing TUAAilevldecreasing SR and feed P
input may be effective strategies to decrease éapdnditure. While an increase in area
is very unlikely to happen, considering the low iklity and high expenditure of
agricultural land in Ireland, a decrease in SR faed input can be similarly associated
with a decrease in milk production. Potential dases in feed P input should be made
by taking into consideration economic milk yields; which dairy cows need between
3.2 and 4.2 g P Kyof concentrate (Steinshanen al., 2004) and 3.5 mg P kg DM
silage (Haygartlet al.,1998). For example, Huhtanenhal. (2011) reported milk yields
of 7,000 kg cow at a dietary P concentration of 4.25 g kg BMupplement. One
alternative to decreasing feed P inputs would lmeesgsing the proportion of home
grown supplements in animals’ diet (Lawee al., 2004). In the current study, mean
TUAA, SR and feed P input explained only 0.72 o thariation in feed expenditure.
The remaining variation may be explained by facBush as the intake of home grown
supplements, prices of purchased feeds and typegsuahased feeds included in
animals’ diet, considering also that P supplements the third most costly diet
ingredients after grain and protein supplementdt¢Sat al., 2005). However, the

significance (R = 0.72) of the relationship highlights the impoxta of matching SR
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and animal feed requirements with the feed impontgrass-based dairy farms, when
there is limited availability of grassland area @écthy et al., 2007), as the most
effective strategy to control the feed expendituvath potential positive impact on net

profit, on dairy farms.
5.4.2. Sensitivity analysis

The results of the sensitivity analysis indicatbdttmilk price is the main driver for
changes in net profit between 2009 and 2011, lokiigh and low milk price situations,
in the current study. One limitation of this anayis that it captured more the inter-
annual changes for all farms but not the specifier@nces between farms in terms of
practices relating to milk yields and exports, asenineral fertilisers, N and P balances
and N and P use efficiencies on farms.

The sensitivity of net profit to changes in milkigar was illustrated by the comparable
changes in net profit relative to the actual neffipof the six farms with the highest
milk receipts (€2,559 K and the six farms with the lowest milk receif4,654 hd).
The net profit of the farms with highest milk reatsi would increase by €653 hin
high milk price situations but it would decrease 812 hd in low milk price
situations. In comparison, for the same scenati@snet profit of the farms with lowest
milk receipts would relatively increase by €503 tend decrease by only €-87*ha
respectively. The differences in net profits betwebe two groups of farms were
mostly associated with differences in the expemdgwn mineral fertilisers. The farms
with highest milk receipts had an average expeneliten mineral fertiliser of €250 Ha
compared with the farms with lowest milk receiptsth an average expenditure of
€159 h&. This meant a considerable difference in fertilsependiture, of almost €100
ha’, between the two groups of farms. Increased fiahhoss (€-416 hd) for farms
with highest input expenditures compared with fanwigh low input expenditures
(€-314 hd) in a low milk price situation (€0.20 lit’d were also reported by Patten
al. (2012). This highlights an increased vulnerabitifyhigher input and output systems
to periods of low milk price and again emphasisesimportance of minimising input
expenditures to improve both economic and enviranalesustainability. In contrast,
Moreauet al. (2012) found no sensitivity to variation in milkiéa mineral fertiliser N
prices for clover/grass-based French dairy systeggig on N inputs from biological

N fixation (64 kg N hd) via clover plants. This autonomy resulted in mmai N inputs
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in the form of mineral fertilisers (12 kg N Pabut it was not associated with increases
in net profit.

If making anabgy with the baseline situation of the two groudsfarms, year
2009 - associated with lowest milk price (€0.2461; CSO, 2012) - can be considered
as an example of low milk price situations, yeat @0 with lowest mineral fertiliser N
price (€0.825 kg N; CSO, 2012) - a low fertiliser N price situatiorsnd year
2011 - with highest milk (0.360 litte CSO, 2012) and mineral fertiliser N price
(€1.029 kg N; CSO, 2012) - both high milk and fertiliser N icsituations. On farms,
the increase in milk price was reflected by incesas the volume of milk produced and
sold off the farms, from 5,837 litres han 2009 to 6,146 litres Hain 2011 for the
farms with the lowest milk receipts and from 8,3i6@s ha' in 2009 to 9,176 litres Ha

in 2011 for the farms with the highest milk recsipfThe associated milk receipts
relatively increased from €1,086 hin 2009 to €1,874 Kain 2011 for first group and
from €1,683 ha in 2009 to €3,045 hain 2011 for the second group.

Comparatively, the average expenditure on minexdilisers did not follow the same
trend as the fertiliser N price, with similarly higyalues in 2010 and, unexpectedly, in
2011 (€166 hd on average) and lowest average value in 2009 (B&#)7for the farms
with the lowest milk receipts, and €276 han average, for 2010 and 2011, and €198
ha' in 2009 for the farms with the highest milk red¢eipThese expenditures were
associated with fertiliser N inputs showing simileend, at 160 kg N Ha on average,

in 2010 and 2011 and 143 kg N'hia 2009 for the farms with lowest milk receiptsdan
263 kg N hi, on average, in 2010 and 2011, and 207 kg Nih&2009 for the farms
with the highest milk receipts. The average fesgili P input was the greatest in 2010
(10.33 kg P hd) compared with 6.90 kg P fhan 2009 and 9.17 kg P than 2011 for
the farms with the lowest milk receipts. Conversélyglecreased from 7.79 kg P him
2009 to 5.63 kg P Ha on average, in 2010 and 2011, for the farms withhighest
milk receipts. However, the N and P fertiliser itpwn both groups of farms were
mostly influenced by factors (SR, use of organitilieers, soil P status, farm advice
and environmental legislation), aiming at redudih@nd P surpluses and increase NUE
and PUE on farms, rather than by market prices.aMaeage N surplus was the highest
in 2010 for both the farms with lowest milk recaiffil57 kg N ha) and highest milk
receipts (242 kg N h, was lowest in 2009 (130 kg N héor the first group and 177
kg N ha' for the second group), and intermediate in 2026 (g N hd for the first

