Table of contents

AGradeCiMICIEOS...ccocvuurierisrnricssssarrecsssssrrssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 3
ACKNOWICAGEIMENLS .cueeiieiirnrrieiisrnniicssssnrnesssssssecssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 4
ADSEEACTc.uueeieiereeeneennrensainsnessaesssesssnsssessanssssssssnsssssssssssssssssssssssssassssasssssssssssssssssassssnsssasssassssnssss 5
RESUIMECI.ccneeenereiiinrninnainsnennaenssesssesssssssnssnssssnsssssssssssssssssssssssssasssssssssssssssssasssssssssssssssssassssassss 7
RESUIM.ccneiiniinnieniiniinnninseessensnssnesssesssessssssssssssnssssssssssssasssssssssssssssssasssssssssssssssssassssasssssssasss 10
LaDUIPENA c...cueeeeriiininnriinissnnticssssnniicsssssiesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssss 13
Zusammenfassung 16
GlOSSATY Of TEITNS .cuvvriciunriessnricssnninssnnesssnncsssncsssncssssnsssssssssssesssssssssssssssssesssssssssssssssssssnsssssnsssses 22
Chapter 1: General iNtrodUCTION . .....coeiievveriisseriissrncssrncssnicssssisssssesssssesssssssssssossssssssssssssssssses 23
1. Dairy cattle production systems (DPS) at the global and European scale .........cc.cccccecereneenenne. 25
1.1.  General considerations about DPS...........cc.cociiiiiiiiiiiiiii e 25

1.2, Main regulatory framework affecting DPS ..........c.ccooviviiiiiiiii et 28

2. Therole and iImpacts OF DPS ........ooiiiiiiiieeceeee e ettt r e s v v e v e e reesaee 29
2.1.  Contribution of DPS to the overall sustainability ............ccccoeeerriiriieriieniienie e, 29

2.2.  The environmental impact Of DPS .........cooiiiiiiiiiiiiiecece et 32
2.2.1. Greenhouse gas emissions and NItrogen l0SSES .......cvevveiveeiieiieriieneeniee e e e 32

2.2.2.  Emission modelling and quantifiCation.............cccecueevieeviieiiieniesiesie e e ereesveesinns 33

3. Challenges 0f the DPS .......cooiiiiii e 34
3.1.  Adequacy of the available tools to assess integrated sustainability on DPS........................ 35

3.2.  Diversity of DPS across regions in EUTOPe.........cocovieiiriiiiiiinieieeee e 36

3.3.  Effect and interactions of different mitigation options to reduce GHG and N emissions.... 37

3.3.1. Options at the animal IeVel..........coccviiiieiieriieee e 38

3.3.2. Options at the manure management and fertilization level............cocovvieiienieiieenann, 38

3.4. Adapted application of mitigation OPLIONS .........ccvievveeriierrieiiesieereereeteesteeseeseeeeeeveesseens 39
RELEIEICES ... .ottt st 40
Chapter 2: Aims and Ph.D. TheSis StrUCLUIE ........cccvverirvricssnricssnrisssnnissssnssssressssrossssscsssscses 53
Chapter 3: Evaluating three pillar sustainability modelling approaches for dairy cattle
PrOAUCLION SYSTEIMS .euvvrrerisrnrecssssanrecssssrsesssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 57
Lo INEFOQUCTION ..ottt sttt ettt et b et et a et eneeaea 60

2. Materials and MethOdsS..........coeoiiiiiiiiir ettt 62
2.1, Evaluation framework ...........ccccceiiiiiiiiiiiiiiciiee e 62

2.2, Model Selection and DESCIIPLION .......ccccviieciirieiieeiiiecieeeiee et e ereeereeereeesereeseseesseeeseseeenes 64
2.2.1. SIMSDAIRY «eeveeveeuterintintenieteteteit ettt sttt ettt ettt 64