group and 226 kg N Hafor the second group). Similarly, the average R was the
188



highest in 2010 for both groups of farms (+7.53fkpa" for the first group and +0.96
kg P h& for the second group), lowest in 2009 (+0.51 kggP for the first group and
-2.88 kg P ha for the second group), and intermediate in 204122 kg P ha for the
first group and -2.85 kg P Haor the second group). The highest values of N Rnd
farm-gate balances in 2010 coincided with the ldwegiliser price, underlining the
role of mineral fertiliser prices on N and P managat on the two groups of farms.
However, NUE gradually increased from 0.23 to Od8ilthe farms with lowest milk
receipts between 2009 and 2011 and decreased 28102009 to 0.22 in 2010 and
2011 for the farms with highest milk receipts. MdadE was the lowest in 2010 for
both groups of farms (0.74 for the first group dntl2 for the second group), highest in
2009 (1.19 for the first group and 1.41 for theosetgroup), and intermediate in 2011
(0.92 for the first group and 1.27 for the secomdug@). The values of PUE in 2010
partially reflected the lowest mineral fertilisalige occurring in the same year.

The average net profit relatively increased frod 8" in 2009 to €765 hhin 2011 on
the farms with lowest milk receipts and from €136 in 2009 to €1,209 hain 2011
on the farms with the highest milk receipts. Thntr of the net profit was similar to the
milk receipts and milk price. However, milk receiptlatively increased by 43 %, on
average, on the farms with lowest milk receipts Bpdl5 %, on average, on the farms
with the highest milk receipts, while net profitlatvely increased by 100 % on the
former and 84 % on the latter, between 2009 and 20his indicates that an increase in
milk receipts, in the context of volatile milk anuineral fertiliser prices, is not
sufficient to ensure the economic sustainability dafiry farms in the long term.
Moreover, the existence of many producers compdtinthe sale of milk means that in
today’s market, there is limited possibility forigafarmers to influence the price they
receive. Therefore, reducing the cost of productisnconsidered the primary
management strategy available to dairy farmersofataining any increase in profits
(Von Keyserlingket al., 2013). They can, for example, control the mostaatimg
expenditures on their farms, such as the expemdd@amineral fertiliser.

In the current study, the results of the sensytiamalysis indicate that variation of milk
price was associated with relative increases ik m@teipts and net profit in the long
term. Comparatively, the variation in fertilisergxice was reflected mostly by N inputs
and N balances only during one year (2010). Thiscates a negative impact of this
variation on both economic (through increased edjpere on mineral fertiliser) and

environmental (through higher N balance) sustalitgbin the short term. In the long
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term, economic sustainability may be improved bgtadling expenditure on mineral
fertilisers, while the environmental sustainabilinay be improved by reducing nutrient
surpluses on farms. These goals, correspondingeanulti-functional demands now
being placed on agricultural sector worldwide (Gaoeet al.,2007), can be satisfied, to
some extent, on dairy farms through the introductibwhite clover in swards. This can
help both lower expenditures on mineral N fertilisey €148 ha, and decrease farm-
gate N balances and risks of environmental impaittgutable to N losses, due to the
replacement of mineral fertiliser N by biologicaflyed N via white clover (Humphreys
et al.,, 2012). This will likely have the added advantagetadkling the expected
potential financial insecurity of dairy farmers the context of milk quota abolition
leading to an expected increase in milk supply aml@& price volatility (Kelly et al,.
2012; Gearyet al., 2012), and a concurrent increase in the price iokral fertilisers
(Peyraucet al.,2010).

5.4.3. Economic aspects of complying with the Nitrate Etixe

The N-eco-efficiency is another factor that canactpon decisions about fertiliser N
inputs and associated expenditure on further impdas on farm-gate N balances and
net profit on dairy farms. In a comparative studyfarm-gate N surplus and NUE on
Flemish and European specialist dairy farms, Newansal. (2006) found that the
threshold on Flemish soil types and climates, okimam 150 kg N ha for N surplus,
considered safe for complying with the limit of <6@ NG litre™ in the groundwater,
can be attained at production levels of up to 1®)@fes milk h&'. A target value of 85
(range: 60-110) litres milk kg N surplitisvas also established.

In the current study, there was no obvious diffga¢ilon between more intensive or
more extensive farms, due to the large differenoemean N-eco-efficiency between
farms (30.3-84.8 litres kg N surpiljsbeing associated with large differences in mean
fertiliser N input (85-278 kg N H3, with which it was significantly related. The
increase in mean milk produced per kg N surplu$wmean fertiliser N input implies
that efficient on-farm N management of fertiliser ihNputs, aiming at supporting
herbage and therefore milk production while malefigcient use of N, is an effective
strategy to achieve increases in milk productiod atso reduce N surplus per unit
product (litre milk). This may be achievable byiapsing management aspects such as

grazing management, grass utilisation (O’Donogtal., 2002; Kennedt al., 2005),
190



management of all on-farm nutrient sources (Peyend Delaby, 2006), improved N
recycling between soll, pasture, animals, and ail# livestock for export (Nielsen and
Kristensen, 2005), and management of herd genetienpal (Berryet al., 2007).
However, the environmental pressure per unit arekmuproduction, as indicated by N
surplus per ha, may actually still increase undehs scenario.

In the current study, the adjustments in operatiomeagement towards improved on-
farm management of N imported as mineral fertiliggr farms, associated with
decreased N surplus, while increasing milk productnd therefore milk exports off
farms, may contribute to increases in net proftiMeen farms, which was significantly
related to milk receipts and expenditure on mingdllisers, but also between years, as
milk receipts accounted for 37 % of inter-annuar@ase in net profit. Therefore,
N-eco-efficiency can be considered as another metrimeasure progress towards
improved economic and environmental sustainabittgywever, mean fertiliser N input
explained only 0.54 of the variation in mean amafnilk produced per kg N surplus.
The remainder can be mainly explained by the difiees in milk yields and on-farm N
management resulting in variable farm-gate N sggsusimilar to other studies.

Mean N-eco-efficiency (51 litres milk kg N surptt)sin the current study was similar to
a range of Irish dairy production systems (48 ditrailk kg N surplus; Dillon and
Delaby, 2009) and close to the mean for progreddimmish farms (60 litres milk kg N
surplus’) in Nevenset al. (2006). However, mean N-eco-efficiency in the eatrstudy
was much lower than the mean for New Zealand dargns (77 litres milk kg N
surplus’) in Beukeset al. (2012). The different values for N-eco-efficien®flect the
differences in operational management, with loweammilk yields on Irish farms
(7,792 litres hd, current study; 7,736 litres haDillon and Delaby, 2009), compared
with the progressive Flemish farms (10,000 litreg, iNevenset al., 2006) and New
Zealand farms (12,000 litres haBeukeset al., 2012). Also, the mean N surplus on the
Irish farms (167 kg N hj current study; 162 kg N HaDillon and Delaby, 2009) was
similar to the Flemish farms (163 kg N haNevenset al., 2006) and slightly higher
than the New Zealand farms (155 kg N'hBeukeset al., 2012). This also reflects the
operational management on Irish dairy farms, wothidr N inputs and balance but also
lower milk yields compared to dairy farms worldwide

Accounting for NFRV of slurry applied to grasslasdanother opportunity for reducing
the fertiliser N input and associated expenditwaldr, 2008), with potential positive

impact on the farm-gate N balance and net profie &ssociated economic values of
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€317 hd for the spring and €64 Hafor summer application should motivate the
farmers to make increased use of organic fertdisgroughout the ‘open’ slurry
application period during the year, as part ofdterall on-farm N management.
Differences in agri-environmental payments betwdamms were associated with
differences in the environmental plans for the faparticipating in REPS. Important
conditions to receive the financial support refdrte the limit of 2 LU h&, up to 2.9
LU ha’ only if having approval for derogation, and apalion of mineral fertilisers
according to a fertiliser plan drawn by an appropé&hning agency (DAFM, 2013a).
Mean agri-environmental payments (€170Yhi the current study were much higher
than similar payments received on dairy farms i@ UK (£44 hd) (Wilson et al.,
2013). The fact that there was no significant refehip between mean
agri-environmental payments and N and P surplusas, most likely due to the great
deviation in inputs between farms in the currentgt

However, compliance with environmental regulationay also be associated with
increases in net profit on farms. In the curreatlgt the nine farms exceeding the limit
of 2 LU ha', imposed through the Nitrates Directive, had if8&s higher net profit
(€606 hd) compared with the remainder (€371*hawhich justified the cost of
compliance associated with being in derogation. iMaast of compliance in the current
study (€1,900 hHY was similar to the average national Irish da@ynfs (€2,000 hg
Hennessyet al., 2005). Similarly, Pattort al. (2012) reported 1.03 times higher net
profit for 0.47 LU h& higher SR above the 2.0 LU héimit. In contrast, McCarthgt

al. (2007) found that an increase of 0.27 LU'tabove this limit was not associated
with an increase in farm net profit. These differes partially support the argument of
Brennan and Patton (2010) that in grazed grasdbdsdry production systems,
increases in SR can determine increases in farfitgiiity as long as there is a good
match between SR and the grass growing potentiddeofarm, to allow increased grass
utilisation, with no major additional imports oftleer concentrate or mineral fertilisers

and associated increased expenditures.
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5.5. Conclusions

Between farms, the increase in mean net profit migan milk receipts and the decrease
with mean expenditure on mineral fertiliser N usglies that increasing milk receipts
while maximising the use of mineral fertiliser iripgs an effective strategy to increase
net profit. Between years, the 86 % increase innmmed profit was not fully explained
by the 37 % increase in mean milk receipts, indhgathat an increase in milk receipts
is not enough to ensure the financial security afydfarmers in the long term. Mean
net profit was not directly related to mean N andu®lus or N and P use efficiency.
However, there was an indirect link between nefippamd N and P use efficiency, as
indicated through significant relationships betwé&eand P use in the form of mineral
fertilisers and feeds and the associated expeeditoin mineral fertilisers and feeds. The
most significant relationship indicated that meapenditure on feeds increased with
mean SR and feed P input and decreased with TUAA Highlights the importance of
matching SR and animal feed requirements with ¢leel {concentrate, fodders) imports
on grass-based dairy farms, when there is limitedlability of grassland area, as the
most effective strategy to control the feed expemds, with potential positive impact
on net profit, on dairy farms.

The results of the sensitivity analysis indicatedt tmilk price was the main driver for
changes in net profit between 2009 and 2011, othgh and low milk price situations
investigated across nine price scenarios. The fariggnges in net profit relative to the
actual net profit on the six farms with highestkméceipts compared to the six farms
with the lowest milk receipts in low milk price g#tions was mainly associated with
higher expenditures on mineral N fertilisers on fivener. This highlights an increased
vulnerability of higher input systems to periodsl@iv milk price and emphasises the
importance of minimising input (mineral fertiliseexpenditures to improve economic
sustainability.

The compliance with Nitrate Directive can be assted with both advantages and
disadvantages. The increase in mean milk produ@dkg N surplus with mean
fertiliser N input implies that efficient on-farm Rhanagement of fertiliser N inputs,
aiming at supporting herbage and therefore milldpotion while making efficient use
of N, is an effective strategy to achieve increasesilk production and therefore
reduce N surplus per unit product (litre milk). Hower, the environmental pressure per

unit area under production, as indicated by N sisphmay actually increase with
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fertiliser N input.Potential fertiliser N replacement values of €357 for the spring
and €64 ha for summer slurry application may represent strimogntives for farmers
to make increased use of organic fertilisers, as gfeoverall on-farm N management,
with positive impacts on farm nutrient use effiagrand farm net profit. Nine farms
exceeding the limit of 2 LU Wg imposed through the Nitrates Directive, had i6@s
higher net profit compared with the remainder, \uhjgstified the cost of compliance
associated with being in derogation.