2220 GAMEDE.. ..ottt 65

2230 WLGP ettt 65

19



2.3 MOAEL EVAIUATION 1.ttt et e e e e v e et eeeeeeeee et eeeeeesesssneeeeeeeeens 66

3. Results and DISCUSSION.......c.cciiiiiiiiiieieiiieitee sttt 67
3.1, Economic SuStainability..........cceeviiiiiiiieiiiiiierecte ettt steeeeeereeveesteesteestaesereeereerreebeesreens 67
3.2, Social SUStAINADIIIEY .....ceiieiiieieeieeceeseest ettt et e et e e beesteesaeesssesnseenseensaenseensaens 68
3.3. Environmental Sustainability ..........cccocvieriiriiiiiiiiieiiereesee et 69
3.4, Overall SuStAINADIIEY ....ccveeiciiieeiieciie ettt e re e e e tr e s beeerae e sbeeenbaeenens 71

4. CONCIUSIONS ...ttt ettt ettt ettt et e sa e eaes 72

RETETEIICES ...ttt ettt sttt bbbt st be e s b saee e naes 73

typologies at regional scale in EUIOPe.....iiiiiiiveiiiiiicniincssiiissnnicssnnissssnessssnossssnossssscsssesses 83
Lo IETOAUCTION ...ttt st b e ettt b et s bt et e b s bt et e bt et enteeneeneenees 86
2. Material and MEthOAS ........ooiiiiiieieie ettt sttt et sa et ene e enes 88

2.1.  Dairy and fodder production indiCatOrs ............cceeeveerriereerienieeieeereesee e sreereeseesseessnenenes 88
2.2, Data ANALYSIS c.uviieiiiiiiiieie ettt et e e e et et e et e e sbe e e taeetbaeebaeeatbeeentaeasbeeenraeenees 92
2.2.1.  Principal Component Analysis (PCA) ......cceovveriiriiriinieeieeneesee e eve e 92
2.2.2. CIUSEET @NALYSIS ..vviviiiiiiiiiiiie et et et et e st et eeeteeveete e beesteestsestbeesseesbeesseesseesssesssessseenns 93
2.2.3. Cluster description and COMPATISON .......cc.ecvvierierieireeereesreerteesteeseeereereesreesseesseesneans 93

3. ReSults and diSCUSSION......ceouiitirieieitieieeteetet ettt ettt et sb et e st st e b b eneesbe et enees 93
B0 RESUIES ettt ettt h e sttt ettt b e bt sate et an 93
311, DPS tyPOIOZIES.c..uiiiieiiieiieeii ettt ettt ettt st sae et e e et e sseesnteenreenseesaens 93
3.1.2.  Fodder crop production typoIOZIES ........cccueevrevriiriieriiesiieeieereeereeteesteesireseneeneereesseens 97

3.2, DISCUSSION .ttt ettt ettt et e sttt et e bt e bt e sbeesateeateeabe e bt e sbeesatesuteembeenbeebeesbeesaeesanean 98
3.2.1.  Integrated assessment of key dairy-fodder crop production systems.............c.ccueenneen 98
3.2.2. FULUIE PIOSPECLS ..eiuviiieiieeeiie ettt ettt et e et e e s e e etbeessbeesnsaeesbaeansaeenssaenns 103

4. COMNCIUSIONS ...ttt ettt ettt e h ettt ettt s bt et e s bt eat et e eb e et e bt estentesbeenbenaeeatentens 104
RETEICIICES ...ttt ettt e b e b e s bt e st et et e e bt e sbeesabesateenbe e 105

Chapter 5: Influence of farm diversity on nitrogen and greenhouse gas emission sources
from key European dairy cattle systems: A step towards emission mitigation and circularity

.................................................................................................................................................. 117
Lo IETOAUCTION ...ttt ettt b e sttt sae et be et et e s bt et e saeemtebens 120
2. Materials and MEthOAS ..........coeeiiiriiiei ettt ettt ne s 122

2.1.  Farm description and CharacteriStiCS .........cuevvrrveriirrriieriiesiiereerresreereeseeseesseeseaeseneseseenns 122
2.2. Emission source MOAEINgG .........cceceuiiviiiiiiiiiiiiiiiiecieete ettt ettt e eveeve e ve e vaesenesenas 127
2.3, StatiStiCal ANALYSIS ..evuveriieiieiieiieiiertesee sttt ettt ra e b e snteenteebaesaaesnae e 128
TR T 1TSS 129
3.1, EmiSsions from KEY SOUICES.......ccveriieriieriieriienieeieeieeieeieesseeseeeseressaeesseesseesseesssessnesssennss 129
3.2.  Dimension construction and DPS contribution.........cc.ccoeceeieeniinienieniieeiceceeececeeen 131