The results of this study generally indicate thashl dairy farms, as low input
production systems, have the potential to achieaté lbconomic (as indicated by net
profit per ha) and environmental (as indicated bgrid P balances per ha, N and P use
efficiency and N-eco-efficiency) sustainability.
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Abstract

This study compared the profitability of systems d&iry production based on N
fertilised grass (FN) and grass-white clover (W@sgland and assessed sensitivity to
changing fertiliser N and milk prices. Data wereursed from three system-scale
studies conducted in Ireland between 2001 and ZD&9.FN stocked between 2.0 and
2.5 LU ha' with fertiliser N input between 173 and 353 kg'haere compared with
eight WC stocked between 1.75 and 2.2 LU fdth fertiliser N input between 79 and
105 kg h&. Sensitivity was confined to nine combinationshigh, intermediate and
low fertiliser N and milk prices. Stocking densityjlk and total sales from WC were
approximately 0.90 of FN. In scenarios with hightifiser N price combined with
intermediate or low milk prices WC was more (P<(.pBofitable than FN. Based on
milk and fertiliser N prices at the time, FN waeanlly more profitable that WC between
1990 and 2005. However, with the steady increadertiliser N prices relative to milk
price, the difference between FN and WC was lesaratut between 2006 and 2010.
Projecting into the future assuming similar tremd$ertiliser N and milk prices to that
in last decade, this analysis indicates that WA tdcome an increasingly more
profitable alternative to FN for pasture basedydpnoduction.
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6.1 Introduction

Over the last ten years, the farm-gate cost oifligat N in Ireland has been increasing
at an annual rate of around 9% (Fig. 6.1a) duedwing demand worldwide and rising
manufacturing costs (Princet al, 2009). In contrast, milk price in Ireland, while
variable, has been relatively static (Fig. 6.1l@nEk, there has been a strong increase in
the cost of fertiliser N relative to the farm-ggtece received for milk (Fig. 6.1c). This
is negatively impacting on profitability of pastubased systems of dairy production,
which are highly reliant on input of fertiliser iRt the same time in the European Union
and in other parts of the world there has beereasing regulatory pressure to lower N
losses to water and to the atmosphere, for exanyaleapus national regulations
stemming from the Nitrates Directive, Water Framgw®Directive and the National
Emission Ceilings Directive (European Council, 19%uropean Parliament and
Council, 2000; 2001). In general, white clover lmhsgstems (WC) are associated with
lower stocking densities, higher N use efficienlogyyer surplus N per hectare, lower
losses of nitrate to water and of ammonia and ustiaxide (a potent greenhouse gas) to
the atmosphere than N-fertilised grass based sgstEn) (Jarviset al, 1996; Hoodaet

al., 1998; Rochoret al, 2004; Schilset al, 2005; Humphreyst al, 2008; Ledgarcbt

al., 2009). These differences can be largely atteithud lower N fluxes associated with
the generally lower productivity of WC.
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Fig. 6. 1. Prices in Ireland between 1990 and 20280, 2010) of (a) fertiliser N
(weighted average of calcium ammonium nitrate arei)y (b) milk and (c) the ratio
between fertiliser N and milk price (Mihailescu E.)
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In a review on grassland based dairy systems, Avedeeal (2007) concluded that the
herbage production of WC was approximately 0.70FNf receiving 400 kg N ha
Likewise, in studies in Scotland (Leaeh al, 2000), Ireland (Ryan, 1986), and New
ZealandLedgardet al, 1998), WC receiving no input of fertiliser N hagproximately
0.80 of the milk production of FN receiving ovéiBkg N h&. In these studies, the net
margins per hectare of WC were between 0.65 arisidf.Bigher stocked FN. However,
these studies were conducted when the cost ofidertiN was low relative to the
farm-gate price received for milk. Furthermore, knels of annual fertiliser N input in
these studies are no longer permitted in many E@moountries. For example, in
Ireland, under Statutory Instruments (SI) No. 62010), stocking density on dairy
farms is limited to 2 dairy cows per ha and the imaxn allowed fertiliser N input per
hectare is 200 kg Haunless derogation has been granted subject toifispec
requirements, which allows individual farmers targahigher stocking densities of
dairy cattle per ha and fertiliser N use up to aimam of 280 kg ha.

Hence there is a need to evaluate the potentiahdé clover to replace fertiliser N and
contribute to the profitability of pasture basedsteyns of dairy production. In the
present study, data from three system-scale stedieducted in Ireland (Humphregs
al., 2008; 2009; Keoglet al, 2010) were combined with recent farm gate ingod
output prices to determine the relative profitapilof WC in the context of recent
fertiliser N and milk prices and changing price @dibions, and in the context of current

and possible future restrictions on fertiliser N asd stocking densities on farms.

6.2. Materials and Methods

6.2.1. Site characteristics and weather conditions

Production data were derived from three previousliss (Humphreyst al, 2008;
2009; Keoghet al, 2010) conducted at Solohead Research Farm (B2°68°21'W)
between 2001 and 2009. Soils on the farm are pabdined Gleys (90%) and Grey
Brown Podzolics (10%) with clay loam texture ovgity Devonian sandstone.
Elevation ranges from 148.5 to 155.5 m OAD. Toppgra relief causes variation in
shallow ground water table depth (0 - 2.2 m beloaugd level (bgl)) and in drainage

status in different parts of the farm. Much of taem is seasonally wet and waterlogged
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during periods of high rainfall. The local climaie maritime with a long potential
growing season. Rainfall was measured accordirktzgerald and Fitzgerald (2004).

6.2.2. Economic evaluation of the systems

Details of the three previous studies (Humphmetysl, 2008; 2009; Keoght al, 2010)
are presented in Table 6.1. There were one WClrard £N in 2001 replicated in 2002,
one WC and one FN in 2003 replicated in 2004, 28@% 2006 and one WC in 2008
replicated in 2009. Therefore, for the present \staldere were ten FN and eight WC
involving a range of stocking densities of sprirdveng Holstein-Friesian dairy cows,
inputs of fertiliser N and concentrate feed (TaBl&). For the purposes of this paper,
the production data were compared on the basis fafra area of 50 ha, with dairy
replacements reared on the farm and grass-silagguped on the farm to meet the
winter forage requirements. Replacement rate wasarage 23 per cengurplus
calves were sold once they were approximately 3keveé ageand culled cows were
sold off the farm at the end of lactation, in Detemeach year. Approximately 0.90 of
the diet was home-grown forage, approximately @Gfzed pasture, 0.25 grass-silage
and 0.10 concentrate similar to that recordedenaiove experiments.
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Table 6.@haracteristics of the systems of dairy productiased on N fertilised grass (FN) and grass-
white clover (WC) grassland at Solohead Researam Batween 2001 and 2009 (Humphreysl, 2008;
2009; Keogtet al, 2010). Data are means of two and four years

wC FN WC FN WC
Year 2001 to 2002 2003 to 2006 2008 to 2009

ﬁ;_?;king density (COWS 176 210 250 250 215 215 212
Fertiliser N (kg hd) 80 180 248 353 90 225 100
Concentrate (kg cow 535 535 535 535 525 525 575

Milk output (kg cow?) 6550 6275 6242 6375 6521 6526 6273
Milk output (kg ha) 11463 13178 15605 15938 14346 14357 13299
Milk fat (%) 405 420 408 419 417 4.20 4.31

Milk protein (%) 350 359 352 357 354  3.60 3.58

Milk Lactose (%) 478 ATT 4AT4 AT9 472 474 4.72

'All data collated by Mihailescu E.
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For the economic analyses and interpretation of ghgsical data, secondary data
resources such as the Central Statistics Officeeddnd (CSO, 2010), results of the
Teagasc 2009 profit monitor for spring milk farni&aMmsbottom and Clark, 2010), and
Teagasc Management Data for Farm Planning (An@08Pwere used. The production
data were valued using variable costs based on Rfi68s (Anon., 2008): €32 LU
(veterinary fees), €83 LU(artificial insemination), €225 Ha(harvesting silage), €100
ha' (slurry spreading), and €122 [{other variable costs). The costs of harvesting
silage and slurry spreading were included in catbracharges (Table 6.2). The
concentrate feed was valued at €0.22 k§SO, 2010). For the cost with fertiliser N
was the weighted average for 2009 being in betwieemigh and low prices used in the
sensitivity analysis described below. The price kzepf N was €0.828 kijfor urea and
€0.982 kg for CAN.

For the present evaluation, surpluses of silageweld each year and the deficits were
met by purchased silage. Surpluses and deficite wailculated as the difference
between preserved and consumed silage per systdmyear. The price of purchased
silage DM was assumed to be €0.15"kg\non., 2008). The cost associated with
maintaining the white clover content of pastureoigr-sowing with white clover seed
was incurred only by WC as described by Humphegya., (2008; 2009).

The fixed costsvere taken from Ramsbottom and Clark (2010), wkiels a report of
the profitability of 1,100 commercial dairy farms ireland, due to unavailability of
representative fixed costs for the experimentatesys. The following fixed costs were
used on the basis of milk sold (€ lifle machinery, 1.23; car/electricity/telephone,
1.22; depreciation, 1.94; leases, 0.84; other i&wous fixed costs, 2.59.

From the total milk production each year, approxeha300 litres cow were fed to the
calves; the remainder was sold at a price of €01288", which is the same as the
intermediate milk price used in the sensitivity lgaas described below. At Solohead
Research Farm, in 2008 and 2009, the average recedved was €350 heador culled
cows and €120 heddfor calves. The net margin per hectare was catedlasing a

spreadsheet model developed in Excel.
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6.2.3. Sensitivity analysis

Sensitivity analysis (Kleijnen, 1997) was carrieat by using a spreadsheet model in
Excel to investigate the response of the net marfithe 18 systems to changing prices
of milk and fertiliser N. Variation in fertiliser Nind milk prices was obtained from
Central Statistics Office of Ireland (CSO, 2010jhrde fertiliser N prices were used
(€ kg' N): low (0.684 for urea and 0.856 for CAN), intexuiate (0.828 for urea and
0.982 for CAN) and high (0.945 for urea and 1.3d47 €AN) (CSO, 2010). The low
prices were from 2007, the high from 2008, anditbermediate from 2009 (Fig. 6.1a).
Similarly, for milk there were a low (€0.233 litte intermediate (€0.288 litt® and
high (€0.338 litrd) price (CSO, 2010). The low price was from 200® high was the
average of 2007 and 2008, which were almost idaintand the intermediate was an
average of the low and high values, which was ainaentical to the average price
received for milk in Ireland over the last ten y@&€SO, 2010; Fig. 6.1b). A total of
nine scenarios were investigated including all cimaiions of the three fertiliser N
prices and three milk prices described above.

The sensitivity of the systems was assessed thrthgglthanges in the values of net
margins relative to changing prices. Thus, theesystshowing changes in net margin
across the above price scenarios were assesseeings densitive to volatile prices,
whereas those showing very little or no changere categorized as less sensitive or

insensitive.

6.2.4. Statistical analysis

Data were subjected to analyses of variance to aoemgifferences in production

factors, sales, costs, gross and net margins peetweeen the systems with data from
systems in individual years as replicates in thel@hoThe relationships between milk
prices and net margins across the range of fetiNsprices were examined using linear

regression.
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6.3. Results

6.3.1. Comparison of net margin with intermediate priceisrhilk and fertiliser N

Stocking density, milk, cull cow, calf sales per fram WC were approximately 0.90

(P<0.05) of FN (Table 6.2). Silage sales were afanimportance in both systems and
total sales from WC were 0.91 (P<0.05) of FN. Hieeti N use was substantially lower
on WC than FN and the cost of fertiliser N per ba WC was 0.34 (P<0.05) of FN.