20



3.3.  Effect of quantitative variables on GHG and N emission SOUICES ..........ccceevveerreerrrererennnn. 132

3.4.  Effect of qualitative variables on GHG and N emiSsion SOUICES ..........cceerveerveervrerererenennnes 135
4. DISCUSSION .ttt ettt ettt ettt e bt e sb e e sa et eat e e bt e bt e sbeesaeeeabeeabe e bt enbtesbeesaeeembeenbeenbeesbeesneeeane 136
4.1.  Implications for adapted mitigation of on-farm emiSSions .........c.ccecevereereneereeneneeneenne. 136
4.2.  Unlocking the potential for crop-livestock integration and circularity practices............... 139
LT 0103 Ted 1313 T ) s KOTSRS 140
RETETEIICES ...ttt sttt et sa et e bt et et e bt et e s bt et e nbesbeeneenbeas 141

mitigation options in key European dairy farming SyStems ........cccceceeeeesccnnrccsssnnsecsssnnsseces 151
R £ U5 (o To LT o7 5 T} 1 W TSRS 154

2. Material and MEthOAS ........ootiriiiiiiei ettt st 156
2.1, DPS dESCIIPLION. ...ccuviiiierietieitieetrectte ettt ettt este e st e staeetbeesbeebeesteessseetseesseesseesseesseesaesssensns 156

2.2, Modelling environmental IMPACES...........ccvvereeriieriieriiieiiesieereeseeseesreeseeseesseesseessnesssennns 159

2.3, MitiZAtiON MEASUIES ....eeeivvieeerieeririeeteeestreeereeestteessseesseeessseessseeassssessseesssssessseasssseesssessssesans 161
23,1, Diet MANAGEIMENL ......eecuverereiieeiieieesieeseeseeeteeteesseesseesssesssessseesseesseessaessessssesssesssennns 162

2.3.2. Slurry management and fertilizer appliCation ...........ccceevveeiieeiienienienienee e e, 162

3. ReSUILS ANd QISCUSSION. ..c.uiiuieiietieiieiieitete ettt te sttt et e e st et etesseensesseeseensesseeneesesseensenes 164
3.1. Baseline GHG and N emiSsion INtENSILY ........cccveivervieriierieesieerieesiesreeneeveesveesveesseessnesenas 164

3.2, Mitigated MOAEIIING ........cceriiiiiiieiieriierieeie ettt ereeste e aeesraesnsesssesnseenseenses 168
3.2.1. Diet MANAZEIMENT .....eeevvieeiiieiiieciee et eereeetteerreeeteeesbeesreeetbeessseeessseesssesassseesssenans 168

3.2.2. Slurry management and fertilizer appliCation ............cceeeveeieerieereeiieniesee e, 169

3.2.3. Combined aPPlICATION .....veevieiieeiieeie ettt ettt ste et ereesteestaestaessresnseesseesseenseensnas 172

4. CONCIUSIONS ...cueieieeieetieiiete ettt ettt ettt et e bt et e enee st e e e teeseeaseeseeneenseeseensenseensensesseansessesneansens 178
RETETEIICES ...ttt ettt et sb et bt e et et e e bt et e s bt et e nbesbeeneenbeas 179
Chapter 7: General discussion 193
1. Facilitating the analysis of integrated Sustainability ...........cccocvvieviieriienieeiieiie e 195

2. Assessing the diversity of DPS at the European level ..........c.cocovvvieniiniinciiiiiiee e, 197

3. Assessing the influence of DPS diversity of GHG and N emissions sources............cccveveenee.. 199

4. Adapting emiSsions MitiGatioN OPLIONS ......cceerverrieereereerierreereereesseesressreesseesseesseesseesssesssennns 201
RETEICIICES ...ttt et et e b e bt e s at e et et e e bt e bt e sbeesatesateenbeenee 203
Chapter 8: General CONCIUSIONS.......cccveiiirvriiiirrrisssricssnicsssricsssnisssssesssssssssssessssnsssssssssssssssssees 211

21