Concentrates and contractor changes accountegjpooxdimately 0.45 of total variable

costs on both systems. There was no difference.(B»0n the cost of concentrate
between the systems whereas FN had higher (P<€odBjactor charges. Total variable
costs of WC were approximately 0.82 (P<0.05) of FNere was no difference in gross
margin between the systems. Fixed costs were hi@hed.05) on FN. There was no
difference in net margin between the systems ferdtenario with intermediate milk
and fertiliser N prices. There was considerablaatian in the net margins of both
systems from year to year, which was negativelyradated with annual rainfall

(R* = -0.50; P<0.01; Fig. 6.2).
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Table 6. 2. The economic performance of systemsdaidy production based on N
fertilised grass (FN) and grass-white clover (W@sgland including sales, variable
and fixed costs, gross and net margin per hettare

System FN wWC P Value
Stocking density (LU h8 2.28 2.04 <0.05
Fertiliser N (kg h&) 246 90 <0.001
Milk sales (€ ha) 3168 2875 <0.05
Total sales (€ hY 3530 3205 <0.05
Fertiliser N (€ ha) 223 75 <0.001
Concentrate (€ i3 312 275 NS

Contractor charges (€ fia 299 253 <0.01
Total variable costs (€ Ha 1400 1146 <0.01
Gross margin (€ 3 2131 2058 NS

Fixed costs (€ b9 860 781 <0.05
Net margin (€ ha) 1271 1278 NS

L All data collated and analysed by Mihailescu E.
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Fig. 6. 2. (a) Annual rainfall at Solohead Resedfalm between 2001 and 2009, and
(b) annual rainfall and net margins of systemsaifydproduction based on N fertilised

grass (+) and grass-white clover) (grassland with intermediate milk and fertiliser
prices (Data analysed by Humphreys J.)

216



6.3.2. Comparative sensitivity of net margins

In relation to changing milk and fertiliser N pr&céhe general trend was that the net
margins of FN and WC were very sensitive to chaggiilk price and to a much lesser
extent to changing fertiliser N price (Table 6.3he net margin of WC was less
sensitive to fertiliser N price than FN. In scenarwith high fertiliser N price combined
with intermediate or low milk prices, or intermetdidertiliser N price combined with
low milk price, WC was more (P<0.05) profitable th&N. In contrast where low
fertiliser N price was combined with high milk pgi¢cN was more (P<0.05) profitable
than WC. Based on the relationships between mikteprand net margins in this study
(Table 6.3) the milk price at which the net margifiWC equalled that of FN across a
range of fertiliser N prices was determined (Figaj. With higher fertiliser N prices a
higher milk price is necessary for FN to be morfifable than WC.

Figure 6.3b shows the actual milk price (weightedrage) for each year between 1990
and 2010 relative to the milk price at which thefpability of WC would have equalled
FN based on fertiliser N prices during that perimdthe fifteen years between 1990 and
2005, the milk price was high relative to fertilidg price in each of these years to the
extent that FN was clearly more profitable than \WMGwever, in the five years between
2006 and 2010 the situation was much less cleadm@007 and 2010 fertiliser N and
milk prices were such that FN was more profitalilant WC. In 2009, a year that
combined high fertiliser N with low milk prices @i6.1), WC was more profitable than
FN. In 2006 and 2008 the actual milk price was elmsthe points where there was little
difference in profitability between WC and FN. Timgk prices were the profitability of
WC equals FN was projected to 2020 based on thag®encrease in fertiliser N prices
between 1997 and 2010 (Fig. 6.3b). This indicabes in future relatively high milk
prices will be needed to sustain the profitabiity=N relative to WC.
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Table 6. 3. The impact of high (H), intermediate) @hd low (L) milk and fertiliser N
prices on the net margins per ha of systems ofygamduction based on N fertilised
grass (FN) and grass-white clover (WC) grassiamdi the relationships between milk
prices and net margins per ha across the rangetoiser N price&

Scenario Fertiliser N price Milk price FN wWC P Value
S1 H H 1,761 1,751 NS
S2 H M 1,202 1,252 <0.05
S3 H L 597 703 <0.01
S4 M H 1,812 1,779 NS
S5 M M 1,262 1,262 NS
S6 M L 657 714 <0.05
S7 L H 1,845 1,775 <0.05
S8 L M 1,294 1,275 NS
S9 L L 690 726 NS
Fe_rtiliser N Intercept Slope s.e. slope R P value
price
FN
H -1,966 11,001 649 0.911 <0.001
M -1,906 11,001 668 0.906 <0.001
L -1,873 11,001 677 0.904 <0.001
wcC
H -1,623 9,982 707 0.900 <0.001
M -1,612 9,982 706 0.901 <0.001
L -1,599 9,983 703 0.902 <0.001

! Analysis carried out by Mihailescu E.

2 Analysis carried out by Humphreys J.
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Fig. 6. 3. (a) The combination of fertiliser N amdlk prices at which the profitability
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6.4. Discussion

6.4.1. Inter-annual variation of profitability

There was considerable variation in the net margfrtsoth systems, which can largely
be attributed to differences in rainfall betweerange(Fig. 6.2). Under high summer
rainfall there was a lower herbage response toiepiértiliser N, particularly at the
higher N fertilisation rates and more difficult girag conditions leading to lower annual
milk sales (Humphrey®t al, 2008). Furthermore, in wet years, there was drigh
supplementation with concentrates, hence highetscaad longer indoor housing with
associated higher costs similar to that describedther studies (Sayers and Mayne,
2001; Dillonet al, 2002; Kennedet al, 2005).

One of the weaknesses of this study was that there more FN than WC in the earlier
years (2001 and 2002) when rainfall was relatidelyer than the later years (Table
6.1), which would have favoured the relative pidditity of FN in this study. Moreover,
in some instances there was a poor match betweelnettbage production and stocking
densities (Humphreyst al, 2009) leading to sizeable silage sales espgadm@lP003
and 2005 from FN and in 2001, 2002 and 2003 from Was herbage could have been
more profitably converted into milk. Neverthelessgerall sales of silage were fairly
evenly divided between WC and FN and would have daelatively small impact on

the extent of the differences in net margins ofsysems.

6.4.2. Comparison of profitability of the systems

The lower total sales reflected the generally lostecking densities on WC. However,
variable costs were also lower on WC. Variable £@stre lower due to lower fertiliser
N costs associated with the replacement of fegtilld by biologically fixed N in WC

and also due to the smaller scale of production\h leading, for example, to lower
contractor charges. Overall variable costs on W@ewk82 of FN and 0.58 of this
difference was due to differences in the fertiliseinput; the remainder was mostly due
to differences in scale. Consequently, there teridele little difference in the gross
margins between the two systems with intermediatke amd fertiliser N prices. The

fixed costs tended to be marginally higher on FNijclw was attributable to activities

associated with higher stocking densities and high#k output such as electricity use,
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labour and repayments on capital investments, wimaleneral, tend to increase with
increasing scale of the enterprise (RamsbottonClauke, 2010).

In the sensitivity analysis there was a very cteamd for WC to be more profitable with
higher fertiliser N prices. This can be offset bgher milk prices (Fig.6.3a) although,
as pointed out in the introduction the price ofiiser N has been increasing at a higher
rate than milk price and, hence, the increasing tagtween fertiliser N and milk price
in Fig. 6.1c. As can be seen in Fig. 6.3b, FN heenlxonsistently more profitable than
WC between 1990 and 2005, which is in general ageeé with many previous studies
(Doyle et al, 1984; Ryan, 1988; Penrma al, 1996; Schilset al, 2000; Leactlet al,
2000). However, with the steady increase in fegiliN prices relative to milk price, the
difference between FN and WC was less clear cwvdet 2006 and 2010. Projecting
into the future assuming similar trends in fergéifidN and milk prices to that in last
decade, this analysis indicates that WC is likelybecome an increasingly more
profitable alternative to FN for pasture basedydpnoduction.

6.4.3. Wider Implications

In the present study WC had a stocking densityraitkl output of approximately 0.90
of FN and had similar profitability to FN. As poatt out above, the lower N fluxes
associated with the lower productivity of WC aregelly associated with lower losses
of nitrate to water and of ammonia and nitrous extd the atmosphere than FN
(Ledgardet al, 2009). Hence, the wider adoption of WC on faoffers potential to
meet the twin goals of a sustainable income foryd@irmers in the context of rapidly
rising cost of fertiliser N while better meetingveonmental targets for lowering N

losses from pasture based dairy farming.
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7. General discussion

This research was conducted on a sample of 21 festmeh was not representative of
the Irish dairy industry as a whole. Seventeernefal investigated farmers participated
in REPS (Rural Environment Protection Scheme) (DARXNI13a), therefore closely
following the guidelines of GAP Regulations intr@éd in Ireland in 2006 (European
Communities, 2010). Hence, the results cannot bragxlated to all Irish dairy farmers.
Also, the collected data were not checked througéctd measurements of N and P
inputs in mineral fertilisers, feeds (concentrated fodders) and livestock and of N and
P outputs in milk and livestock. This might be tkason for the generally high level of
uncertainty in the results, especially in Chapteasnd 5.

In Chapter 3 it was found that optimised use oferahN and concentrate N inputs can
most efficiently contribute to maintenance of hgidand milk yields, on one hand, and
decreases in N balances and increases in NUE eoothier hand. This optimisation can
be achieved through matches between the animatsgNirements with concentrate N
inputs (Steinshamet al, 2004; Buckley and Carney, 2013), as well as betwthe
grass plants’ N requirements with mineral N inpiiHennessyet al, 2008).0Other Irish
(Treacyet al.,2008) or European (Groet al.,2006; Nevengt al, 2006; Raisort al.,
2006; Robertet al.,2007; Cherret al.,2012; Oenemat al.,2012) studies emphasized
the reduction of mineral N and concentrate N inpagsociated with decreases in
farm-gate N balances and NUE. Nielsen and Kriste(@005) and Gourlewt al
(2012) mentioned improved N recycling between plEkt-animal-manure
compartments as a contributor to increases in NiHairy farms.

Differently than other studies (Ryaat al, 2011; Buckleyet al, 2013), in the current
study SR had a weak impact on farm-gate N balaritleis. implies that SR can be
increased without considerably increasing N surpliis has important implications in
the context of achieving a 50 % increase in damdpction as is envisaged in the Food
Harvest 2020 report for Ireland (DAFM, 2013b).

In Chapter 4 it was found that 18 farmers appl@sadr amounts of mineral P fertilisers
than P requirements of grass plants during a g@weason (minimum 14 kg P ha
year’; Ryan and Finn, 1976). While this contributes &zmases in the proportion of
soils with high STP (>8 mg IittB and in the risk of P loss to water, continuous
monitoring of STP levels is needed to maintain &milility in the long term (Laloet
al., 2010;Bourkeet al, 2008; Wallet al, 2012).
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Similar to N, efficient use of P inputs from minkfertilisers and feeds was found to
contribute to increases in PUE. In Ireland, P ispfitom mineral fertilisers can be
efficiently used when contributing to STP leveldvien 5.1 and 8.0 mg litfe which
are considered optimal for herbage yields (Scharid Herlihy, 2007). However, in the
current study, STP levels were not estimated eaah gue to high costs for the farmers.
Therefore, the correspondence between fertilisepfications and STP levels was not
monitored for the whole period of study.

In the current study, the use of feed P inpus @aopiimised by increasing the number
of days grazing and accounting for harvested graasimal diet. An extended grazing
season (from February to November; Humphrelysl., 2009) may be one important
reason for much lower feed P inputs on the farmthéncurrent study (7.62 kg P hHa
compared to Dutch (24.00 kg P haarts, 2003), Danish (22.00 kg P halielsen and
Kristensen, 2005) and daiy farms on the Atlant@beard (between 11.88 kg Ptend
66.00 kg P h4 Raisonet al, 2006). Compared to Ireland, the length of theziyg
season varied from zero in Galicia and North Paty&aisonet al, 2006) to six
months in The Netherlands (Graettal, 2006), and nine months in Brittany (Rais&n
al., 2006).

It is important to note here that due to the rdidath N and P inputs from mineral
fertilisers and feeds in supporting herbage andk mibduction and driving N and P
surpluses on the dairy farms in the current studiggrated N and P improved
management needs to be undertaken, in order taitmaet to increased economic
(farms’ ability to generate sufficient funds to s their production potential in the
long run; European Comission, 2001) and environaidmdicated by N and P surplus;
Jarvis and Aarts, 2000; Schrodetr al, 2003; Carpanet al., 2008) sustainability of
these farms.

Comparison to similar studies completed beforartreduction of the Nitrate Directive
in Ireland (Mounseyet al, 1998; Treacyet al, 2008; Treacy, 2008) indicated
considerable decreases in N and P surpluses arghges in NUE and PUE, mostly due
to decreased mineral N and P inputs and improvesniaril and P management, with a
shift towards spring application of organic fegdrs. These results indicate a positive
impact of the GAP regulations on dairy farm-gatemd P surplus and NUE and PUE
and an improvement in N and P recycling on thesmdaas envisaged in the Food
harvest 2020 report (DAFM, 2013b). However, thenainvolved in these studies were
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intensive dairy farms, therefore not being fullpmesentative of all Irish dairy farms,
which requires caution in interpreting these result

In Chapter 5, it was found that an increase inpnefit could be achieved by increasing
milk receipts and decreasing mineral fertiliser engliture. As discussed in Chapters 3
and 4, it is possible to decrease the amounts oénaii N and P inputs and associated
expenditures on dairy farms, through optimisedafg¢bese inputs. Consequently, it can
be expected that controlling these expendituredewtmaintaining milk yields, and
associated receipts, would be more effective fomtaaming net profit of the dairy
farms in the current studyHowever, among EU dairy specialist producers (Belgi
Denmark, France, Germany, Italy, The Netherlandasyldhd), Ireland has expenditure
disadvantage in terms of mineral fertilisers (6.3f4otal output, compared to 2.3 %,
on average, for the EU producers) (Donekdral, 2011). This indicates high reliance
on mineral fertilisers, and therefore high assa&ca¢xpenditures, of grassland-based
Irish dairy farms. In this context, an increasesfming application of organic fertilisers,
associated with a decrease in annual requiremenmioeral fertilisers, as found in
Chapters 3 and 4, can be considered as an effegfiyef controlling mineral fertiliser
expenditures.

Increased net profit was also associated with $Rsea2 LU hi for nine farms under
derogation conditions (European Communities, 208ilarly, Pattonet al. (2012)
reported higher net profit associated with SR ahitnee2.0 LU h# limit required by
GAP Regulations (European Communities, 2010). Imtrest, McCarthyet al. (2007)
found that an increase in SR above this limit wasassociated with an increase in net
profit. These differences partially support theusngnt of Brennan and Patton (2010)
that in grazed grass-based dairy production systé@mseases in SR can determine
increases in farm profitability as long as thera good match between SR and the grass
growing potential of the farm, to allow increaserhss utilisation, with no major
additional imports of either concentrate or mindeatilisers and associated increased
expenditures.

The most significant relationship in Chapter 5 aaded that mean feed expenditure
increased with mean SR and feed inputs and decreatie total utilised agricultural
area (TUAA). This highlights the importance of mahg SR (and animal feed
requirements) with the feed imports on grass-bakay farms when there is limited
availability of grassland area (McCartlgt al., 2007), as an effective strategy to

decrease farm-gate N and P balances, and to cdeédlexpenditures, with potential
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positive impact on net profit. This finding is impant in the context of generally low
availability and high cost of agricultural land Ireland (Donnellaret al.,2011; Patton
et al, 2012; Kellyet al,, 2013).

The results of the sensitivity analysis indicatldtthigh input dairy farms are more
sensitive than low input dairy farms to increasemineral fertiliser price and decreases
in milk price. This has important implications ihet context of increasing mineral
fertiliser prices (CSO, 2013) and milk quota abofitin 2015, which is expected to
determine increased milk price volatility (Kely al.,2012; Geart al.,2012).

Under these circumstances, the introduction ofevbibver in grazed grass-based dairy
systems can contribute to lower mineral N expemedgyHumphreygt al.,2012), due
to the replacement of mineral N fertiliser by bmimally fixed N> via white clover
(Humphreyset al, 2008). In Chapter 6 it was found reduced sernsitiof white
clover/grass-based dairy systems (WC) comparediteral N fertilised grass-based
dairy systems (FN) in the scenarios with low mitice and high mineral fertiliser price.
Similarly, Moreauet al. (2012) found very low sensitivity to variation milk and
mineral fertiliser N prices for clover/grass-basecench dairy production systems
relying on N inputs from biological N fixation viahite clover.

Another opportunity for reducing mineral N inputdaassociated expenditure on dairy
farms in Ireland is to account for the nitrogertifiser replacement value (NFRV) of
slurry applied to grassland (Lalor, 2008), with gutal positive impacts on the
farm-gate N balance and net profit, as discusséchapter 5. The potential fertiliser N
cost savings associated with spring slurry appbcatmay have represented one
important reason for increased proportion of sluapplied in spring, as discussed in
Chapters 3 and 4.

It can be concluded that grass-based Irish dairyndaoffer real opportunities to
optimise N and P inputs in the form of organic amitheral fertilisers and feeds, with
positive impacts on farm-gate N and P balancespatehtial N and P losses, as well as
on farm profitability. However, caution needs to ta&en to maintenance of herbage

and milk production to optimal economic levels.
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